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Abstract

ER ↵-glucosidases I and II are glycosyl hydrolases that play a key role
in eukaryotic glycoprotein folding quality control. Removal of two glu-
cose residues from the N -glycan attached to a protein allows association
with calnexin or calreticulin which enable folding through associated ac-
cessory proteins. Many enveloped viruses utilise the calnexin cycle for
the correct folding of their surface glycoproteins. Inhibition of the ER ↵-
glucosidases causes misfolding of these viral glycoproteins and reduction of
virion secretion and/or infectivity. Thus, inhibition of these glucosidases
is a potential broad-spectrum antiviral strategy with clinical relevance.
Inhibition by certain iminosugars, a class of glycomimetics, has given rise
to a clinical candidate against dengue virus.

To date there are no high-resolution structures available for either of the
mammalian ER ↵-glucosidases. Presented in this thesis is the work toward
the structural and biochemical characterisation of both ↵-glucosidases.
Large-scale production of both murine glucosidases is described along with
biochemical characterisation against a number of substrates.

Glucosidase I is a challenging target for biochemical and structural stud-
ies. Described is the purification and confirmation of enzymatic activity.
Biophysical techniques show that it is well folded and able to bind to imi-
nosugars. Preliminary attempts at crystallisation have resulted in poorly
di↵racting crystals to 5 Å. This work enables future optimisation toward
an atomic resolution structure of glucosidase I.

Glucosidase II plays a complex role in the kinetics of glycoprotein pro-
cessing in the calnexin cycle. Production of the heterodimeric enzyme
has enabled a detailed biochemical characterisation with a range of sub-
strates and inhibitors. Structural characterisation of a large fragment of
glucosidase II has enabled new insights into the details of heterodimeri-
sation, substrate specificity, and the basis of iminosugar inhibition. This
information can guide future development of more selective inhibitors.
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Notes on nomenclature

The representations of glycan structures are using the Oxford system [1]. The pre-
sented colour scheme is adapted from the Consortium for Functional Glycomics (Fig-
ure 1). This figure is courtesy of Dr J. L. Kiappes in the Zitzmann laboratory and
has been given for this publication with his permission.
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Figure 1: Key to glycan nomenclature.
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1
Introduction

Trying to understand the multitude of mechanisms underlying the processing of car-

bohydrates in living organisms is not a trivial undertaking. Due to the presence

and utilisation of carbohydrates in most facets of life as a source of energy, structural

components, and signalling molecules, there are many specialised carbohydrates. (De-

oxy)ribose in the very backbone of nucleic acids in all organisms is a testament to

the ubiquity of carbohydrates in nature. Glycobiology as the study of the various

biological processes that have carbohydrates at their core has sought to address the

many questions that remain.
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1.1. Glycosylation of proteins in eukaryotes

Of particular interest, and focussed on in this thesis, are the initial steps

of the processing of N -linked glycans after they have been attached to proteins in

the endoplamsic reticulum (ER) in eukaryotes. The trimming of the glucose residues

of the N -glycan occurs through the action of two separate glucosidases and controls

the immediate fate of these glycoproteins. Structural, biophysical, and biochemical

techniques have been employed to probe the molecular mechanisms of these enzymes.

1.1 Glycosylation of proteins in eukaryotes

The use of complex carbohydrate structures as signalling molecules is an area of biol-

ogy that has yet to be completely understood. The conjugation of various sugars to

both lipids and proteins to a level of complexity that sometimes seems almost random

but follows strict underlying molecular mechanisms are only now starting to be appre-

ciated. Post-translational modification of proteins to form glycoproteins commonly

occurs through asparagine residues (N -linked glycosylation) or through serine and

threonine residues (O-glycosylation). Less common co- or post-translational modifi-

cations of proteins involving carbohydrates also include linkage through tryptophan,

phosphoserine residues or addition to the C-terminus of proteins to glycolipids such

as glycosylphophatidylinositol. The general function of these glycoconjugates tends

to be as a signal for the state, localisation, or destination of the glycoprotein. The

elaboration and final array of glycan species, known as glycoforms, can be diverse

and tissue- or cell-specific, as it is not a template-based process like DNA replication,

for example.
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1.1. Glycosylation of proteins in eukaryotes

1.1.1 N -linked glycosylation

N -linked glycosylation is a co-translational modification that happens to most se-

creted or organelle-targeted proteins in eukaryotes. The purposes of the glycosylation

are numerous. It is thought that N -glycosylation restricts the number of conforma-

tions that the glycopeptide can adopt thereby assisting the folding process by min-

imising the stability of the unfolded state [2, 3]. In some cases, abolition of the sites

of N -glycosylation does not impact folding or function, but there are a number of

enzymes and receptors that are severely disrupted if the glycosylation is removed (re-

viewed in [4]). One possibility explaining the lack of function of proteins that have an

N -glycan attachment site removed is that they then fall out of the scope of the fold-

ing quality control mechanisms present in the ER lumen [5]. Initially, theories of the

biosynthesis of N -linked glycoproteins proposed that assembly of the glycan occurred

on the protein. However, it is now known that the precursor N -glycan is transferred

from an already assembled lipid-linked conjugate [6]. The preassembled precursor

contains exactly 3 glucoses (Glc), 9 mannoses (Man), and 2 N -acetyl-glucosamines

(GlcNAc) (Figure 1.1) [7]. Although classically thought to be a modification exclusive

to eukaryotic organisms, N -linked glycosylation has also been observed in bacteria

[8, 9].

1.1.1.1 Biosynthesis and transfer of N -linked precursor glycans to nascent

proteins

Biosynthesis of the lipid-linked oligosaccharide precursor occurs on both leaflets of

the ER membrane. The assembly of the glycan occurs on dolichol, an unsaturated

single-chain lipid. After phosphorylation to a terminal pyrophosphate moiety, a series

of glycosyltransferases add the 2 GlcNAc and 5 Man residues from their UDP (Glc-

NAc) or GDP (Man) conjugated donors (Figure 1.2 left-hand side). At this point,
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1.1. Glycosylation of proteins in eukaryotes

AsnN 
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GluII 
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T/S/(C) 

X 
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Figure 1.1: The N -glycan structure attached to an asparagine residue with the glycosidic
bonds that are cleaved by the ER ↵-glucosidases indicated by the red lines.

the glycan is thought to be flipped across the membrane by a flippase, Rft1 [10].

However, there has been debate as to whether this protein carries out this function

[11, 12]. On the lumenal side of the ER, the remaining steps of glycan assembly are

carried out by another set of glycosyltransferases; in all of these reactions, the donor is

a monosaccharide-conjugated dolichol-phosphate donor (Figure 1.2 right-hand side).

The sugar-dolichol donors are synthesised on the cytosolic side (Figure 1.2 top left-

hand side) of the membrane and flipped across by unknown components of the system.

The details of the asparagine-linked glycosyltransferases (ALG) 1-14, have been re-

viewed by Breitling and Aebi [13]. Mutations in these genes lead to a range of diseases

[14]. A notable exception to using the canonical triglucosylated glycan as an glycan

precursor are trypanosomes which transfers a Man9GlcNAc2 glycan to the nascent

protein [15].

Transfer of the lipid-linked oligosaccharide to the acceptor protein is catal-

ysed by the oligosaccharyl transferase (OST). The en bloc transfer onto the asparagine

residue occurs at the N-X-T/S consensus sequence where X is any amino acid with the

exception of proline [16]. Other sequons can be recognised including N-X-C, N-X-V
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1.1. Glycosylation of proteins in eukaryotes

Figure 1.2: Biosynthesis of the lipid-linked oligosaccharide on the ER membrane. Figure
courtesy of Dr J. L. Kiappes.
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1.2. Endoplasmic reticulum quality control – the calnexin cycle

or N-G-X but these only account for a small proportion of glycosylation events [17–

19]. The crystal structure of an archaeal OST has been valuable in elucidating the

molecular mechanisms of substrate binding and catalysis [20]. Electron microscopy

of a mammalian OST shows an intimate complex of the OST with the translocon and

associated ribosome [21].

1.2 Endoplasmic reticulum quality control – the

calnexin cycle

First described in 1994, the so-called calnexin cycle remains at the centre of protein

folding quality control for N -linked glycoproteins [5]. Upon further investigation, it

became clearer that the order of the molecular events coupled with the identifica-

tion of calreticulin (CRT), a soluble homologue of calnexin (CNX), have established

the canonical pathway [22, 23]. In general, the cycle can be described schemati-

cally as in Figure 1.3. Newly translocated and N -linked glycoproteins can enter the

cycle upon consecutive cleavages of the two outer glucose residues by the ER ↵-

glucosidases I and II (GluI and GluII). The resulting monoglucosylated species can

associate with CNX or CRT, which in turn assist in folding though a number of as-

sociated accessory proteins (the current list of known proteins is reviewed in [24]).

GluII can remove the inner glucose, at which point UDP-glucose glycoprotein gluco-

syltransferase (UGGT) can carry out its checkpoint role to sense protein misfold and

reglucosylate the glycoprotein enabling re-association with CNX or CRT [5]. When

properly folded, the glycoprotein can continue its tra�cking with its glycan(s) fur-

ther processed in the Golgi apparatus. Terminally misfolded glycoproteins on the

other hand have a mannose removed in the ER by the slow-acting ER ↵-mannosidase

I (ManI) which allows recognition by ER degradation-enhancing ↵-mannosidase-like
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1.2. Endoplasmic reticulum quality control – the calnexin cycle

proteins (EDEM) [25, 26]. This commits the misfolded glycoprotein to ER-associated

degradation (ERAD) by retro-translocation into the cytosol for ubiquitin-dependent

protein degradation [27].

to Golgi for
futher processing

α-GluI

α-GluII

Binding of CNX
      to Glc1Man9GlcNAc2

   CNX-mediated
 interactions with
chaperones

α-GluII

correctly
folded

incorrectly
folded

UGGT

EDEM-association
and ERAD

CNX

ER α-ManI

Figure 1.3: Schematic of the calnexin cycle. Figure courtesy of Dr J. L. Kiappes.

For the glycoproteins that achieve their native state, the next step is usually

tra�cking toward the Golgi apparatus unless an ER-retrieval sequence is present.

This can occur through the ER-Golgi intermediate compartment (ERGIC) by binding

to the lectin ERGIC-53 [24]. In the Golgi, the glycan is subject to further processing

upon the action of Golgi-resident mannosidases and GlcNAc-transferases that convert

the glycans to either hybrid or complex forms if accessible [28].
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1.2. Endoplasmic reticulum quality control – the calnexin cycle

1.2.1 The components of the calnexin cycle

CNX and CRT are lectins that serve as chaperones by binding to the substrate glyco-

protein through recognition of the Glc1Man9GlcNAc2 glycan. It is thought that they

can chaperone in a more classical sense by preventing aggregation by binding to re-

gions of the substrate glycoprotein [29]. CNX/CRT interact through their P-domains

with a number of protein disulphide isomerases (PDI) like ERp57, or peptidylpro-

lyl cistrans isomerases (PPI) like cyclophilin B, to actively assist in protein folding

[30, 31]. The structural basis of binding CNX/CRT to client monoglucosylated glyco-

proteins has been elucidated through a crystal structure of CRT bound to a Glc1Man3

tetrasaccharide [32]. Upon removal of the final glucose, proteins that have achieved

their native state can progress to their final destination. Otherwise the glycoproteins

are recognised by UGGT, a central player in the calnexin cycle. It was first discov-

ered that a reglucosylation of the high mannose glycan was occurring in the ER of

trypanosomes and eventually this function was narrowed down to UGGT [33, 34]. It

appears that recognition of misfolding may involve a molecular determinant at the

attachment point of the glycan, which in a folded glycoprotein is not readily accessible

[35]. There is likely to be a mechanism for UGGT to sense misold in regions distal

to the site of glycosylation, too. Two forms of the protein exist in higher organisms,

one of which was until recently thought not to have enzymatic activity [36].

1.2.2 Other components in the ER

Malectin is a newly identified ER lectin that may have a significant role in ER protein

folding. First discovered in Xenopus, malectin was identified based on sequence ho-

mology to carbohydrate binding domains; it binds to Glc2-containing high-mannose

glycans [37]. The levels of malectin increase upon induction of ER stress and it in-

teracts with a component of the OST, ribophorin I, which suggests it may have an
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1.3. Endoplasmic reticulum ↵-glucosidases

orthogonal role to CNX/CRT or perhaps it sequesters misfolded proteins to prevent

secretion [38, 39].

In addition to the calnexin cycle, there are lectin-independent mechanisms

in the ER lumen for protein folding. Binding immunoglobulin protein (BiP, also

called GRP78) is part of the heat shock protein 70 (Hsp70) family of chaperones.

It takes its name from the discovery that immunoglobulins readily bind BiP soon

after translocation, thereby avoiding the calnexin cycle [40]. Similarly to CNX, BiP

interacts with a number of accessory proteins that assist in correct folding like PDIs

and PPIs [41]. BiP is also a key signalling molecule for the unfolded protein response

(UPR), the cell’s response to stress in the ER [42]. It initiates up-regulation of

relevant genes for alleviating the problems associated with the build up of misfolded

proteins in the ER.

1.3 Endoplasmic reticulum ↵-glucosidases

The two exo-glucosidases that enable entry of the glycoprotein into the calnexin cycle

share similar names but di↵er both in structure and mechanism. A classification

system for glycosyl hydrolases (GH) has been established that groups the di↵erent

hydrolases, now containing 134 di↵erent families, based on sequence and structure

[43–47]. Members in the same family generally have the same catalytic mechanism

though not always the same substrate specificities. Further classification based on

substrate specificity is contained in the enzyme commission (EC) numbering system

by the International Union of Biochemistry and Molecular Biology, where all glycosyl

hydrolases fall within the EC 3.2.1.X category.
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1.3. Endoplasmic reticulum ↵-glucosidases

1.3.1 Glucosidase I

GluI is a ⇠90 kDa protein encoded by the mannosyl-oligosaccharide glucosidase

(MOGS) gene and is a member of the glycosyl hydrolase 63 family (GH63). GluI

is the first enzyme to act on the glycan almost immediately after it is transferred

onto the substrate protein by OST [48]. It is specific for ↵(1,2) glycosidic bonds and

hydrolyses them using an inverting mechanism (Figure 1.4) [49]. The hydrolysis oc-

curs through direct displacement where water acts as a nucleophile with an aspartate

acting as a general base [50, 51]. GluI is a type II membrane protein with a small

cytoplasmic segment after the signal peptide, a transmembrane helix, and two lu-

menal domains (Figure 1.5) [52–54]. Mechanistic inhibitor probes have been utilised

to assess accessible residues in the active site but have not been able to definitively

identify residues involved in catalysis over those involved in ligand binding [55–57].

Mutations in the MOGS gene tend to be developmentally fatal with very few cases

reported beyond birth indicating its crucial role in early embryogenesis [58, 59].
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Figure 1.4: Inverting mechanism of hydrolysis of the Glc3Man9GlcNAc2-protein substrate. R
= Glc1Man9GlcNAc2-protein.
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Figure 1.5: Schematic of the GluI domain architecture. The protein is organised into three
domains with a signal sequence (SS) that targets translocation into the ER lumen.
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1.3. Endoplasmic reticulum ↵-glucosidases

1.3.1.1 Structure

The first reported crystal structure of a GH63 family enzyme is that of YgjK from E.

coli that folds as (↵/↵)6 barrel. However, this enzyme has ↵(1,3) regiospecificity [60].

More recently the first crystal structure of a GluI has been solved, comprising of the

lumenal portion of the S. cerevisiae (ScGluI) enzyme [61]. It contains the same fold as

YgjK in the catalytic domain with an additional 13-strand �-sandwich domain at the

N-terminus. By comparing with the E. coli homologue, the catalytic residues were

identified and placed in the context of previously inconclusive mutagenesis studies

(Figure 1.6A) [57]. In this crystal form, access of ligands to the active site is blocked by

the hexahistidine a�nity tag from an adjacent molecule in the crystal (Figure 1.6B).

As a result, the authors carried out in silico docking of di↵erent molecules in the active

site including Glc3, the terminal trisaccharide from the enzyme’s natural substrate.

The favoured docking model accommodates the acute angle formed by the glycosidic

bond linkages of the trisaccharide and is comparable to the NMR structure of the

glycan [62]. The role of the N-terminal domain is yet to be discovered, but the

authors suggest it may be involved in protein-protein interactions such as with OST

or GluII. Overall, the crystal structure of ScGluI is currently the best surrogate for

understanding the mammalian GluI. However, due to its unfortunate crystal packing,

another enzyme or crystal form is needed for understanding its ligand binding and

aiding inhibitor design.

1.3.2 Glucosidase II

GluII catalyses the sequential cleavage of the two inner glucose residues of the N -

linked glycan, Glc2Man9GlcNAc2-protein and Glc1Man9GlcNAc2-protein being its

two separate substrates. The second reaction does not happen immediately after the

first and is punctuated by the substrate glycoprotein’s association with CNX or CRT
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1.3. Endoplasmic reticulum ↵-glucosidases

A

B
90o 

Figure 1.6: Structure of ScGluI. (A) Cartoon representation of the structure. The N-terminal
domain is coloured in yellow and the GH63 domain in purple. A close up of the active site
highlights the two catalytic aspartate residues. (B) The structure in (A) is rotated 90� and an
adjacent crystallographically related copy is shown in green. The hexahistidine tag from the
adjacent molecule docks into the active site. Coordinates from PDB ID 4J5T.
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1.3. Endoplasmic reticulum ↵-glucosidases

initiating the range of molecular events described above. Thus, even though both

bonds specifically cleaved by GluII are ↵(1,3) glycosidic bonds [63], there must be a

molecular basis for the discrimination between these two substrates that results in

the measurable di↵erences in kinetics between the two cleavages [64–66]. The enzyme

consists of two subunits, the ↵-subunit which carries the catalytic activity and the

�-subunit which plays a regulatory role for subcellular localisation of the complex

and assists in substrate recognition [67].

The ↵-subunit is a ⇠110 kDa glycoprotein encoded by the glucosidase al-

pha neutral AB (GANAB) gene and is a member of the glycosyl hydrolase 31 family

(GH31) [68]. Sequence annotation of the ↵-subunit segments it into three domains

with a signal peptide that is removed in the mature protein (Figure 1.7A). How-

ever, with the availability of a number of structurally characterised GH31 members,

a more updated domain architecture consistent with the nomenclature proposed in

the first GH31 structure is suggested (Figure 1.7B) [69]. GH31 enzymes carry out hy-

drolysis through an archetypal Koshland double displacement retaining mechanism

(Figure 1.8) [50, 70]. In these enzymes, the glycosidic bond is attacked by a nu-

cleophile, usually an aspartate residue, which proceeds to a covalent adduct via an

oxo-carbenium-like transition state. A general acid/base, also usually an aspartate,

assists in providing the proton in the first step and then acts as a base upon hydrolysis

of the adduct by water. This retains the glucose in the ↵-anomeric conformation in

the released monosaccharide. The nucleophile of GH31 enzymes has been localised to

the aspartate in the WXDMNE consensus sequence through trapping of a covalent

adduct with a 5-fluoro sugar [71]. Due to the conservation observed in this sequence,

but without the benefit of any structural information, it was proposed that the gluta-

mate in that sequence may be the general acid/base [72]. However, subsequent GH31

family crystal structures revealed that proton donation/abstraction is e↵ected by the

aspartate on the WXGD consensus sequence [69, 73]. Using the same mechanism,
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1.3. Endoplasmic reticulum ↵-glucosidases

transglycosylation (the formation of a glycosidic bond) can also be carried out and

has been observed in some GH31 family members [74].

A
SS	 Unclassified	 GH31	Domain	N C Galactose	mutarotase-like	

B

SS	 N-terminal	Domain	 GH31	Domain	N C Proximal	C-terminal	
Domain	

Distal	C-terminal	
Domain	

N 

C

SS	 2	X	LDLRa	 H/KDEL	Retrieval	mo5f	N C MRH	Acidic	Stretch	2	X	EF-Hand	

N N 

Figure 1.7: Schematic of the GluII domain architecture. (A) Sequence annotation by Pfam
of the ↵-subunit into three domains. (B) Proposed domain architecture using structurally
characterised GH31 members. (C) Domain architecture of the �-subunit into five domains with
a C-terminal ER retrieval sequence for subcellular targeting. Conserved N -linked glycosylation
sites are indicated in the domain in which they occur.

The �-subunit is encoded by the protein kinase C substrate 80K-H (PRKCSH)

gene. The name of this gene stems from the initial identification of this protein from

human squamous carcinoma cells [75]. Mutations in the PRKCSH gene are respon-

sible for autosomal dominant polycystic liver disease possibly through a↵ecting the

folding of a transient receptor potential channel in diseased hepatocytes [76–80]. The

glycoprotein is a ⇠60 kDa protein with extensive disulphide bonds, and when reduced,

it migrates di↵erently (at ⇠80 kDa) on SDS-PAGE gels likely due to extensive nega-

tive patches of residues [67]. The protein comprises a number of consecutive domains

including two tandem low density lipid receptor type-A (LDLRa) folds, two sequen-

tial EF-hand motifs, an extended stretch of acidic residues, a mannose 6-phosphate

receptor homology (MRH) domain, and a C-terminal ER retrieval motif (H/KDEL)

(Figure 1.7C) [81].

The heterodimeric nature of GluII is essential for the proper function for

a number of reasons. The HDEL ER retrieval motif is essential for localising the
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protein. R = Man8GlcNAc2-protein, R1 = H and R2 = OH when the substrate is
Glc1Man9GlcNAc2-protein.

soluble GluII complex in the ER lumen, though a noteworthy exception to this is the

absence of this motif in the �-subunit of S. cerevisiae [67, 82]. The ability of GluII

to cleave its substrates is essentially abolished in vivo when the �-subunit is removed

[82, 83]. The MRH domain on the �-subunit is important for recognising the glycan

substrate, most likely through interactions with the mannose arms [84, 85]. Removal

of the �-subunit does not render the ↵-subunit catalytically inactive as it can still

cleave small aryl glucosides. There are two specific sites toward each terminus of the

�-subunit that bind to the ↵-subunit [86]. Analysis of the heterodimer in solution
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1.3. Endoplasmic reticulum ↵-glucosidases

indicates that it forms an extended structure [87]. Furthermore, an extra level of

complexity has been suggested whereby GluII is somehow trans-activated and that

the substrate glycoprotein must contain at least two glycans to be hydrolysed [88].

1.3.2.1 Structure

Currently the only structural information relating to the catalytic elements of GluII

comes from homology modelling based on crystal structures of members of the GH31

family. These include glycosidases from archaeal, bacterial and eukaryotic organisms.

The prokaryotic enzymes display an array of di↵ering substrate specificities and in-

clude ↵-xylosidases and transglycosidases. The eukaryotic enzymes are less diverse,

with all predominantly exhibiting ↵(1,4) specificity. An exception in the family is the

glucan lyase from a red algae whose catalytic mechanism is di↵erent due to a change

in the consensus WXDMNE to WXDMNV, which enables the catalytic nucleophile

to acquire a dual role by becoming a base as well [89]. The other variant is the isomal-

tase domain from the intestinal sucrase-isomaltase enzyme that has relaxed substrate

specificity including ↵(1,4) and ↵(1,6) glycosidic bonds [90]. The structures of in-

testinal or sugar beet glucosidase in complex with the diabetic therapeutic acarbose,

a non-cleavable tetrasachharide, give insight into regiospecificity [91, 92]. The fold of

all of these eukaryotic GH31 structures is very similar and at the active site there is

also a high degree of similarity. Thus, a structure of GluII is necessary to determine

the basis of its specificity.

The only high-resolution structural characterisation available of a portion

of GluII is of the MRH domain from S. pombe, by both NMR spetroscopy and X-

ray crystallography [93, 94]. This domain adopts a flattened �-barrel (Figure 1.9).

These two studies show that the explicit binding site to a terminal mannose residue is

through H-bonding to a pocket lined with the conserved residues glutamine, arginine,
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1.4. Iminosugars

glutamate, and tyrosine. Concomitant to mannose binding is the movement of a loop

containing a conserved tryptophan, which initially was thought to be important to

interact with the other mannose arm. The authors amended this proposed binding

model based on the crystallographic packing in the mannose-bound structure. They

postulate that this loop interacts with another part of GluII (of either subunit) upon

binding mannose that may have an allosteric role in the catalytic function of GluII

[94].

C C 
N 

Figure 1.9: Structure of the S. pombe �-subunit MRH domain with (red) and without (purple)
mannose. Mannose (yellow) binding is mediated by four conserved residues. The apo form
shows a shift in a tryptophan containing loop. Coordinates from PDB ID 4XQM (red) and
2LVX (purple).

1.4 Iminosugars

Iminosugars are a class of glycomimetic compounds that typically have been inves-

tigated as inhibitors of carbohydrate-processing enzymes. They can take a number

17



1.4. Iminosugars

of heterocyclic forms with a nitrogen atom being substituted for the oxygen. The

iminosugars relevant to the work described in this thesis are glucose analogues (Fig-

ure 1.10A). The prototypical glucose analogue nojirimycin was initially discovered

in extracts from Streptomyces cultures that had antibiotic activities [95]. Soon af-

ter, a more stable derivative was found in mulberry leaves that lacks a hydroxyl at

C-1 to give 1-deoxynojirimycin (DNJ) which inhibits ↵-glucosidases [96, 97]. Later

on, another ↵-glucosidase inhibitor was identified from an extract of Castanosper-

mum australe seeds, called castanospermine [98, 99]. N -alkylation of DNJ increases

bioavailability with typical additions being aliphatic carbon chains [100]. Analogous

to glucose mimetics, a range of inhibitors based on the mannose and galactose stereo-

chemistry were synthesised (Figure 1.10B). The mannose-analogue based compounds,

kifunensine and swainsonine, have particular uses in engineering specific glycoforms

by interrupting the ER ManI and the Golgi ↵-mannosidase II, respectively [101, 102].

Apart from their use as glycosidase inhibitors, there are also examples of iminosugars

that inhibit glycosyltransferases, nucleoside hydrolases, glycogen phosphorylases, and

metalloproteases [103–106].

1.4.1 Use as therapeutics

Concomitant with the rise of iminosugars in the laboratory came their applications

as potential therapeutics. Iminosugars have been used in the laboratory and in the

clinic for the treatment of diabetes mellitus, infectious diseases, and lysosomal storage

diseases [107]. Years of iminosugar research have resulted in two drugs that are now

on the market. Miglitol (Glyset, 2-hydroxyethyl-DNJ) is licensed as an anti-diabetic

drug that inhibits intestinal glucosidases. Miglustat (Zavesca, N -Butyl-DNJ) is used

for treatment of Gaucher’s disease, a lysosomal storage disease.

The use of iminosugars as a therapy for diabetes stems from the observation
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1.4. Iminosugars

A

B

Figure 1.10: Chemical structures of a series of relevant inhibitors. (A) Inhibitors based on
d-glucose. Numbering around the glucose ring indicates the referencing scheme throughout this
thesis. (B) Inhibitors based on the d-glucose epimers, d-mannose and d-galactose.
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1.4. Iminosugars

that extracts from mulberry leaves can reduce postprandial hyperglycemia [108]. As

the identities of the potential glycosidase inhibitory molecules in these extracts were

narrowed down to iminosugars, their therapeutic use became apparent. Inhibition of

the intestinal glucosidases contributes to the delay of glucose release [109]. Prevention

of postprandial hyperglycemia in type 2 diabetes mellitus patients by inhibition of in-

testinal glucosidases decreases the release of glucose from dietary oligosaccharides like

starch. These enzymes are from the GH31 and GH13 families, which have structural

and mechanistic similarities. Described above (1.3.2.1) are the structural similarities

of GluII with these intestinal enzymes which bind some iminosugars equally well.

This homology leads to the o↵-target side-e↵ects that are observed with the oral use

of iminosugars when used for diabetes [110]. Gastrointestinal distress can occur due

to oligosaccharide build-up caused by ↵-glucosidase inhibition in the small intestines

that in turn causes osmotic diarrhoea. An inhibitor that is not an iminosugar but

whose mode of binding is relevant to compare is acarbose (Figure 1.10A), a natural

product licensed for treating type 2 diabetes based on the same mechanism as imi-

nosugars. Acarbose is a relevant molecule for comparison to the iminosugars presented

for GluI and GluII as it contains a series of glucose molecules with ↵(1,4) glycosidic

linkages. The characterised binding sites in the intestinal glucosidases can be used

with any forthcoming ER ↵-glucosidase structures to help dissect the molecular basis

for substrate specificity.

Some lysosomal storage diseases result in abnormal processing of sphin-

golipids, a class of glycolipids. In the case of Gaucher’s disease, inactive or misfolded

glucocerebrosidase, a �-glucosidase, results in the pathological build-up of glucocere-

brosides in the lysosome. The most common treatment is enzyme replacement with

the recombinant enzyme, but this is a very costly approach. The other is through

substrate reduction therapy whereby the partial inhibition of the substrate biosyn-

thetic pathway reduces the pathological levels of the glucosphingolipids [111, 112].
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1.4. Iminosugars

Iminosugars have been successfully utilised for this in the clinic [113]. An alternative

approach for these diseases has been proposed that uses iminosugars as sca↵olds for

the �-glucosidase folding-defective mutants. The principle is to use iminosugars to

chaperone the enzyme throughout the post-translational processing in order to tra�c

it to the lysosome where it can carry out its normal function [114, 115].

1.4.2 Use as antivirals

Inhibition of GluI and GluII by the iminosugars, DNJ, castanospermine, and deriva-

tives are well established [64, 116–118]. Inhibition is thought to occur through

mimicry of the oxo-carbenium transition state facilitated by the nitrogen atom in

the ring [51, 119]. As the protonated iminosugar is adjacent to the deprotonated

catalytic residues, the pKa of the iminosugar may have implications on its inhibition

potency [120–122]. A number of viruses show reduced infectivity upon iminosugar

treatment such as vesicular stomatosis virus, Sinbis virus, influenza virus, human

cytomegalovirus, hepatitis B virus, and human immunodeficiency virus 1; all are en-

veloped viruses [123–128]. Inhibition of the ER ↵-glucosidases a↵ects the folding of

the influenza glycoprotein haemagglutinin [5]. The implication of the generated mis-

fold of viral glycoproteins is that they either end up in degradation pathways (i.e.

ERAD) or are functionally impaired.

The in cellula mechanisms of action of iminosugars against a number of

members of the Flaviviridae family including dengue virus (DENV), bovine viral di-

arrhoea virus (BVDV), and hepatitis C virus (HCV), show that it can be much more

complex. These three viruses are from three genera in the family and can be used

to compare and contrast the identified mechanisms of action. For example in dengue

virus, iminosugars reduce the viral secretion levels [129, 130]. Whereas in BVDV

and HCV, iminosugars reduce both secretion and infectivity of virions [131]. HCV
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and BVDV both contain an ion channel that is inhibited by long-chain N -alkylated

iminosugars leading to decreased infectivity [132–134]. To complicate matters, imi-

nosugars with a DGJ moiety could also be a↵ecting glycolipid processing causing an

antiviral e↵ect for certain viruses [Zitamann, unpublished results]. Thus iminosugar

treatment has complex consequences and can a↵ect other viral or cellular pathways,

eliciting the antiviral e↵ect. Inhibition of the ER ↵-glucosidases has recently been

given clinical context through the identification of MOGS-deficient patients who have

survived to childhood and show resistance to viral infections [59]. The list of suscepti-

ble viruses in vitro has now lengthened to include those from the families Herpesviri-

dae, Coronaviridae, Paramyxoviridae, Filoviridae, Arenaviridae, and Bunyaviridae

(summarised in [135]).

A large number of studies have tried to assess structure-activity relation-

ships of series of antiviral compounds [136–142]. Design and development of most

compounds have been focussing on the variation of N -substitution but progress has

been hampered by the absence of structures of the target enzymes. Furthermore,

due to the complex downstream e↵ects of the inhibition of these glucosidases in vivo,

the finer details of the antiviral mechanisms of action still need to be understood. A

DNJ derivative (N 9’-methoxynonyl DNJ, MON-DNJ, see Figure 1.10) is now in clin-

ical trials against dengue virus (https://clinicaltrials.gov/ct2/show/NCT02061358)

reinforcing the relevance of this strategy.

1.5 Aims

The aims of the studies carried out and presented in this thesis are centred around

the better understanding of the molecular structure of the two mammalian ER ↵-

glucosidases. In particular, I aimed to address substrate recognition and specificity.
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The benefit and longer term goal of these projects are more e�cacious and selec-

tive antiviral compounds, to be rationally designed using the structural information

gathered.

A mammalian GluI structure would aid drug design. An added benefit of

the endeavour to clone, express, and purify mammalian GluI for structural studies is

that the enzyme can be used for the biochemical screening of any future inhibitory

molecules as well as enabling its full biochemical characterisation. Experiments that

address this can be found in Chapter 3.

The biophysical characterisation of GluII is used to assess both the solution

structure and fold, as less is known for this enzyme. Coupled with a more detailed

enzymological dissection of GluII, the aims of Chapter 4 are to better understand

the overall shape of the enzyme, its quaternary structure, catalytically important

residues, and determinants of substrate specificity.

Any structure of domains of GluII would contribute to a better understand-

ing of its function. A crystal structure of a fragment of GluII comprising the ↵-subunit

bound to a domain of the �-subunit is presented in Chapter 5. Biophysical and bio-

chemical data add to the crystal structure to rationalise the observations at and

around the active site. The structure also reveals details of the �-subunit N-terminal

interface with the ↵-subunit which in turn has implications on the positioning and

recruitment of the glycan substrate.
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2
Materials and methods

All chemicals used were from Sigma-Aldrich and all commercially available enzymes

were from New England Biosciences unless stated otherwise. All solutions were made

up with 18.2 M⌦ cm water from a Milli-Q Plus reverse osmosis water purification

system (Millipore). Unless specified otherwise, all graphs were produced in Prism

(GraphPad).
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2.1. Bioinformatics

2.1 Bioinformatics

Clustal Omega [143] was used to generate multiple sequence alignments and calculate

percentage identities. The chosen sequences were sourced from the UniProt server

(Table 2.1). Visual representations of the alignments were generated with the ESPript

server (http://espript.ibcp.fr) [144]. Disorder prediction was carried out on the RONN

server (https://www.strubi.ox.ac.uk/RONN) [145].

2.2 Cloning

2.2.1 High-throughput cloning

All high-throughput cloning was conducted at the Oxford Protein Production Facility

at the Research Complex in Harwell under the supervision of Dr Louise Bird. Dr Bird

was responsible for designing all primers in the high-throughput cloning campaign

after discussion over the chosen construct boundaries.

2.2.1.1 Polymerase chain reaction

Amplification of the genes of interest was achieved by polymerase chain reaction

(PCR) using the primers (see Appendix A) and a standard mixture (Table 2.2). The

reactions were cycled in a Veriti PCR machine (ABI Biosystems) using a standard

program (Table 2.3). PCR products were analysed by agarose gel electrophoresis.

Firstly, 5 µl of sample were mixed with 2 µl 5X loading bu↵er (0.25 % w/v bro-

mophenol blue, 30 % v/v glycerol). A gel composed of 1.6 % w/v agarose dissolved

in TBE bu↵er (100 mm Tris, 90 mm boric acid, 1 mm EDTA) containing 1X SYBR-

Safe (Life Technologies) stain was cast and submerged in TBE once set. Samples were
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2.2. Cloning

loaded into the gel, separated at 100 V for 30 min and visualised under a UV trans-

luminator in a Gel Doc XR+ system (BioRad). Hyperladder 1kb reference markers

(BioLine) were used to estimate product size. To avoid background from template

DNA in subsequent steps, a DpnI digestion was performed to prevent template DNA

from contaminating the newly assembled product. 5 µl of CutSmart bu↵er containing

10 U DpnI were added to the PCR reactions and incubated at 37 �C for 60 min. Pu-

rification of the PCR products was achieved by adding 90 µl of AMPure XP magnetic

beads (Beckman Coulter) to bind the large nucleic acids. After 5 min, the plates were

placed over a SPRIPlate 96R magnet (Beckman Coulter) and left for 5 minutes for the

beads to settle. The unbound components were aspirated and the beads were washed

with 200 µl of 70 % ethanol with removal on the magnet as mentioned above. The

wash was repeated once and the beads were allowed to air-dry for 10 min. Elution

from the beads was done by adding 30 µl of 10 mm Tris pH 8.0.

Table 2.2: High-throughput cloning PCR mixture

Component Volume (µl)

2X Phusion Flash Master Mix 25
Water 17
Forward Primer (10 µm) 3
Reverse Primer (10 µm) 3
Template (1 ng/µl) 2

Table 2.3: PCR reaction conditions

Temperature (�C) Time (s)

98 10

98 1
30 Cycles60 5

72 60

72 120
4 hold
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2.2. Cloning

2.2.1.2 In-Fusion assembly

Assembly of the constructs was carried out by mixing 1 µl of the linearised OPPF

vector with 5 µl of the purified PCR product. The mixture was made up to 10 µl

total volume and added to lyophilised In-Fusion HD EcoDry enzyme mix (Clontech)

and incubated for 30 min at 42 �C. 40 µl of TE (10 mm Tris pH 8.0, 1 mm EDTA)

were added to stop the reaction and 3 µl of the mix were added to 50 µl One Shot

OmniMAX 2 Chemically Competent E. coli (Life Technologies). After 30 min on ice,

the cells were incubated at 42 �C for 30 s followed by 2 min on ice. 300 µl of Super

Optimal broth with Catabolite repression (SOC) were added to the cells and left to

incubate at 37 �C for 1 h with agitation. 5 µl and 25 µl of each construct were plated

onto Blue-White Lysogeny Broth (LB) Agar containing 100 µg/ml carbenicillin, 0.02%

5-bromo-4-chloro-3-indolyl-�-d-galactopyranoside (XGAL) , 1 mm isopropyl �-d-1-

thiogalactopyranoside (IPTG).

2.2.1.3 High-throughput culture and plasmid purification

White colonies were picked and cultured in 1.2 ml LB containing 100 µg/ml carbeni-

cillin overnight at 37 �C. Plasmid purification was conducted on a Bio-Robot 8000

(Qiagen) using the Wizard SV 96 kit (Promega) according to the manufacturer’s

protocol.

2.2.1.4 Construct confirmation

Constructs were analysed for correct insertion by PCR using a generic pOPIN forward

primer coupled with the specific reverse primer from each construct and analysed by

PCR and gel electrophoresis as detailed in 2.2.1.1.
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2.2. Cloning

2.2.2 Mutagenesis

After complications that arose while performing site-directed mutagenesis (SDM) in

the OPPF vectors, mutagenesis of both ↵-glucosidase units was achieved by first sub-

cloning the gene into the Litmus28i (New England Biosciences) cloning vector. SDM

in this vector was then undertaken before a final sub-cloning step into pHLsec, the

mother expression vector of the OPPF series of expression vectors. The subcloning

into Litmus28i and the SDM of the point mutants causing the mutations D564E,

E567Q, E567D (Mus musculus immature sequence numbering) were conducted by

Alice Cross under my supervision.

2.2.2.1 Sub-cloning of Mus musculus ↵-glucosidase genes into Litmus28i

Primers to PCR amplify the three Mus musculus genes were designed (Table 2.4) to

sub-clone into Litmus28i. Primers contained a XhoI site on the forward primers and

a NcoI site on the reverse primer to enable cloning into the MCS of the vector. A

standard PCR (see 2.2.1.1) was performed using the Ta and the genes in the pOPIN

vectors as templates. The correctly sized products and the Litmus28i were digested by

the restriction endonucleases XhoI and NcoI overnight at 37 �C. Prior to purification

by gel extraction, digested Litmus28i was dephosphorylated by Antarctic Phosphatase

for 15 min at 37 �C. Ligation with T4 DNA Ligase of the vector and insert in a 1:3

mole ratio was carried out overnight at 16 �C. The ligated DNA was transformed into

NEB5↵ selecting with carbenicillin (Melford Laboratories Ltd.) and colonies screened

by colony PCR with the same primers in Table 2.4 and PCR conditions as above.
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2.2. Cloning

Table 2.4: Primers for sub-cloning Mus musculus ↵-glucosidase genes into Litmus28i.

Primer Name Sequence (5’-3’) T
m

(�C) T
a

(�C)

mogs F ATATCTCGAGTGGGTGCTGGCGTGGCTC 72
71

mogs R TATCCATGGTTTTTCGAACTGCGGGTGGCTC 71

ganab F TATACTCGAGGCTGTGGATAGAAGCAACTTTAAGACC 73
68prkcsh F ATATCTCGAGGGCGCTGTAGAAGTTAAGAGACC 73

His6 R TATCCATGGTTAGTGGTGGTGGTGGTGATGC 78

2.2.2.2 Site-directed mutagenesis

The manufacturer’s protocol of the Q5 Site-Direct Mutagenesis kit was followed using

the template in Litmus28i and primers (Table 2.5) designed using the NEBaseChange

online tool (http://nebasechanger.neb.com/). Colonies that appeared on carbenicillin

where assessed by dye-terminator Sanger Sequencing [146] after plasmid purification

by Source Bioscience.

Table 2.5: Primers for SDM of Mus musculus ganab

Primer name Sequence (5’-3’) T
m

(�C) T
a

(�C)

D564E F TGTTTGGAATGAGATGAATGAAC 55
58

D564E R TAAAGATTAGGAGCTGAACC 57

D564N F TGTTTGGAATAACATGAATGAACC 55
58

D564N R TAAAGATTAGGAGCTGAACC 57

D567Q F TGACATGAATCAACCGTCTGTGTTC 61
62

D567Q R TTCCAAACATAAAGATTAGGAGC 59

D567D F TGACATGAATGATCCGTCTGTGTTC 60
59

D567D R TTCCAAACATAAAGATTAGGAG 55

D567V F TGACATGAATGTGCCGTCTGTGTTC 56
59

D567V R TTCCAAACATAAAGATTAGGAG 55

D640E F GTGGACAGGGGAGAACACTGCCG 70
69

D640E R ACAGCTCCAAAGCGCTGG 66

D640N F GTGGACAGGGAACAACACTGCCG 68
69

D640N R ACAGCTCCAAAGCGCTGG 66
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2.2.2.3 Sub-cloning of Mus musculus ganab and prkcsh into pHLsec

Mutated ganab constructs were subcloned into pHLsec by Gibson Assembly[147].

Primers (Table 2.6) were designed with the NEBuilder Assembly Tool to create 15

bp overlaps on the PCR product with the AgeI/KpnI ends of the digested vector.

Standard PCR (see 2.2.1.1) was performed using the Ta and the mutated genes in

Litmus28i as the template. Purified PCR products were assembled into pre-digested

pHLsec vector in a 0.06 pmol : 0.02 pmol (insert:vector) as per the manufacturer’s

protocol. Colonies that appeared on carbenicillin selecting LB agar plates were as-

sessed by dye-terminator Sanger Sequencing after plasmid purification.

Table 2.6: Primers for subcloning Mus musculus ganab and prkcsh into pHLsec

Primer Name Sequence (5’-3’) T
a

(�C)

ganab F GGTTGCGTAGCTGAAACCGGTGCTGTGGATAGAAGCAACTTTAAGAC
62ganab R GATGGTGGTGCTTGGTACCCTCGAACTGGGGGTGGCT

prkcsh F GGTTGCGTAGCTGAAACCGGTGGCGCTGTAGAAGTTAAGAGAC
66prkcsh R GATGGTGGTGCTTGGTACCTTATTAGTCCCCATCACTGGGTGC

2.3 Expression screening and large-scale

expression

2.3.1 High-throughput baculoviral-mediated expression in

insect cells

These experiments were carried out by Heather Rada at the Oxford Protein Produc-

tion Facility. Production of the P0 and P1 stock of baculovirus in Sf 9 along with the

expression tests presented were carried out by Heather Rada at the OPPF. In brief,

co-transfection of the glucosidase-containing vector with linearised bacmid DNA al-

lows the in cellula recombination and the baculoviruses are only able to be formed
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due to an essential ORF contained in the expression vector [148, 149]. After a round

of amplification, the P1 stock was used to infect cells for expression testing.

2.3.2 High-throughput transient transfection in adherent

mammalian cells

HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supple-

mented with 10 % foetal calf serum (FCS), 1X non-essential amino acids and 2 mm

l-glutamine. All cultures were grown at 37 �C in a 5% CO2 environment. 1.5 X 105

cells/ml were added to each well of a 24-well culture plate and left to grow overnight.

2 µl of GeneJuice transfection reagent (Novagen) were diluted in 60 µl of serum-free

DMEM per construct. 1 µg of DNA was added to each well and mixed thoroughly

by pipetting and left to incubate for 10 minutes at room temperature. The culture

medium was replaced with DMEM with 2 % FCS and the transfection mixture was

added drop-wise to the cells. Cells were incubated for 3 days in the same conditions

before harvesting the supernatant by centrifugation at 6000 g for 15 min. Samples

were analysed for expression by western blotting as detailed in 2.5.2.

2.3.3 Transient transfection in suspension mammalian cells

Protein expression in the FreeStyle 293 Expression System (Life Technologies) was

carried out according to the manufacturer’s protocol with all components from Life

Technologies except where specified. FreeStyle 293-F cells were maintained by growing

50 ml cultures in FreeStyle 293 Expression Medium in 500 ml vented Erlenmeyer flasks

(Corning) at 37 �C in a 5% CO2 environment and shaking at 135 rpm. Stock cultures

were always split to 1 X 105 cells/ml and not allowed to exceed 3 X 106 cells/ml.

When a new stock was commenced from stored cells in the liquid nitrogen vapour
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phase, cells were not used for transfection until at least 5 passages after thawing.

The DNA used for transient transfection was purified from E. coli using the

GenEluteHP Plasmid Maxiprep Kit (Sigma Aldrich) according to the manufacturer’s

protocol and sterilised by passing through a 0.22 µm mixed cellulose ester (MCE)

filter. Cells were transfected at a density of 1 X 106 cells/ml with cells split the day

before the transfection. Cells were only transfected when viability was above 95% as

assessed by Trypan Blue exclusion. The culture volume was not allowed to exceed

30% of the flask volume. A linearly-scalable transfection protocol using 50 ml of

culture as an example is described. A total of 62.5 µg of plasmid DNA was diluted

into a total volume of 1 ml OptiPRO SFM in a 50 ml conical tube. 62.5 µl of the

FreeStyle MAX transfection reagent were diluted into a total volume of 1 ml OptiPRO

SFM in another 50 ml conical tube. The two diluted components were mixed and left

to incubate at room temperature for 10 min followed by drop-wise addition to the

culture while swirling. The culture was incubated in the same conditions as above

for 4 days.

2.4 Protein purification

2.4.1 HEK293F supernatant preparation

Prior to harvesting the cultures, viability and general appearance was checked. The

cells tend to clump as the density increases over the course of the transfection but

viability generally stayed above 60%. Cells were harvested by centrifugation at 3000

g for 15 minutes at room temperature. Generally, 800 ml expressions were performed

and the volumes below reflect this example. 88 ml of 10X PBS and 2.2 ml of 2 m

imidazole were added making the final concentrations 1X and 5 mm, respectively.

The pH of the supernatant was adjusted by drop wise addition of 10 m NaOH to a
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final pH of 7.4-7.5. The modified supernatant was clarified by filtering under vacuum

through a 0.45 µm MCE filter (Millipore) placed under a 2.7 µm glass microfibre filter

(GF/D class, Whatman) to facilitate the speed of filtration.

2.4.2 Immobilised metal a�nity chromatography

Bu↵ers used for Immobilised Metal A�nity Chromatography (IMAC) were made

by mixing Bu↵er A (PBS, 5 % (w/v) glycerol) with appropriate volumes of Bu↵er B

(PBS, 5 % (w/v) glycerol, 500 mm imidazole) for the desired imidazole concentration.

2.4.2.1 Mus musculus GluI

The clarified supernatant was passed through a 5 ml HisTrap excel column (GE

Lifesciences) once and washed with 20 mm imidazole (4 % Bu↵er B) for 10 column

volumes (cV). A 10 cV step elution at 400 mm imidazole (80 % Bu↵er B) was used

to elute the target glucosidase. The bu↵er was exchanged by dialysing the pooled

eluate in 10 kDa MWCO SnakeSkin dialysis tubing (Thermo Scientific) against 1 l of

PBS for 2 hours at 4 �C repeated three times in total.

2.4.2.2 Mus musculus GluII

The clarified supernatant was passed through a 5 ml HisTrap excel column once and

washed with 40 mm imidazole (8 % Bu↵er B) for 10 cV. A 10 cV step elution at 400

mm imidazole (80 % Bu↵er B) was used to elute the target glucosidase. The bu↵er

was exchanged by dialysing the pooled eluate in 10 kDa MWCO SnakeSkin dialysis

tubing (Thermo Scientific) against 1 l of Strep Wash Bu↵er (100 mm Tris pH 8.0, 150

mm NaCl, 1 mm EDTA) for 2 hours at 4 �C repeated three times in total.
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2.4. Protein purification

2.4.3 StrepII-tag a�nity chromatography of Mus musculus

GluII

The StrepII-tag on the ↵-subunit was used to isolate the heterodimer of MmGluII

from excess � -subunit. The purification was carried out on 10 ml bed of Strep-Tactin

Superflow High Capacity (IBA GmbH) in a glass column by gravity according to the

manufacturer’s protocol with bu↵er concentrates from the same manufacturer. The

dialysis eluate from the IMAC step was passed over the resin followed by 3 cV wash

with Strep Wash Bu↵er taking 1 cV fractions. Elution of the glucosidase was achieved

with 3 cV of Strep Elution Bu↵er (Strep Wash Bu↵er with 2.5 mm d-desthiobiotin)

collected in 0.5 cV fractions. As the MmGluII had a weak a�nity for the resin, the

second and third wash fractions were combined with all of the elution fractions as

excess �-subunit was already removed by these fractions. The pooled fractions were

concentrated with 30 kDa MWCO Amicon Ultra-15 Ultrafiltration devices (Millipore)

at 3200 g kept at 15 �C to a volume below 3 ml.

2.4.4 Trypsin digestion of Mus musculusGluII

The concentrated StrepII-tag purification pool was treated with 1/100th of the mass

of MmGluII of sequencing grade modified trypsin (Promega) supplemented with 2

mm CaCl2 for 4 h at room temperature. The reaction was stopped by the addition

of 1 mm phenylmethylsulfonyl fluoride (PMSF).

2.4.5 Gel filtration chromatography

The final step for the purification of both ER ↵-glucosidases was by gel filtration

(GF) on a Superdex 200 16/600 column (GE Lifesciences). The bu↵er for MmGluI
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was 20 mm HEPES pH 7.5, 100 mm NaCl, 0.1 mm TCEP. The bu↵er for MmGluII

was 20 mm HEPES pH 7.5, 150 mm NaCl.

2.5 Gel electrophoresis and blotting

2.5.1 SDS-PAGE

All sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was

carried out using NuPAGE (Life Technologies) 4-12 % Bis-Tris gels in either the

MES or MOPS SDS running bu↵er according to the manufacturer’s protocol. Briefly,

up to 20 µl of samples were added to 7.5 µl of 4X LDS sample bu↵er and 3 µl 10X

NuPAGE reducing agent, adding water to a total of 30 µl. Samples were incubated

at 95 �C for approximately 5 min and half of this mixture was loaded onto the gel.

Molecular weight markers used were Novex Sharp unstained protein standards. Gels

were run at a constant 200 V for 35 or 50 min for MES or MOPS bu↵ers, respectively.

Gels were stained in Instant Blue (Expedeon) for at least 1 h on an orbital shaker,

then exchanged into deionised water overnight.

2.5.2 Western blotting

Molecular weight standards for western blots were a mixture of Novex Sharp pre-

stained markers mixed with Magic Mark XP standards in a 1:1 ratio. Electrophoresed

gels were blotted onto PVDF membranes using the Trans-Blot Turbo Transfer System

(Bio-Rad) using the High MW program. The membranes were blocked in TBST

(Tris bu↵ered saline, 0.1 % v/v Tween-20) containing 0.2 % w/v I-BLOCK (Applied

BioSystems) for 1 h at room temperature or at 4 �C overnight on an orbital shaker.

After three 5 min washes with TBST, the primary antibody diluted in TBST was
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applied and incubated for 1 h. Following another three 5 min washes in TBST, the

HRP-conjugated secondary antibody was applied and incubated for 1 h. The blot

was developed with 1 ml Amersham ECL Prime Western Blotting Detection Reagent

(GE Life Sciences) for 5 minutes with gentle agitation and imaged on a LAS-1000

Luminescent Image Analyser (Fuji Medical Systems).

2.6 Enzymology

2.6.1 Discontinuous ↵-Glucosidase II assay

2.6.1.1 4-Methylumbelliferone detection

Cleavage of 4-methylumbelliferyl ↵-d-glucopyranoside (4MUG) byMmGluII was mea-

sured mixing a 50 µl sample with 50 µl of 0.5 mm 4MUG and incubating at 37 �C

for 15 min in 96-well black non-binding surface treated microplates (Corning). The

reaction was stopped with 100 µl of 0.5 m Na2CO3 (pH ⇡11.5) and fluorescence was

measured at �ex of 355 nm and �em of 460 nm on a SpectraMax M5 (Molecular De-

vices) with 40 scans per well, low photomultiplier tube sensitivity and a emission

cut-o↵ filter of 455 nm.

2.6.1.2 Glucose detection assay

Cleavage of glucobiose disaccharides of di↵erent glycosidic linkages was performed by

mixing 30 µl of MmGluII at 60 nm and 30 µl serially-diluted disaccharide in PCR

tubes and incubating at 37 �C for 30 min. Glucose release was quantified against a 7-

point d-glucose standard curve using the Amplex Red Glucose/Glucose Oxidase Assay

Kit (Life Technologies) according to the manufacturer’s protocol using 50 µl of the
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previous reaction. Measurements were subtracted from disaccharide only containing

wells.

2.6.2 Continuous ↵-Glucosidase II assay

A quantitative method for measuring the rates of 4MUG hydrolysis was set up sim-

ilarly to the discontinuous assay in 2.6.1.1. If inhibitors were added, the substrate

volume was reduced to 25 µl and 25 µl of inhibitor was added. A MmGluII concentra-

tion of 20 nm provided the best signal over the course of the assay. 100 mm potassium

phosphate bu↵er at pH 7.2 was used for all dilutions. 4-Methylumbelliferone (4MU)

quantitation was achieved with a five-point standard curve which also contained the

enzyme. Continuous measurement on the SpectraMax M5 set to 37 �C was done and

by measuring fluorescence every minute for a total 30 min with otherwise identical

settings to those in 2.6.1.1. A Michaelis-Menten model (V = [S]Vmax/(Km+[S])) was

fit to the graph of initial velocity versus substrate concentration in order to obtain

the values of Vmax, Km, and kcat.

2.6.3 Determination of inhibition constants

25 µl amounts of each dilution of inhibitors were added to each column of the assay

plate along with 25 µl of 80 nmMmGluII and the enzyme/inhibitor mix was incubated

at 37�C for 5 min. A 2-fold serial dilution series of the substrate was made and the

reaction was started by its addition to the plate. Hydrolysis was measured as above

in 2.6.2. The initial velocity was fit in the linear range of measurements and a

competitive inhibition model (KmObs = Km(1 + [I]/Ki)) was fit to the points were

KmObs is determined for each concentration of inhibitor, thus allowing the Ki to be

determined.
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2.6.4 Determination of IC50 values

Serial dilution of inhibitors was carried out in half-log steps in the assay plate. 25

µl of 80 nm MmGluII was added to the 50 µl of inhibitor and the enzyme/inhibitor

mix was incubated at 37�C for 5 min. 25 µl of 1 mm 4MUG (final concentration

0.25 mm) was added to initiate the reaction. Hydrolysis was measured as above in

2.6.2. The initial velocity was fit in the linear range of measurements and activity was

normalised to the uninhibited control in order to plot activity against the inhibitor

concentration. A sigmoidal, four-parameter function with a variable slope was used

to determine the IC50 values.

2.6.5 Cleavage and detection of glycans by normal-phase high-

performance liquid chromatography

All experiments in this section were carried out by Dominic Alonzi in the Zitzmann

laboratory. In brief, 2-AA-labelled glycans were mixed with varying concentrations

of glucosidase at 37 �C and incubated for at least 3 h. The reaction was stopped

with the addition of 30 µl acetonitrile. Ultrafiltration in a 10 kDa MWCO device was

done at 7,000 g for 45 min to separate the glycans from the enzyme. The filtrate was

applied to a TSKgel Amide-80 column (Anachem) for NP-HPLC analysis on a Waters

Alliance 2695 separations module with an in-line Waters 474 fluorescence detector set

at �Ex =360 nm and �Em =425 nm. All chromatography was performed at 30 �C.

Solvent A was composed of 20 % 100 mm ammonium acetate, pH 3.85, in Milli-Q

water and 80 % acetonitrile. Solvent B is composed of 20 % 100 mm ammonium

acetate, pH 3.85, in Milli-Q water, 60 % Milli-Q water and 20 % acetonitrile. A

linear gradient from 86 % A to 54.7 % A over 31.5 min at 0.8 ml/min was used to

separate the glycans.
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2.7 Crystallisation and structure determination

2.7.1 Crystallisation

Prior to setting up crystallisation experiments, all solutions were spin-filtered through

0.45 µm Ultrafree PVDF filtration devices (Millipore). For both glucosidases, crystals

of the same morphologies could be obtained from both fresh and snap-frozen protein.

All crystallisation solutions were obtained from Molecular Dimensions unless other-

wise specified. The appropriate concentrations to use for crystallisation were initially

determined with the Pre-crystallisation Test (Hampton Research). All crystallisa-

tion experiments were set up in 96-well MRC 2-well crystallisation plates or 48-well

MRC Maxi crystallisation plates (Swissci). Nanolitre-scale drops were set up with a

Mosquito Crystal robot (TTP Labtech). Unless stated, volumes for screening were

100 nl protein and 100 nl precipitant. All experiments were incubated in a Rigaku

Gallery HT (Rigaku) imaging system that kept plates at 18 �C and were regularly

imaged over a 6-week period.

2.7.1.1 MmGluI

Pure MmGluI at 4 mg/ml was crystallised by vapour di↵usion in 30 % w/v polyacry-

late 5100, 0.1 m MES pH 6.0 and 5 % v/v ethanol. A ratio of 2:1 protein:precipitant

yielded clumps of thin plates. The crystals were cryoprotected by streaking the crys-

tals though the mother liquor supplemented with 20 % v/v glycerol.

2.7.1.2 MmGluIITrypsin

Pure MmGluIITrypsin at 5.6 mg/ml was crystallised by vapour di↵usion in conditions

detailed in Table 2.7. A ratio of 3:1 protein:precipitant yielded the largest crystals.
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Soaking of d-glucose, d-glucal, and d-mannose was achieved by dissolving solid com-

pounds in the mother liquor of the well that the crystal was in, before placing a

single crystal in a drop of this solution. Soaks were performed for up to 2 min be-

fore immediately cryocooling as described in the next section. The 2nd orthorhombic

crystal form was obtained by placing a crystal obtained in the optimised monoclinic

apo drops (Table 2.7) into a solution of 16 % PEG 8000, 0.05 m Morpheus carboxylic

acids mix, and 0.1 m Morpheus bu↵er system 2 pH 7.2, 20 % PEG 400, 10 mm con-

duritol B-epoxide (Santa Cruz Biotech) for 1 minute before cryocooling. Soaking was

carried out by diluting compounds in the same solution and placing a crystal into the

solution for at least 30 min.

2.7.2 Data collection

Crystals were harvested in nylon loops and cooled in liquid nitrogen to reduce radia-

tion damage [150]. They were screened at the various macromolecular crystallography

beamlines at Diamond Light Source (DLS), Harwell, UK or the European Synchrotron

Radiation Facility (ESRF), Grenoble, France. Crystals were stored under liquid ni-

trogen and data were collected under a gaseous nitrogen stream at 100 K. Automatic

strategy in the ISPyB system utilising the EDNA plug-in was used to decide ap-

propriate starting goniometer � angles [151, 152]. Data collection parameters are as

stated in Table 2.9.

2.7.3 Data processing and model building

Di↵raction images were processed using the autoPROC [153] pipeline, which indexes

and integrates with XDS [154], and scales and merges using the CCP4 [155] programs

Truncate, Pointless and Aimless. Molecular replacement was achieved with Phaser
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Table 2.7: Crystallisation conditions for MmGluIITrypsin

Crystal form Precipitant

Protein:
Precip-
itant
ratio

Concentra-
tion of
soaked
molecule

Trigonal apo
30 % Morpheus Glycerol/PEG 4000 Mix, 0.12
m Morpheus alcohols mix, 0.1 m Morpheus
Bu↵er system 1 pH 6.5

1:1 -

Monoclinic apo
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.1 m Morpheus carboxylic acids mix, 0.1
m Morpheus bu↵er system 1 pH 6.25

1:1 -

Orthorhombic apo
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.1 m Morpheus ethylene glycols mix, 0.1
m Morpheus bu↵er system 2 pH 7.25

1:1 -

Glucal soak
30 % Morpheus ethylene glycol/PEG 8000
mix, 0.1 m Morpheus carboxylic acids mix, 0.1
m Morpheus bu↵er system 1 pH 6.25

3:1 15 % w/v

Glucose soak
33 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

2:1 30 % w/v

Mannose soak
31 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

3:1 30 % w/v

2nd Orthorhombic apo
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

3:1 -

Castanospermine soak
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

3:1 10 mm

DNJ soak
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

3:1 50 mm

NB-DNJ soak
32 % Morpheus ethylene glycol/PEG 8000
mix, 0.05 m Morpheus carboxylic acids mix,
0.1 m Morpheus bu↵er system 1 pH 6.25

3:1 10 mm
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Table 2.8: Data collection parameters of MmGluI crystals

Beamline DLS I04-1
Detector Pilatus P2M
Wavelength (Å) 0.9173
Osc per image (�) 0.5
Number of images 360
Exposure (s) 0.5
Beam Size (µm) 50 x 50
Transmission (% ) 47.0

Table 2.9: Data collection parameters of MmGluIITrypsin crystals

Trigonal apo Monoclinic apo Orthorhombic Orthorhombic # 2 Glucal

Beamline DLS I03 DLS I03 DLS I03 ESRF ID30A-1 DLS I02
Detector (Pilatus type) P3 6M P3 6M P3 6M P3 2M P6M-F
Wavelength (Å) 0.9796 0.9796 0.9796 0.9660 0.9791
Osc per image (�) 0.15 0.20 0.15 0.05 0.15
Number of images 1200 900 1200 3160 1200
Exposure (s) 0.50 0.20 0.30 0.03 0.04
Beam Size (µm) 50 x 20 80 x 20 80 x 20 100 x 65 82 x 28
Transmission (% ) 40.94 40.94 40.94 100 10

Glucose Mannose Castanospermine DNJ NB-DNJ

Beamline DLS I02 DLS I02 DLS I04 DLS I04 DLS I04
Detector (Pilatus type) P6M-F P6M-F P6M-F P6M-F P6M-F
Wavelength (Å) 0.9795 0.9795 0.9795 0.9795 0.9795
Osc per image (�) 0.10 0.15 0.15 0.10 0.10
Number of images 1800 1200 1200 1800 1800
Exposure (s) 0.055 0.150 0.107 0.150 0.150
Beam Size (µm) 82 x 29 82 x 32 43 x 30 63 x 50 63 x 50
Transmission (% ) 100 100 60 60 100
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[156], also part of the CCP4 suite. Model building was performed with Coot [157]

and Buccaneer, and refinement with BUSTER [158], except for the twinned trigonal

form which was refined in Refmac. Model validation was carried out with internal

modules of Coot and through the MolProbity server[159]. Ligands not present in the

BUSTER libraries and non-standard ligands were generated using the GRADE server

(http://grade.globalphasing.org/). All figures were produced in PyMOL [160].

2.8 Mass spectrometry

Samples for mass spectrometry were denatured in 7 m urea for 45 min at room

temperature. Disulphides were reduced by the addition of 50 mm DTT for 10 min

before diluting to 500 µl with 1% v/v formic acid in mass-spec grade water (both

Thermo Scientific). Urea, DTT and other salts were removed by concentrating in a

Viva Spin 500 10 kDa MWCO unltrafiltration device. When concentrated to 50 µl,

the sample was diluted to 500 µl and concentrated again. This process was repeated

five times to ensure any salts were at or below the µm range. The final concentration

of the sample was 2 mg/ml which was diluted with an equal volume of 60 % v/v

acetonitrile 20% v/v DMSO. The samples were directly infused into a Q Exactive

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) at 5 µl/min.

A composite of 3 micoscans in the range of 500 to 6,000 m/z was measured at a

resolution of 70,000 in positive ion mode. In-source collision induced dissociation set

to 20 eV and a spray voltage of 4 kV enabled a good signal of the intact polypeptides.

Spectra were de-convoluted with the supplied Xcalibur software. The data collection

and analysis was done under the supervision of Dr Abhinav Kumar in the Zitzmann

laboratory.
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2.9 Biophysical assays

2.9.1 Protein concentration measurements

Protein concentrations were determined by measuring absorbance at 280 nm (A280)

on a NanoDrop 1000 (ThermoFisher). All measurements were made against a bu↵er

blank of the same composition. The extinction coe�cients (✏280) shown in Table 2.10

were estimated using the ProteinCalculator v3.4i which calculates the ✏280 by the

number of tryptophans, tyrosines, and oxidised cysteines in the given sequence based

on standard values for each of these residues [161].

Table 2.10: Extinction coe�cients of recombinant proteins with not post-translational modi-
fications

Construct M (g/mol) ✏ (1/mcm)

MmGluI 88011 167850
MmGluII-↵ 107940 18741
MmGluII-� 57987 54300
MmGluII heterodimer 165927 241710
MmGluIITrypsin 108718 181750

2.9.2 Circular dichroism

To remove chloride ions and HEPES, purified protein was dialysed three times against

500 ml of 20 mm potassium phosphate pH 7.5 using a 10 kDa MWCO Slide-A-

Lyzer (Thermo Scientific) dialysis device for at least 3 hours for each change at 4

�C. The dialysed protein was diluted to 0.1 mg/ml and spectra were recorded on a

J-815 Spectropolarimeter (Jasco) set to 20 �C with a peltier thermostat. A 1 mm

polarimetric QS quartz cuvette (Hellma) was used. Data collection settings were

set to measure a range of 260-185 nm with a 0.5 nm data pitch, 1.0 s DIT, 1.0 nm

iProgram authored by C. D. Putnam, The Scripps Research Institute:
http://protcalc.sourceforge.net/
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bandwidth, 20 nm/min scanning speed, and 3 accumulations. Bu↵er contribution was

subtracted by collecting a blank in the same conditions first. Spectra were smoothed

using the spectrometer’s in-built Savitzky-Golay method [162]. Data were exported

and analysed for secondary structure content using the CDSSTR analysis method

on the DICHROWEB server [163, 164]. Measurements of the CD spectra of several

point mutants, D564E, E567Q, and E567D, were carried out under supervision by

Alice Cross.

2.9.3 Di↵erential scanning fluorimetry

Di↵erential scanning fluorimetry (DSF) experiments were set up by mixing the pro-

tein of interest in the concentration range of 0.025 - 0.1 mg/ml with SYPRO Orange

(Molecular Probes) at a concentration of 5X in a final volume of 50 µl in white,

polypropylene, non-skirted PCR plates (Stralab) sealed with optically-clear Ther-

malSeal RT2 film (Alpha Laboratories). All measurements were done in quadrupli-

cate. A 25�C to 80 �C thermal ramp with 1 degree per minute was performed on

a MX3005P real time PCR machine (Stratagene) measuring fluorescence with FAM

and ROX filters which correspond approximately to �ex of 494 nm and �em of 602

nm. Bu↵er screening was set up in a similar manner, however, a 10X protein/SYPRO

Orange mix was prepared and diluted with 45 µl amount of each of the bu↵er condi-

tions tested Table 2.11. The bu↵er screen used here was made by Dr Emma Dixon in

this group and the experiments were conducted under her direction. An alternative

system, 7500 Fast Real-Time PCR System (Applied Biosystems), was used for the

experiments on MmGluI in the same manner as above but only using the ROX filter

and a final SYPRO Orange concentration of 2.5X.
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Table 2.11: DSF bu↵er screening conditions

Condition Number Bu↵er Salt Additive

1 20 mm NaOAc pH 4.5 150 mm NaCl -
2 20 mm NaOAc pH 5.0 150 mm NaCl -
3 20 mm MES pH 5.5 150 mm NaCl -
4 20 mm MES pH 6.0 150 mm NaCl -
5 20 mm MES pH 6.5 150 mm NaCl -
6 20 mm MOPS pH 7.0 150 mm NaCl -
7 20 mm HEPES pH 7.5 150 mm NaCl -
8 20 mm Tris pH 8.0 150 mm NaCl -
9 20 mm Na2CO3 pH 8.5 150 mm NaCl -
10 20 mm Na2CO3 pH 9.0 150 mm NaCl -
11 20 mm Na2CO3 pH 9.5 150 mm NaCl -
12 20 mm HEPES pH 7.5 - -
13 20 mm HEPES pH 7.5 50 mm NaCl -
14 20 mm HEPES pH 7.5 100 mm NaCl -
15 20 mm HEPES pH 7.5 500 mm NaCl -
16 20 mm HEPES pH 7.5 150 mm NaCl 10 mm CaCl2
17 20 mm HEPES pH 7.5 150 mm NaCl 5 mm CaCl2
18 20 mm HEPES pH 7.5 150 mm NaCl 10 mm MgCl2
19 20 mm HEPES pH 7.5 150 mm NaCl 5 mm MgCl2
20 20 mm HEPES pH 7.5 150 mm NaCl 10 mm Glucose
21 20 mm HEPES pH 7.5 150 mm NaCl 10 mm Mannose
22 20 mm HEPES pH 7.5 150 mm NaCl 684 mm Glycerol

2.9.4 Multi-angle laser light scattering

All multi-angle laser light scattering (MALS) experiments were conducted by Dr

David Staunton, the Facility Manager of the Molecular Biophysics Suite in the De-

partment. Samples were separated on a Superdex 200 10/300 (GE Life sciences)

column pre-equilibrated in PBS. Samples were serparated using a Prominence HPLC

(Shimadzu) at 0.5 ml/min with an online UV, refractive index and a Dawn HELEOS

8+ (Wyatt Technologies) multi-angle laser light scattering detector set to 662.3 nm.

Peaks were analysed with a Zimm model using a refractive index increment of 0.185

ml/g.
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2.9.5 Small angle X-ray scattering

Samples for small angle X-ray scattering (SAXS) were prepared as detailed in 2.4.5,

but the final gel filtration step proceeded for an extra 0.5 cV in order to collect

enough bu↵er to use for subsequent subtraction steps. Immediately prior to data

collection, the samples were filtered through a 0.22 µm Ultrafree PVDF filtration

device (Millipore) to remove any particulates or aggregates that may have formed

during shipping. Sample concentrations were determined as described in 2.9.1 and

a four-point, two-fold dilution series was made. Experiments were performed at the

BM29 BioSAXS beamline (ESRF, Grenoble, France). Samples were kept at 20 �C in

a dry block in a sample changer which served as the automated sample delivery into

the beam. 30 µl of each sample was flowed through a quartz capillary taking taking 10

X 1 s images. The wavelength was set at 0.992 Å and transmission was at 100 %, with

images recorded on a Pilatus 1M detector set to a distance of 2.886 m. Automated

image processing followed by bu↵er subtraction as part of the processing pipeline

at the beamline allowed scattering curves to be used for further data processing.

Calibration was conducted with measurements on albumin or glucose oxidase in order

to derive molecular weights from I(0) values. Generation of composite curves, Guinier

fitting and pair distribution functions were calculated using the ATSAS software

package using Primus and GNOM [165–167].
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3
Structural, biophysical, and biochemical

characterisation of Mus musculus

Endoplasmic Reticulum ↵-Glucosidase I

The biochemical characterisation of tissue-derived, purified glucosidase I (GluI) has

been carried out for a number of di↵erent mammalian organisms [52, 63, 168–173].

The isolation of GluI was attempted from mouse and rat livers using established

methods [173], but its yield and stability were unsuitable for structural studies de-
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spite its good purity. The production of GluI from a number of di↵erent fungal

species has been achieved using recombinant methods that include removal of the

transmembrane domain to facilitate purification and handling [55, 174]. This in-

cludes the large-scale expression of the S. cerevisiae GluI (ScGluI) whose crystal

structure has been determined. However, at present, there is no method of producing

large amounts of any mammalian GluI. As is discussed in this and the subsequent

chapters, a high-throughput approach was adopted to quickly clone and screen ex-

pression and purification of a number of glucosidase constructs at the Oxford Protein

Production Facility (OPPF).

3.1 Construct design

GluI is encoded by the mannosyl-oligosaccharide glucosidase (MOGS) gene. As the

initial planning of the constructs was carried out prior to the release of the ScGluI

structure, the choice of construct boundaries was guided by biochemical studies along

with basic bioinformatic analysis of disorder prediction. Apart from the N-terminus,

which is likely to be a signal sequence, there are no extended stretches of sequences

that have a high degree of disorder for the human GluI (Figure 3.1) indicating that

it is likely to be a compact, globular structure. Two lengths of constructs were

chosen based on previous attempts of expressing the human GluI in this institute and

biochemical studies of ScGluI [56, 57, 175]. The first length corresponds to what is

likely to be the entire lumenal fragment proximal to the transmembrane helix. The

second is based on endoproteolytic fragments observed in vitro that correspond to

the removal of approximately 70 residues N-terminal to the first construct.

A large number of GluI sequences similar (>25%) to the human GluI se-

quence are available but due to practical limitations, our campaign was limited to
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Figure 3.1: Disorder prediction of the gene products of the H. sapiens MOGS using the
RONN server[145]. Values above 0.5 are predicted disordered regions of the protein.

four di↵erent species. Human and S. cerevisiae GluI are the two natural choices based

on the clinical relevance of the former and the wealth of biochemical information for

the latter. The mouse sequence was chosen due to its very high degree of similarity

to the human one (Table 3.1) and the C. elegans sequence shows the potential for

a more compact structure based on smaller lengths in the alignment around regions

corresponding to loops (Appendix C).

Table 3.1: Percentage identity matrix of the MOGS gene products of selected genes

H. sapiens M. musculus C. elegans S. cerevisiae

H. sapiens 100
M. musculus 87 100
C. elegans 37 37 100
S. cerevisiae 32 33 30 100

A total of 24 constructs (Table 3.2) were designed with the following param-

eters:
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3.1. Construct design

Construct lengths 35-end, 138-end (S. cerevisiae numbering)

Species H. sapiens, M. musculus, C. elegans, S. cerevisiae

A�nity tags Hexahistidine, StrepII, FLAG, HALO7

Expression locations Intracellular, Secreted

Expression systems Insect cells (Sf 9), Mammalian cells (HEK 293-T

and HEK 293-F), P.pastoris

Table 3.2: Glucosidase I expression constructs

Species
Construct
reference Vector

Construct
boundary (aa
numbering)

C. elegans

A1
pOPINE-3C-HALO7

61-797
B1 131-797
C1

pOPINE-FLAG
61-797

D1 131-797

H. sapiens

E1
pOPINE-3C-HALO7

62-837
F1 138-837
G1

pOPINE-FLAG
62-837

H1 138-837

M. musculus

A2
pOPINE-3C-HALO7

60-835
B2 137-835
C2

pOPINE-FLAG
60-835

D2 137-835

S. cerevisiae

E2
pOPINE-3C-HALO7

35-834
F2 91-834
G2

pOPINE-FLAG
35-834

H2 91-834

H. sapiens
A3

pOPINGS
62-837

B3 138-837

M. musculus
C3

pOPINGS
60-835

D3 137-835

C. elegans
E3

pOPINGS
61-797

F3 131-797

S. cerevisiae
G3

pOPINGS
35-834

H3 91-834
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3.2. Cloning

3.2 Cloning

The 24 constructs were produced in parallel utilising the OPPF platform. The high-

throughput PCR reaction was completely successful yielding all 24 products with the

correct size of ⇠2400 bp (Figure 3.2). After purifying the PCR products, In-Fusion

mediated Gibson assembly was used to place the constructs into their respective

pOPIN vectors. The successfully assembled constructs were assessed by blue/white

selection and once purified, an analytical PCR using a gene and a vector specific

primer was used to confirm the presence of the correct construct.

1 kb 

2 kb 
3 kb 

A1 B1 C1 D1 E1 F1 G1 H1 M 

A2 B2 C2 D2 E2 F2 G2 H2 M 

A3 B3 C3 D3 E3 F3 G3 H3 M 

1.5 kb 

1 kb 

2 kb 
3 kb 

1.5 kb 

1 kb 

2 kb 
3 kb 

1.5 kb 

Figure 3.2: Agarose gel of products from high-throughput PCR reaction. ’M’ indicates a
HyperLadder 1kb marker with selected bands indicated in kilobases (kb)
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3.3. Expression screening

3.3 Expression screening

Following the confirmation of the correct assembly of the 24 constructs, expression

screening in insect and mammalian cells was carried out and is summarised in Ta-

ble 3.3. Despite the vectors allowing ready expression in E. coli, this was not at-

tempted as previous attempts in this institute were not successful and generally re-

sulted in insoluble material located in inclusion bodies. Production of recombinant

baculoviruses that contained the constructs were used to infect Sf 9 cells and both

secreted and intracellular fractions were assessed by western blotting and small-scale

IMAC. None of the constructs showed any visible expression with the exception of one

of the mouse and one of the yeast constructs that were however, barely detectable.

Similar results were obtained when transient transfection of HEK 293-T cells was

performed. The conditions for expression of ScGluI in P. pastoris have been re-

ported previously [176]. The published protocol for expression in stably transformed

P. pastoris clones was replicated both for the yeast and the similar constructs from

the other three species, but did not result in any secreted expression. A final at-

tempt using transient transfection in suspension HEK 293-F cells was carried out. A

very weak band on the western blot was observed for the mouse construct C3 (Fig-

ure 3.3). A small-scale transfection followed by an IMAC step resulted in successful

purification of a large amount of GluI from the supernatant of HEK 293-F cells. This

construct, henceforth termed MmGluI, was carried forward for large-scale expression,

biochemical, and structural characterisation.

3.4 Expression and purification of MmGluI

The manufacturer’s recommended conditions for the transfection of construct C3

proved to be highly e↵ective in producing MmGluI. A typical transfection of 800 ml

54



3.4. Expression and purification of MmGluI

T
a
b
le

3
.3
:
S
u
m
m
ar
y
of

ex
p
re
ss
io
n
sc
re
en
in
g
fo
r
G
lu
I

In
se
ct

C
el
ls

M
am

m
al
ia
n
ce
ll
s

S
p
ec
ie
s

C
on

st
ru
ct

R
ef
er
en

ce
P
.
pa
st
o
ri
s

In
tr
ac
el
lu
la
r

S
ec
re
te
d

H
E
K
29
3T

S
ec
re
te
d

H
E
K
29
3F

S
ec
re
te
d

C
.
el
eg
a
n
s

A
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

B
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

C
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

D
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

H
.s
a
p
ie
n
s

E
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

F
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

G
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

H
1

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

M
.
m
u
sc
u
lu
s

A
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

B
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

C
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

D
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

S
.
ce
re
vi
si
a
e

E
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

F
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

G
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

H
2

N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

⇥
N
ot

T
es
te
d

H
.
sa
p
ie
n
s

A
3

⇥
N
ot

T
es
te
d

⇥
⇥

⇥
B
3

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

N
ot

T
es
te
d

M
.
m
u
sc
u
lu
s

C
3

⇥
N
ot

T
es
te
d

W
ea
k
ex
p
re
ss
io
n

⇥
�

D
3

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

N
ot

T
es
te
d

C
.
el
eg
a
n
s

E
3

⇥
N
ot

T
es
te
d

⇥
⇥

⇥
F
3

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

N
ot

T
es
te
d

S
.
ce
re
vi
si
a
e

G
3

⇥
N
ot

T
es
te
d

W
ea
k
ex
p
re
ss
io
n

⇥
⇥

H
3

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

N
ot

T
es
te
d

55



3.4. Expression and purification of MmGluI

80 kDa 

100kDa 

120 kDa 

60 kDa 

A3 C3 E3 G3 

Figure 3.3: Expression of secreted GluI in HEK 293-F cells. Western blot analysis of secreted
samples probed with an ↵-hexahistidine-HRP monoclonal antibody. Orange box highlights the
band at ⇠90 kDa.

of cells was incubated for four days before harvesting. A small amount of reducing

agent (0.1 mm TCEP) was included throughout the purification as a simple homology

model (expanded upon in 3.9.1) indicated a free cysteine close to the surface of the

model. Facile automated processing of large volumes was achieved on an ÄKTA de-

sign chromatography system with a step elution of 500 mm imidazole (Figure 3.4A).

After removal of the imidazole by dialysis in order to prevent aggregation, the con-

centrated sample was subjected to GF chromatography. Typical final yield of purified

MmGluI is about 2 mg/l of culture. Two distinct peaks were observed on a Superdex

200 column (Figure 3.4B) despite only one molecular weight species being visible by

SDS-PAGE both under reducing (Figure 3.4C) and non-reducing conditions (gel not

shown); both peaks gave identical gel band sizes and intensities. This likely indicates

a concentration-dependent dimerisation and is investigated and presented below in

3.5.3.
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Figure 3.4: Purification of MmGluI. (A) IMAC chromatogram of purification on a 5 ml
HisTrap excel column from 800 ml of cell supernatant where bu↵er B is PBS containing 500
mm imidazole. (B) A gel filtration chromatogram on a Superdex 200 16/600 column. (C) SDS-
PAGE analysis of all fractions during a typical purification. 1 cV fractions from the IMAC
elution are shown and 1.5 ml fractions within the indicated range formed by the blue lines
represent the gel filtration fractions.

3.5 Characterisation

3.5.1 Circular dichroism

To ascertain if the purified MmGluI was correctly folded and if it resembled the

ScGluI structure in secondary structure content, the CD spectrum of MmGluI was

collected. To minimise interference by absorption of chloride ions, the protein was
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3.5. Characterisation

dialysed into a low molarity of potassium phosphate at the same pH immediately be-

fore collection of the spectrum. The spectrum shows an archetypal double minimum

between 210 and 220 nm (Figure 3.5) for ↵-helical proteins. A more detailed analysis

using the CDSSTR secondary structure matching algorithm gives a quantitative de-

convolution of the proportions of di↵erent secondary structural elements (Table 3.4).

A comparison of these values to those from the crystal structure of ScGluI shows a

high degree of similarity particularly for ↵-helices and �-strands.
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Figure 3.5: CD spectrum of MmGluI at 0.1 mg/ml carried out in 20 mm potassium phosphate
pH 7.5. The applied HT voltage of the plot is below 600 V across the wavelengths measured.

Table 3.4: Secondary structure analysis of MmGluI using the CDSSTR method on the
DICHROWEB server expressed as percentages of total protein secondary structural elements

Sample Helix Strand Turn Disordered NRMSDa

MmGluI 34 20 19 27 0.019
ScGluI (PDB: 4J5T)b 36.1 18.2 23.1 22.5 N/A

a Normalised root mean square deviation
b Calculated using DSSP [177] method on 2Struc server
(http://2struc.cryst.bbk.ac.uk/twostruc)
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3.5. Characterisation

3.5.2 Di↵erential scanning fluorimetry

ADSF assay (also called ThermoFluor) for determining the melting temperature (Tm)

is a rapid and scalable method that can determine relative Tms of a protein in multiple

bu↵er/ligand conditions. DSF has advantages over other more precise techniques like

di↵erential scanning calorimetry or circular dichroism in measuring Tm, as it allows a

much greater throughput for measuring di↵erent conditions. DSF assays are carried

out in a real-time PCR machine and thus it is possible to concurrently measure

fluorescence over a range of accurate temperatures. The principle of the assay is

that the dye, SYPRO Orange, is in a quenched state in the aqueous phase. As the

temperature increases, the protein begins to unfold and exposes the hydrophobic core.

If a protein exhibits a two-state transition, the plot of the fluorescence intensity with

respect to temperature can be fitted to a sigmoidal function where the Tm is the

temperature halfway along the transition or where the first derivative of that curve

is at its maximum. As the temperature continues to increase, aggregation occurs

which excludes the SYPRO Orange from the protein causing the characteristic drop

in fluorescence at the higher temperatures [178].

A preliminary study to assess the stability of MmGluI was carried out to

ascertain if a rapid inhibitor binding assay was possible. The suitable concentration

to measure the melting curve was determined to be 0.05 mg/ml which gives a Tm

of 49.0 ± 0.1 �C (Figure 3.6A). Binding of inhibitors can cause an increase in the

stability of an enzyme [179]. Indeed, increasing concentrations of NB-DNJ increased

the Tm of MmGluI by over 10 �C (Figure 3.6B). However, even though this curve has

a sigmoidal shape, it is very broad indicating non-standard, reversible binding. This

could be due to some form of cooperativity or multiple NB-DNJ binding sites that

are present. This warrants further investigation.
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Figure 3.6: Di↵erential scanning fluorimetry of MmGluI. (A) Determination of the T
m

of
MmGluI based on a sigmoidal fit of the normalised fluorescence. (B) Plot of T

m

at various
concentrations of NB-DNJ. All measurements were done in triplicate and error bars indicate
standard deviations.

3.5.3 Multi-angle laser light scattering

In order to confirm the dimerisation observed when purifyingMmGluI by GF, size ex-

clusion chromatography multi-angle laser light scattering (SEC-MALS) was utilised.

SEC-MALS allows the calculation of the absolute molecular mass by combining the

information of the light scattering measured at multiple angles, refractive index and

UV absorption [180]. The assignment of a molecular mass of a particular peak can

be used to infer the oligomeric state of that peak. In the case of MmGluI, both

peaks collected from the preparative column were subjected to SEC-MALS analysis
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3.6. Activity against fluorescently-labelled N-glycans

(Figure 3.7A and B, for the early and late peak, respectively). In both cases two

peaks are observed with the later peak corresponding to about 90 kDa, the theoreti-

cal molecular weight of MmGluI. The earlier peak of both contains molecules whose

mass spans across the broad range 130-170 kDa. Taken together, these experiments

indicate the re-establishment of a monomer/dimer equilibrium from the GF-purified

monomer and dimer peaks upon their re-injection onto the column. Although not fully

investigated, there is most likely a concentration-dependent dimerisation occurring at

the concentrations at which this enzyme is being handled during purification (0.5-4

mg/ml) but whether this is occurring in a physiological setting is di�cult to know.

The dimeric state appears to be either very weakly associated or that the kinetics are

very rapid. This can be seen in both traces by the poor fitting, that is, the slope over

the peak (green lines) to a single molecular weight species. Fast kinetics may result

in a ratio of peaks that are identical in both runs but the di↵erence observed may be

the result of beginning each run with di↵erences in protein concentrations. A more

thorough experiment would be to conduct a number of separations across a protein

concentration dilution series to more thoroughly assess this behaviour.

3.6 Activity against fluorescently-labelledN -glycans

The only reliable assay for measuring activity of GluI is by using substrates longer

than disaccharides with the most common being the full tri-glucosylated glycan.

Historically, tritium-labelled glycans were the most common detectable substrates,

though developments in fluorescent labelling have become more prevalent. 2-anthranilic

acid (2AA), 2-aminobenzamide (2AB), pyridylamino (PA), and boron-dipyrromethene

(BODIPY) labels have all been used successfully [181–183]. Isolation or chemical

synthesis of the full Glc3Man9GlcNAc2 to use as a substrate is very labour intensive;

an easier method of obtaining the similar Glc3Man7GlcNAc2 or Glc3Man5GlcNAc2
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Figure 3.7: SEC-MALS analysis of MmGluI on a Superdex 200 10/300 column in PBS at 0.5
ml/min. (A) Dimer pooled peak and (B) Monomer pooled peak.

glycans is by isolating the free oligosaccharides (fOS) from iminosugar-treated cells.

These particular sugars arise from endoglycosidic release of the glycans before the

degradation of glycoproteins that were retrotranslocated into the cytoplasm [184, 185].

The intact chitobiose core isolated for these assays is due to isolation of fOS species

from the non-proteasomal pathway by an enzyme with PNGase-like activity. The

isolated and labelled Glc3Man7GlcNAc2-2AA substrate was used to assess if the pu-

rified MmGluI is active. An initial experiment was conducted overnight at 37 �C and

the analysis of the glycans by normal phase high performance liquid chromatography

(NP-HPLC) showed a shift in retention time of about 0.8 glucose units (Figure 3.8). A

titration of the enzyme showed that a concentration of 5 µg/ml provides a linear rate
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3.7. Crystallisation

of hydrolysis of the substrate (Figure 3.9). Thus, in an in vitro setting, MmGluI is an

active enzyme against a very similar substrate to that encountered in physiological

conditions.
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Figure 3.8: Cleavage of fluorescently labelled glycans by MmGluI. Normal phase HLPC traces
of Glc3Man7GlcNAc2-2AA glycan before and after an overnight treatment with MmGluI. The
numbering above the chromatograms indicate glucose units.

3.7 Crystallisation

Use of the Department’s nanolitre-dispensing robot allowed many commercial screens

to be tested. All crystallisation screening attempts using the purified recombinant

enzyme were duplicated after the addition of 1 mm NB-DNJ as the DSF experiments

showed a marked increase in the stability of the protein upon inhibitor binding. The

initial hits from several screens were not promising as only small clusters of needles
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Figure 3.9: Time-course of the hydrolysis of fluorescently labelled Glc3Man7GlcNAc2-2AA
glycan over three hours with 5 µg/ml MmGluI. Error bars represent the standard deviation
from an experiment conducted in triplicate.

were observed. The most promising looking of these was from the MIDAS screen

(Figure 3.10A), a screen that expands the crystallisation parameter space by utilising

non-standard organic polymer precipitants [186]. Optimisation of the condition over

the three components (polyacrylate 5100 concentration, ethanol concentration, and

pH) yielded clusters of plates (Figure 3.10B). Careful manipulation of the crystals

allowed these clusters to be prised apart and single, thin plates could be successfully

mounted into nylon loops for X-ray di↵raction measurements (Figure 3.10C).

3.8 X-ray di↵raction and data processing

Crystals were screened for di↵raction at the I04-1 beamline at DLS with the most

promising crystal to date showing di↵raction to ⇠5 Å. A standard strategy was ap-

plied to collect a complete dataset from the crystal. The crystal exists in a face-centred

monoclinic (C2) spacegroup with the dimensions and angles shown in Table 3.5. The

integrated, scaled and merged dataset was cut at a resolution of 5.06 Å based on

assessment of the mean I/� above 1 and a cross correlation of the two halves of the
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3.8. X-ray di↵raction and data processing

A

B C

Figure 3.10: Photographs of MmGluI crystals. (A) Initial hit from MIDAS screen. (B)
Optimised crystallisation conditions produces clusters of plates in the drop. (C) An isolated
plate mounted in a Nylon loop imaged on I04-1 at DLS. Scale bar indicates 100 µm.

dataset (CC1/2) above 0.5 in the highest resolution shell. This dataset is complete in

all resolution shells with a good degree of multiplicity. The quoted Rmeas is quite high

in the high-resolution shell and can also be seen in the R factor that is related to the

precision of the measured reflections, the Rpim. However, the resolution cut-o↵ can

be justified by the CC1/2 which is acceptable and is in line with the current debate on

the best metric for data resolution [187]. Overall these statistics point to an overall

low-resolution dataset characterised by weak di↵raction that may hamper phasing

and/or model building e↵orts.
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3.9. Phasing

Table 3.5: Di↵raction data processing statistics

Resolution range (Å) 119.7-5.06 (5.33-5.06)
Cell dimensions:
a, b, c (Å) 240.2, 104.7, 136.2
↵, �, � (�) 90, 94.6, 90
Spacegroup C2
Total reflections 48223 (7097)
Unique reflections 14254 (2047)
Rmeas

a 0.42 (1.21)
Rpim

b 0.29 (0.84)
hI/�(I)i 3.8 (1.4)
Completeness 99.8 (99.7)
Multiplicity 3.5 (3.4)
CC1/2 0.956 (0.598)

Values in parentheses represent the high-
resolution data shell

a Rmeas = ⌃
h

⌃
i

|
p
n

h

/(n
h

� 1)|I
hi

�
hI

h

i|⌃
h

⌃
i

I

h

b Rpim = ⌃
h

⌃
i

|
p

1/(n
h

� 1)|I
hi

�hI
h

i|⌃
h

⌃
i

I

h

3.9 Phasing

To guess the number of copies of MmGluI in the asymmetric unit (asu), the calcula-

tion of the Matthew’s coe�cient (VM), the solvent content, and probability for each

possibility were carried out (Table 3.6). Based on this analysis, the most likely num-

ber of molecules is 4 copies per asu but 3 copies could not be ruled out. MmGluI has a

sequence identity to the yeast enzyme of 33% which indicates a likelihood of structural

homology. Thus the model for ScGluI (PDB ID: 4J5T) was used as search model for

molecular replacement. The initial model was prepared by passing it through Chain-

saw, a CCP4 program that mutates and trims side chains from the model based on

sequence alignment, removes insertion loops from the model and corrects the number-

ing. Initial searches were conducted searching for 3 copies. The search results were

promising with translational NCS observed that is consistent with a peak at 0.34, 0,

0 in the Patterson map. However, the peak at 0, �, 180 in the self-rotation function

could never be explained by the result (Figure 3.11). Therefore, a solution has not

been achieved to date but will be aided by optimisation of the crystallisation in order
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to obtain better di↵raction.

Table 3.6: Calculated Matthew’s coe�cients based on the number of molecules in the asym-
metric subunit.

Molecules/asu V
M

(Å3/Da) % solvent Probability

2 4.85 74.65 0.01
3 3.23 61.98 0.20
4 2.42 49.31 0.65

Self Rotation Function
MOLREP

Rad  :   63.65 Resmax :     5.17RF(theta,phi,chi)_max :    0.1368E+05    rms :      540.6

 Chi =  180.0

X

Y

 RFmax =     0.1368E+05

 Chi =   90.0

X

Y

 RFmax =      1044.

 Chi =  120.0

X

Y

 RFmax =      944.0

 Chi =   60.0

X

Y

 RFmax =      679.3

Figure 3.11: Self-rotation function of MmGluI dataset at =180�.

3.9.1 Homology modelling

While the structural characterisation attempts were being carried out, a homology

model was generated to try to assess the conservation in and around the active site.

This was done using the Modeller set of scripts to generate structural alignments of

the two GH63 domains that have been structurally characterised [188]. A structure-

based sequence alignment was then carried out using the MmGluI sequence which
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allowed the utilisation of spatial restraints to generate a set of 25 models [189]. The

generated models were ranked based on their energy scoring and the top-scoring

ones were assessed visually. There were substantial variations in the scoring due

to an incorrectly threaded loop in a chemically infeasible way in a proportion of

the models. A comparison of the generated models to the two search templates

shows agreement of the overall fold with di↵erences occurring at a few of the loops

(Figure 3.12 left panel). A close-up of the active site for the best scoring model and

the ScGluI template shows a good agreement of the active site lining residues but a

key di↵erence in a loop proximal to the active site (Figure 3.12 right panel).

N 

Figure 3.12: Homology modelling of the MmGluI GH63 domain. Modelling carried out
using the GH63 domain containing PDBs 4J5T (blue) and 3D3I (red). 25 generated models
represented in fine ribbons. A close up of the active site of 4J5T and the best scoring model
(green) highlighting the residues lining the active site. A di↵erence in a loop between the
template and generated model is highlighted in the dashed box.

3.10 Discussion

The work presented in this chapter represents a significant step toward the first mam-

malian GluI structure. The success of the cloning and screening campaign has allowed

many avenues to be pursued in the further biochemical, biophysical, and structural
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characterisation of GluI.

The production of the 24 constructs presented in this chapter was fast but

the following experiments for screening of expression were flawed leading to a pro-

tracted time-frame to production of large quantities of any of the GluI constructs.

No signal in the western blot analyses was observed for any of the 24 constructs

despite the hexahistidine-tagged controls performed as expected. As this indicated

no expression in the systems tested at the OPPF or in P. pastoris, re-evaluation of

construct choices was considered. However, MmGluI was eventually identified as the

only expressing construct in HEK293-F. Upon scaling to larger cultures, this showed

the weakness in the initial screening methodology. The inability to detect GluI by

western blotting is due to it not being able to transfer e�ciently to either nitrocellu-

lose or PVDF membranes. In conclusion, the screening e↵ort highlights the possible

plight of screening for expression based on a single methodology. If the behaviour of

the target is not fully understood, it could be fraught with false negatives. At the

time the screen was carried out, an e�cient and scalable orthogonal assay like that

described in the following chapter for MmGluII was not available; an activity assay

may have identified other suitable MmGluI constructs in other expression systems.

The purification of MmGluI was straight-forward with the only factor opti-

mised being the presence of a reducing agent throughout the purification. This was

in order to reduce the chance of intermolecular disulphides forming. The apparent

dimeric behaviour of MmGluI when separating with the GF matrix, Superdex 200,

is a novel observation. The only other reported cases vary from a tetrameric form for

Bos taurus GluI purified from bovine mammary glands to only a monomer for ScGluI

[170, 176]. It is very unlikely that this dimerisation is caused by covalent bonding

between the two molecules as is evident by both the SDS-PAGE and SEC-MALS anal-

yses. The re-establishment of two peaks observed during purification when each of
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those peaks are applied to the same separation matrix in the SEC-MALS experiment

suggests a concentration-dependent phenomenon. Whether there is any physiological

relevance to this observation or whether it is purely an irrelevant in vitro artefact has

yet to be further investigated. Detailed characterisation of this interface might shed

light on its potential physiological significance.

The availability of larger amounts of MmGluI has now allowed many dif-

ferent avenues to be pursued in studying the interaction of this enzyme with both

substrates and inhibitors using biophysical methods. The ability of a known inhibitor

of this enzyme, NB-DNJ, to increase the thermal stability of MmGluI comes as no

surprise. Indeed the e↵ect of inhibitors on the change in Tm of enzymes has been well

characterised [190, 191]. However, in order to determine accurate Kd values using this

technique, the thermodynamic properties of both the unfolding and binding events

must be known [179, 192]. As a higher-throughput method for quickly comparing

inhibitor binding, it is a practical method. The DSF platform can now be used to

perform a bu↵er screen to ascertain if the current bu↵er conditions can be optimised,

as a greater success in crystallising proteins has been correlated to a bu↵er-induced

increase in stability[178, 193]. Analysis of the thermodynamics of iminosugar binding

would be invaluable in understanding whether binding occurs in a similar manner to

that of other hydrolases and also as an investigation of the e↵ect of DNJ alkylation.

The quantities of enzyme required for techniques like isothermal titration calorimetry

are now available, making the biophysical characterisation of these binding events

possible.

The confirmation of the activity of MmGluI utilises a well-established and

sensitive assay [194]. Furthermore, as the substrate used in this assay resembles the

physiological one, it verifies the identity of MmGluI as the correct enzyme. However,

this assay lacks throughput, a quality desirable for inhibitor development. The ability
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to produce this enzyme in large amounts allows future investigations into alternative

high-throughput assays.

The poor quality of the MmGluI crystals remains the main hurdle for the

structural characterisation at high-resolution. One of the major challenges faced with

all of the initial hits from the crystallisation screening was the formation of clusters

of needles. A number of strategies have been attempted to suppress the nucleation,

including use of oils over the drops or reservoirs and additive screening to search for

molecules that promote crystal growth in a more regular manner. Two methods that

may improve crystals are through modification of the surface of the protein: reductive

methylation of lysine residues is commonly used to increase the likelihood of protein-

protein interactions by introducing some hydrophobicity to the surface of the protein

[195]. Another strategy along similar lines is to reduce surface crystallisation entropic

costs by mutating long-side-chain residues on the surface [196]. Correlation of the

homology models and the crystal contacts might provide a means of introducing

mutations to promote better crystal contacts that would lead to better di↵raction

quality and resolution. There may also be inherent issues with the construct that

may require optimisation of its borders or removal by limited proteolysis of loops

that may be hindering uniform crystal growth.

The recent structure of ScGluI that was published during the course of this

work elucidated the overall architecture of the enzyme and identified the catalytic

residues [61]. The in silico calculations of the possible modes of binding of inhibitors

and small fragments of the N -glycan was also performed in that study. However,

it remains to be seen if this is an adequate model for the mammalian enzymes. It

is argued by the authors of that study that the sequence at and around the active

site is highly conserved, though one of the highlighted di↵erences is at E707 (ScGluI

numbering), which shows a change to an arginine in the human, rat, and mouse
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sequences. In the homology model, two loops proximal to the active site including

this arginine-containing one do not match the alignment of that in the study. Whether

there is any significance in the di↵erences in these loops is di�cult to comment on

in otherwise very similar active sites. If the di↵erences cause changes to substrate

binding towards the core of the glycan, a side-by-side comparison of the kinetics of

hydrolysis would likely help to answer these questions. The validity of the homology

modelling can be questioned when the degree of homology is tenuous, but in this

case, it is likely to be justified by the high conservation of this fold and its function.

The di↵erences between the ScGluI structure and the homology model in this loop

are likely to be small, but in the absence of biochemical or structural experiments the

homology model remains speculative at the moment.

The ScGluI structure has enabled the in silico probing of binding of the

glucotriose component of the N -glycan. The structure hints at the possible reason

why the aryl-glucosides (p-nitrophenyl ↵-glucopyranoside and 4-methylubelliferyl ↵-

glucopyranoside) are not cleaved by this enzyme. The predicted angle formed by

the trisaccharide is very acute, thus this may be a possible explanation of why these

unnatural substrates may not be accommodated in the active site. The structure

of the N -glycan shows an acute angle imposed by the ↵(1,2) linkage between the

two terminal glucose residues [62]. A similar mode of binding must be adopted in

mammalian GluI enzymes, too. A mammalian GluI crystal structure with the glycan

or a reduced oligosaccharide would be invaluable in proving this mode of binding and

would have implications in the design of selective inhibitors.

72



4
Biophysical and biochemical

characterisation of Endoplasmic Reticulum

↵-Glucosidase II

Very few studies have been published describing the recombinant production of glu-

cosidase II (GluII), thus at the beginning of this work, there was little information

that provided a solid starting point for design of constructs and recombinant produc-

tion of this enzyme. Therefore, a broad approach was applied to generate a range of
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constructs to test for expression in a number of heterologous expression systems. Ini-

tial trials of isolating GluII from rat or mouse livers – a method which has been used

by multiple groups previously[118, 173, 197] – gave poor yields and not very pure pro-

tein. As these criteria are important for the techniques presented in this dissertation,

a recombinant approach was necessary. As presented in the previous chapter, a high-

throughput platform available at the Oxford Protein Production Facility (OPPF)

enabled a quick turnaround of cloning and screening for suitable expression of 24

constructs in parallel.

4.1 Construct design

GluII is comprised of two subunits that are encoded by the two genes glucosidase alpha

neutral AB (GANAB) and protein kinase C substrate 80K homology (PRCKCSH).

As the campaign was limited to 24 constructs, this figure was split into two, 12

constructs for each of the two subunits. A number of variables were considered

for testing. These included species, construct boundaries, a�nity tags, expression

location, and expression systems. A combination of four species, three a�nity tags

and both intra- and extracellular expression was chosen. The choice at OPPF was

between expression in mammalian cells, insect cells, or E. coli. Previous unsuccessful

attempts at expressing eukaryotic proteins in bacteria in this institute dissuaded us

from trying expression in E. coli.

The choice of the four di↵erent species was made based on a few criteria.

Human and murine sequences were chosen because of the clinical relevance of the

two species in the drug development pipeline of the antivirals being researched in

our group. The high sequence identity (>85%) between human and mouse genes

(Table 4.1) indicates a very high degree of homology. The Caenorhabditis elegans
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orthologue was chosen based on a high sequence homology to the human proteins (46

and 37 % for ↵- and �-subunits, respectively) and a more thorough phylogenetic and

biochemical study of the nematodes[198]. This suggests a high probability of struc-

tural homology between nematode and mammalian enzyme. The C. elegans GANAB

and PRKCSH orthlogues are also slightly smaller and seem to have less extensive loops

when compared in multiple alignments possibly indicating a more amenable target

for crystallisation. A natural choice for a fungal orthologue would have been that

from Schizosaccharomyces pombe due to an abundant amount of biochemical and ge-

netic literature on that enzyme. However, the enzyme from Saccharomyces cerevisiae

was chosen instead due to its still high apparent homology and its slight sequence

divergence in the �-subunit, which could increase the chances of success.

Table 4.1: Percentage identity matrix of the GANAB and PRKCSH gene products of selected
organisms carried out by Clustal Omega.

GANAB H. sapiens M. musculus C. elegans S. cerevisiae

H. sapiens 100
M. musculus 92 100
C. elegans 46 46 100
S. cerevisiae 38 38 36 100

PRKCSH H. sapiens M. musculus C. elegans S. cerevisiae

H. sapiens 100
M. musculus 87 100
C. elegans 37 37 100
S. cerevisiae 27 26 27 100

As the ↵/� interface has been associated with two distinct regions of the

�-subunit [86], but not anywhere specific for the ↵-subunit, full-length constructs

were prioritised. The construct boundaries were kept at what has been annotated

as the mature sequences in the sequence databases based on both experimental and

bioinformatical evidence. Disorder prediction based on sequence is not discouraging

for the ↵-subunit, but more so for the �-subunit (Figure 4.1). A region central to the
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�-subunit appears likely to be disordered and corresponds to a large stretch of acidic

residues. Nevertheless, the full-length �-subunit was pursued, in case the binding to

the ↵-subunit orders the putatively disordered regions .
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Figure 4.1: Disorder prediction of the gene products of the H. sapiens (A) GANAB and
(B) PRKCSH using the RONN server[145]. Values above 0.5 predict disordered regions of the
protein.

The pOPIN vectors used all contain C-terminal hexahistidine a�nity tags,

but as the aim was to obtain a heterodimer, the ↵-subunit constructs also contained

an extra a�nity tag. The expression location was the final consideration. As both

intracellular and secreted expression were attempted, the intracellular constructs re-

tained their native sequences. Two di↵erent secretion signals were attempted, the

µ-phosphatase (in the pOPING and pOPINGS vectors) and the haemagglutinin se-

quences (in the pOPINHA and pOPINHA-FLAG vectors). The final 24 constructs

and their reference numbers are detailed in Table 4.2.

Therefore, a total of 24 constructs were designed with the following param-

eters:

Construct length mature full-length sequences (after predicted signal sequences)

Species H. sapiens, M. musculus, C. elegans, S. cerevisiae

A�nity tag Hexahistidine, StrepII, FLAG, HALO7

Expression location Intracellular, Secreted

Expression system Insect cells, Mammalian cells, P.pastoris
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Table 4.2: Glucosidase II expression constructs.

Species Gene
Construct
reference Vector

Construct
boundary (aa
numbering)

C. elegans

A4 pOPINE-3C-HALO7 2-925
B4 pOPINGS 22-925GANAB
C4 pOPINHA-FLAG 22-925

D4 pOPINE 2-508
E4 pOPING 23-504PRKCSH
F4 pOPINHA 23-504

H. sapiens

G4 pOPINE-3C-HALO7 2-967
H4 pOPINGS 33-967GANAB
A5 pOPINHA-FLAG 33-967

B5 pOPINE 2-529
C5 pOPING 15-525PRKCSH
D5 pOPINHA 15-525

M. musculus

E5 pOPINE-3C-HALO7 2-967
F5 pOPINGS 33-967GANAB
G5 pOPINHA-FLAG 33-967

H5 pOPINE 2-522
A6 pOPING 15-518PRKCSH
B6 pOPINHA 15-518

S. cerevisiae

C6 pOPINE-3C-HALO7 2-955
D6 pOPINGS 23-955GANAB
E6 pOPINHA-FLAG 23-955

F6 pOPINE 2-703
G6 pOPING 24-703PRKCSH
H6 pOPINHA 24-703

77



4.2. Cloning

4.2 Cloning

The initial PCR results were highly successful (Figure 4.2), producing correctly sized

PCR products on the first attempt. Following the purification, In-Fusion mediated

Gibson assembly into the chosen pOPIN vectors was carried out. The overall result

was successful insertion of the 24 constructs into the pOPIN vectors as assessed by

blue/white selection[199] coupled with an analytical PCR utilising a gene and a vector

specific oligonucleotide to confirm the presence of the correct construct.

!!A4 B4 C4 D4 E4 F4 G4 H4 M 

A5 B5 C5 D5 E5 F5 G5 H5 M 

A6 B6 C6 D6 E6 F6 G6 H6 M 

1 kb 

2 kb 
3 kb 

1.5 kb 

1 kb 

2 kb 
3 kb 

1.5 kb 

1 kb 

2 kb 
3 kb 

1.5 kb 

Figure 4.2: Agarose gel of products from high-throughput PCR reaction. ’M’ indicates a
HyperLadder 1kb marker with selected bands indicated in kilobases (kb).
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4.2.1 Mutagenesis

Site directed mutagenesis (SDM) directly in the pOPIN vectors was unfortunately not

possible, as very low SDM success rates in these vectors were anecdotally reported

by the sta↵ at the OPPF facility and many users of the mother vector, pHLsec.

Therefore, all mutagenesis had to be undertaken in a cloning vector, in this case

Litmus28i. The routine sub-cloning into Litmus28i of the ↵-subunit (M. musculus

ganab) was followed by the SDM with the NEB kit. Upon confirmation of successfully

mutated clones by dye-terminator Sanger sequencing (Figure 4.3), the mutants were

sub-cloned back into an expression vector, pHLsec. Although the D640E mutant

looks successful, an error in the priming of the forward mutagenesis oligonucleotide

caused an insertion of 119 bp immediately after the sequence of the primer. This

mutant was not carried forward into expression trials.

4.3 Expression screening

Screening for expression was again carried out in a high-throughput fashion. The

main assessment of successful expression was by western blot analysis using a HRP-

conjugated antibody against a�nity tags, primarily against the C-terminal hexahis-

tidine tag present on all constructs. GluII exists as a heterodimer so both single

expression and co-expression was tested in case the subunits are unable to be pro-

duced in isolation from one another.

4.3.1 Insect cell expression

The constructs for secreted expression of both the singly infected and co-infected cells

after 72 hours show consistent expression of the �-subunit and for the S. cerevisiae
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Figure 4.3: Capillary electrophoretograms of dye-terminator Sanger sequencing of MmGluII
↵-subunit point mutants compared to the wild-type sequencing. Red boxes indicate the intro-
duced mutations.

↵-subunit for two of the three constructs (Figure 4.4 A and B, respectively). Despite

constructs D4, B5, H5 and F6 lacking secretion signal sequences, these samples ap-

peared in the supernatant as well, possibly as a result of cell death and lysis. These

same constructs showed intracellular expression that is visible by Coomassie Brilliant

Blue staining upon enrichment with small-scale IMAC (Figure 4.4C).
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Figure 4.4: Analysis of baculovirus-infected Sf 9 cells with glucosidase II constructs. Western
blot analysis using an anti-His6-HRP antibody of (A) single or (B) co-infections. (C) SDS-
PAGE analysis of intracellular expression purified by small-scale IMAC.

4.3.2 Mammalian cell expression

The final aspect of the high-throughput screening was transfection into HEK293T

cells (Figure 4.5). Overall, the secreted expression of the constructs followed the

trend seen in the insect cells in the previous section.

After the partial success of expressing the ↵-subunit in the high-throughput

campaign in Sf 9 or HEK293T cells, a final attempt was made in HEK293F cells,

a suspension cell line that the manufacturers claim can produce five times as much

secreted protein than adherent HEK293 cell lines. To improve chances of identifying
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Figure 4.5: Analysis of the transfections of HEK293T cells with glucosidase II constructs.
Western blot analysis using an anti-His6-HRP antibody of (A) single or (B) co-infections.

successfully expressing constructs, a fluorescence-based activity assay for the cleavage

of 4MUG was included in the analysis. Similarly to all the previous screens, the �-

subunit expresses well as does the S. cerevisiae ↵-subunit (Figure 4.6 A and C). One

of the C. elegans constructs, C4, has a very strong band that does not correspond

to the full-length construct but is below 80 kDa indicating some proteolysis from the

N-terminus and very low activity against 4MUG. Due to the lower-throughput of the

tissue culture facility available in this institute, the maximum reasonable amount of

cultures to be simultaneously assessed was limited to about 16. The co-transfection

experiment was limited to 5 pairs of constructs in order to simultaneously attempt

transfection of a larger ↵ : � ratio as the ↵-subunit has been the more challenging

subunit to express. The western blot of this experiment shows only a slightly visible

band corresponding to the ↵-subunits of M. musculus (F5) and S. cerevisiae (D6)

(Figure 4.6B orange boxes). However, the activity assay is more telling with very
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strong signal for these samples (Figure 4.6D).

4.3.3 Summary

The expression screening is summarised in Table 4.3. The main result of the screening

was that there are two successfully expressing constructs for producing the murine

and fungal heterodimeric GluII. A multitude of di↵erent �-subunit constructs readily

expressed. The expression trials in P. pastoris are not presented in detail in this

thesis because they could not produce secreted ↵-subunit. The C. elegans ↵-subunit

produced was similar to that seen in Figure 4.6A for construct C4 which was heavily

proteolysed and di�cult to access as it only expressed intracellularly. Moving for-

ward, the prioritised construct was of the murine glucosidase II (MmGluII) using the

constructs F5 (↵) and A6 (�).

4.4 Expression and purification

4.4.1 Expression optimisation of MmGluII constructs

The initial results from the expression of MmGluII indicated that the ratios of F5

and A6 that were transfected had an e↵ect on the amount of secreted MmGluII.

An experiment was designed to assay the optimal ratio of the two constructs test-

ing four di↵erent molar ratios from those in Figure 4.6B. The length of time after

transfection was also assessed to find the optimal time to harvest the culture. The

condition that produced most MmGluII as assessed by 4MUG cleavage was at 7 days

with the 4:1 F5:A6 ratio, but as the 1:1 mole ratio produced a similar amount of

activity in a shorter time frame (Figure 4.7A), this ratio was used for all subsequent

co-transfections. The 1:1 mole ratio corresponds to a 1.2:1 F5:A6 mass ratio. An-
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Figure 4.6: Analysis of the transfections of HEK293F cells with glucosidase II constructs.
Western blot analysis using an anti-His6-HRP antibody of (A) single or (B) co-infections.
Orange boxes highlight weak bands for ↵-subunit expression. Cleavage of 4MUG substrate as
analysed by a discontinuous fluorescence measurement of (C) single or (D) co-infections. Co-
transfections that indicate ratios refer to mass ratios of the ↵ : � DNAs that were transfected.

84



4.4. Expression and purification
T
a
b
le

4
.3
:
S
u
m
m
ar
y
of

ex
p
re
ss
io
n
sc
re
en
in
g
fo
r
G
lu
co
si
d
as
e
II

In
se
ct

ce
ll
s

M
a
m
m
a
li
a
n
ce
ll
s

S
p
ec
ie
s

G
en

e
C
o
n
st
ru

ct
re
fe
re
n
ce

P
ro
te
in

P
.
pa

st
o
ri
s

In
tr
ac

el
lu
la
r

S
ec
re
te
d

H
E
K
2
9
3T

S
ec
re
te
d

H
E
K
2
9
3
F

S
ec
re
te
d

G
A
N
A
B

A
4

↵
-s
u
b
u
n
it

N
ot

T
es
te
d

⇥
⇥

⇥
N
ot

T
es
te
d

B
4

�a
N
ot

T
es
te
d

⇥
⇥

⇥
C
4

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

�

P
R
K
C
S
H

D
4

�
-s
u
b
u
n
it

N
ot

T
es
te
d

�
�

�
N
ot

T
es
te
d

E
4

�
N
ot

T
es
te
d

�
⇥

�
C
.
el
eg
a
n
s

F
4

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�

G
A
N
A
B

G
4

↵
-s
u
b
u
n
it

N
ot

T
es
te
d

⇥
⇥

⇥
N
ot

T
es
te
d

H
4

⇥
N
ot

T
es
te
d

⇥
⇥

⇥
A
5

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

⇥

P
R
K
C
S
H

B
5

�
-s
u
b
u
n
it

N
ot

T
es
te
d

�
�

�
N
ot

T
es
te
d

C
5

�
N
ot

T
es
te
d

�
�

�
H
.
sa
p
ie
n
s

D
5

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�

G
A
N
A
B

E
5

↵
-s
u
b
u
n
it

N
ot

T
es
te
d

⇥
⇥

⇥
N
ot

T
es
te
d

F
5

⇥
N
ot

T
es
te
d

⇥
⇥

⇥
G
5

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

⇥

P
R
K
C
S
H

H
5

�
-s
u
b
u
n
it

N
ot

T
es
te
d

�
�

�
N
ot

T
es
te
d

A
6

�
N
ot

T
es
te
d

�
�

�
M
.
m
u
sc
u
lu
s

B
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�

G
A
N
A
B

C
6

↵
-s
u
b
u
n
it

N
ot

T
es
te
d

⇥
⇥

⇥
N
ot

T
es
te
d

D
6

⇥
N
ot

T
es
te
d

�
�

�a
E
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�a

P
R
K
C
S
H

F
6

�
-s
u
b
u
n
it

N
ot

T
es
te
d

�
�

�
N
ot

T
es
te
d

G
6

�
N
ot

T
es
te
d

�
�

�
S
.
ce
re
vi
si
a
e

H
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�

C
.
el
eg
a
n
s

G
A
N
A
B
+
P
R
K
C
S
H

A
4+

D
4

↵
+

�
N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
o
n
ly

N
ot

T
es
te
d

B
4
+
E
4

N
ot

T
es
te
d

N
ot

T
es
te
d

⇥
⇥

�
o
n
ly

C
4
+
F
4

N
ot

T
es
te
d

N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
o
n
ly

H
.
sa
p
ie
n
s

G
A
N
A
B
+
P
R
K
C
S
H

G
4
+
B
5

↵
+

�
N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
o
n
ly

N
ot

T
es
te
d

H
4+

C
5

N
ot

T
es
te
d

N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
o
n
ly

A
5+

D
5

N
ot

T
es
te
d

N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

N
ot

T
es
te
d

M
.
m
u
sc
u
lu
s

G
A
N
A
B
+
P
R
K
C
S
H

E
5
+
H
5

↵
+

�
N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
o
n
ly

N
ot

T
es
te
d

F
5
+
A
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�a
G
5
+
B
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

N
ot

T
es
te
d

S
.
ce
re
vi
si
a
e

G
A
N
A
B
+
P
R
K
C
S
H

C
6
+
F
6

↵
+

�
N
ot

T
es
te
d

�
o
n
ly

�
o
n
ly

�
N
ot

T
es
te
d

D
6
+
G
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

�a
E
6
+
H
6

N
ot

T
es
te
d

N
ot

T
es
te
d

�
�

N
ot

T
es
te
d

a
In
d
ic
a
te
s
a
ct
iv
it
y
a
g
a
in
st

4
M
U
G

85



4.4. Expression and purification

other variable to consider was the ratio of the transfection reagent to the amount

of DNA. All initial experiments were carried out with the conservative 1:1:1 vol-

ume:mass(F5):mass(A6) ratio. The recommended ratio is 1.25:1 volume:mass ratio

for a single transfection so this was tested with respect to the 1:1 ratio. As the much

larger amounts of DNA added to the cells in the former experiment in this section

did not seem very e↵ective, it was hypothesised that this was deleterious to the cells

due to the much larger volumes added to the culture. Thus a second variable was

added to see if a smaller amount of DNA that was still in the same molar ratio was

more e↵ective. As hypothesised the lower amount of DNA caused a larger amount of

MmGluII to be produced (Figure 4.7B) with little di↵erence from the contribution

of the amount of transfection reagent for these two conditions.

4.4.2 Purification of full-length MmGluII

The optimised transfection conditions are a scalable method of expressing MmGluII

in larger quantities. Utilising the two a�nity tags, the hexahistidine and StrepII

tags, allowed the quick and e�cient purification of the heterodimer. Automated

purification on an ÄKTA design chromatography system allowed a bulk separation of

MmGluII from the other proteins in the cell culture medium by IMAC (Figure 4.8A).

As both subunits contain hexahistidine tags, a second a�nity purification using the

StrepII tag on the ↵-subunit was necessary to ensure that an excess of the �-subunit

was avoided. Unfortunately, the a�nity of the StrepII tag to the StrepTactin resin

was relatively low and the MmGluII began to elute before the washes were completed

(Figure 4.8C). To maximise the yield, the later wash fractions were included in the

pool of elution fractions carried forward. A final gel filtration step was employed to

ensure monodispersity as evident by the symmetrical peak observed (Figure 4.8B).

The final MmGluII was pure with the exception of some slight endoproteolysis of
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Figure 4.7: Optimisation of transfection conditions as assessed by cleavage of 4MUG substrate
and analysed by a discontinuous fluorescence measurement. (A) Optimisation of the molar
ratios of the ↵ : � DNA at various time points during the transfection. (B) Optimisation
of the FreeStyle MAX (FSMax) transfection reagent:DNA ratios. Activity as indicated after
purification by IMAC. Error bars represent the standard deviation from three replicates.

the ↵-subunit being observed (Figure 4.8C). Typical final yield of purified MmGluII

is about 8 mg/l of culture. The presence of post-translational modifications has not

been fully investigated especially as there is N -linked site on the ↵-subunit and two on

the �-subunit which may have an e↵ect on function or future crystallisation attempts.
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Figure 4.8: Purification of MmGluII. (A) IMAC chromatogram of a purification on a 5 ml
HisTrap excel column from 800 ml of cell supernatant where bu↵er B is PBS containing 500 mm
imidazole. The fractions in (C) are indicated within the blue lines. (B) Following a StrepTactin
purification, a gel filtration chromatogram on a Superdex 200 16/600 column. The fractions
in (C) are indicated within the blue lines. (C) SDS-PAGE analysis of all fractions during a
typical purification. Fractions from the StrepTactin purifications are 1 cV and 0.5 cV for the
wash and elution, respectively.

4.4.3 Purification of full-length MmGluII point mutants

The point mutants were designed based on the biochemical and structural precedents

established for GluII and other GH31 family enzymes [69, 72, 91]. These included the

three possible catalytic residues D564, E567 and D640. Prior to the availability of

the first crystal structure in this family, the identity of these residues was in question

and was purely based on sequence alignments. The authors hypothesised that the
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4.5. Characterisation

highly conserved D564MNE567 sequence could indicate two acidic residues with the

requisite ⇠5.5 Å distance between these two residues. The advent of the series of

GH31 family member crystal structures indicated that the GD640NTA sequence likely

contains the catalytic acid. Thus all three of these residues were mutated to either

the isosteric carboxamide equivalent (D!N or E!Q) or the equivalent acid (D!E

and vica versa). A third variety was attempted at E567 to a valine as a member

of the GH31 with an alternate lyase mechanism has been described which has this

substitution [89].

Expression of the point mutants was carried out in an identical manner to

the wild-type albeit on a smaller scale. The removal of the polyhistidine tag from

the �-subunit allowed a more straight-forward one-step IMAC purification. A typical

purification yielded pure MmGluII (Figure 4.9) that was suitable for the subsequent

biochemical and biophysical analyses. Any mutants that were carried forward for

crystallisation attempts were subjected to gel filtration chromatography first.

4.5 Characterisation

4.5.1 Circular dichroism spectroscopy

Due to absorbance of the circularly polarised UV light of chloride ions in the bu↵er, all

proteins were exchanged into 20 mm phosphate at pH 7.5. Alongside the heterodimer,

two other forms were analysed, the �-subunit, which was purified in a similar man-

ner to the heterodimer and MmGluIITrypsin, a shortened form of MmGluII that is

discussed further in Chapter 5. The spectra of these three proteins (Figure 4.10A)

are overall similar in shape with none containing the archetypal all ↵-helical double

minimum at 208 and 222 nm, all �-sheet single minimum at 218 nm, or the hallmark

of a completely unfolded polypeptide, a minimum below 200 nm[200–202]. Therefore,
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Figure 4.9: Example purification of MmGluII point mutant. SDS-PAGE analysis of the
IMAC purification of the D640N point mutant.

these proteins must contain a mixture of secondary structural elements. Deconvolu-

tion of the spectra was carried out with the CDSSTR algorithm accessible through

the DICHROWEB web interface. CDSSTR uses singular-value decomposition based

on a reference set of spectra to reconstruct the spectrum of interest[164]. The re-

sulting deconvolution is presented in Table 4.4. To serve as a control, the spectrum

of MmGluIITrypsin was measured as the crystal structure is available (see Chapter 5)

to use as a direct comparison. The agreement of the secondary structure elements

is very good with the only main deviations being between the amount of ↵-helices

and turns. The confidence in these results allows some conclusions from the spectra

of the full-length heterodimer and the �-subunit to be drawn. The RONN analy-

sis of the �-subunit in 4.1, points to a large region of disorder within the sequence.
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The observed proportion of disorder with both of these samples (>40%) indicates a

large contribution by the �-subunit that exists in solution hinting at likely di�cul-

ties in crystallisation attempts of both samples. As isolation of the ↵-subunit could

not be achieved, it is di�cult to precisely assign the secondary structure contribu-

tions of ↵ and � subunits alone. However, the averaging of the �-subunit and the

MmGluIITrypsin structure, which only contains 20% of the �-subunit sequence, gives

a convincing representation of the values observed for the heterodimer.
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Figure 4.10: CD spectra of MmGluII. (A) Spectra of wild-type heterodimeric MmGluII, �-
subunit only and trypsinsed MmGluII (MmGluIITrypsin, see Chap. 5). (B) Spectra of various
point mutants of MmGluII. Data is only plotted where the applied voltage on the photomulti-
plier is below 600 V.
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Assessment of whether the point mutants have induced any major folding

defects was carried out by CD spectroscopy. The spectra of the six point mutants

(Figure 4.10B) show an overall identical shape between them. A challenge of this

technique is to obtain a very accurate measurement of protein concentrations. Inac-

curate concentration estimates lead to errors in the scaling of the measured ellipticity.

Inaccuracy of measuring dilute protein solutions is likely to be the cause of the dif-

ferences in ellipticity values of the E567 mutants. Removal of the chloride ions was

successful in all but three of the point mutants which had measurements excluded

below 195 nm where the applied photomultiplier voltage exceeded 600 V.

Table 4.4: Secondary structure analysis of MmGluI using CDSSTR method on DICHROWEB
server expressed as percentages of total protein secondary structural elements. MmGluIITrypsin
is discussed further in Chapter 5.

Sample Helix Strand Turn Disordered NRMSDa

MmGluII heterodimer 10 29 22 40 0.02
MmGluII �-subunit 6 33 18 41 0.019
MmGluIITrypsin 25 24 20 31 0.015
MmGluIITrypsin structureb 18.3 26.4 25 30.4 N/A

a Normalised root mean square deviation
b Calculated using DSSP method on 2Struc server
(http://2struc.cryst.bbk.ac.uk/twostruc) [177]

4.5.2 Di↵erential scanning fluorimetry

A DSF study was conducted to determine the optimal bu↵er conditions for MmGluII.

The first step for optimising the assay is to determine the correct protein concentra-

tion that gives adequate signal. Figure 4.11A shows the scans from three di↵erent

concentrations, where 0.05 mg/ml is the concentration that gives enough signal to

observe the two states while being economical in the amount of protein used. The

Tm was determined to be 51 �C, which is the basis for the comparisons used in the

subsequent experiments.

A screen covering a pH range of 4.5 to 9.5, NaCl concentrations from zero to
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Figure 4.11: DSF analysis of MmGluII. (A) Plots of fluorescence versus temperature in
preliminary experiments to determine a suitable concentration of MmGluII to be used in bu↵er
screening. (B)Bu↵er screening showing T

m

relative to MmGluII in 20 mm HEPES pH 7.5, 150
mm NaCl. Conditions are as found in Table 2.11. The protein concentration is kept constant at
0.05 mg/ml. (C) T

m

of point mutants relative to MmGluII in 20 mm HEPES pH 7.5, 150 mm
NaCl with the protein concentration of 0.05 mg/ml. All samples are statistically significantly
di↵erent from the WT (P < 0.01, two-tailed t-test) with the exception of the E567V mutant (P
= 0.30). Error bars represent standard deviations from measurements carried out in triplicate.
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0.5 m, and a number of additives including divalent cations and monosaccharides was

employed to ascertain the solution conditions with the highest stability for MmGluII

relative to the condition used in the final step of the purification. Apart from the

spurious results in NaOAc bu↵er at pH 4.0 and 4.5, a general trend for a preference

of a pH around 7.0-7.5 was observed (Figure 4.11B). Lower salt concentrations are

preferred and of the additives, only glycerol appears to increase stability. What is not

immediately apparent is whether the increase in Tm seen at low salt concentrations

has any impact on the solubility of the enzyme.

4.5.3 Multi-angle laser light scattering

The elution volume of MmGluII on a Superdex 200 matrix indicates that it exists

as a larger order oligomer or that it is not in a standard globular conformation.

To determine which of these two scenarios was likely, a SEC-MALS experiment was

conducted on the purified MmGluII using the same separation matrix. The principle

of the technique is briefly described in the previous chapter (see 3.5.3). The result of

the analysis of the peak indicates that the species observed has a molecular weight of

about 166 kDa. This indicates that the purified MmGluII is a heterodimer that has

a non-globular conformation that causes it to elute earlier from a GF matrix than an

equivalent globular protein.

4.5.4 Small angle X-ray scattering

The SEC-MALS experiments correlate well with published observations that GluII

exists in an extended conformation [87]. To further explore these observations, small

angle X-ray scattering (SAXS) experiments were carried out on the same three pro-

teins as presented above in the CD section (4.5.1). Recording of the scattering curves
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Figure 4.12: SEC-MALS analysis of MmGluII. Chromatogram conducted on a Superdex 200
10/300 column in PBS at 0.5 ml/min. The calculated molecular weight is plotted in red across
the peak shown in blue.

at the BioSAXS beamline at ESRF (BM29) gives distinctly di↵erent shapes (Fig-

ure 4.13A). A Kratky plot enables a quick assessment of the globularity of the three

proteins (Figure 4.13B). Both the heterodimer and the trypsinised fragment exhibit

characteristic Gaussian curves over the first portion of the graph that levels o↵ at

above the x-axis. The pair distribution function of the heterodimer (Figure 4.13C

blue line) indicates a long structure in one direction by the center of the peak being

at a lower radius with a long tail to the x-intercept (Dmax).

SAXS from MmGluIITrypsin is consistent with a globular structure that is

reinforced by the pair distribution (Figure 4.13C red line) that is fairly Gaussian

with a small tail at the higher distances indicative of a slightly elliptical particle.

The �-subunit in isolation has a di↵erent Kratky plot (Figure 4.13B green

line) characteristic of unfolded or flexible proteins. This is also reflected in the radius

of gyration (Rg). The pair distribution function (Figure 4.13C green line) yields the

largest Dmax of the three proteins with an asymmetry that indicates an elongated

structure.
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Figure 4.13: SAXS analysis of the full-length heterodimer, the �-subunit in isolation and
MmGluIITrypsin in HEPES bu↵ered saline. (A) Scattering curves. (B) Kratky plot. (C) Pair
distribution function. All analyses were carried out in the ATSAS software.
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Table 4.5: Summary of SAXS analysis derived parameters.

R
g

(Å) I0 Dmax (Å)

MmGluII heterodimer 55.1 156.75 192.7
MmGluII �-subunit 61.3 77.36 214.7
MmGluIITrypsin 31.7 81.2 118.0

4.6 Enzymology

4.6.1 Enzyme activity against N -glycans

Similar to the previous chapter, fluorescently labelled glycans obtained from fOS were

used as substrates for MmGluII. In this case both the mono- and di-glucosylated gly-

cans were tested. The wild-type MmGluII was compared to selected point-mutants

as well as the MmGluIITrypsin fragment that is described in the following chapter (Ta-

ble 4.6). For both the wild-type and MmGluIITrypsin, there was a complete digestion

to Man7GlcNAc2 for both substrates. None of the mutants appeared to digest either

of the substrates nor did any show any measurable activity against the 4MUG sub-

strate. It must be noted that the mutants do not have any apparent folding defects

as assessed by CD spectroscopy.

Table 4.6: Summary of activity of MmGluII, MmGluIITrypsin, and the point mutants against
di↵erent substrates.

4MUG Glc2Man7GlcNAc2-2AA Glc1Man7GlcNAc2-2AA

Wild-type YES YES YES
MmGluIITrypsin YES YES YES
D564N NO NO NO
D564E NO N/A N/A
E567D NO N/A N/A
E567Q NO N/A N/A
E567V NO N/A NO
D640N NO NO NO
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4.6. Enzymology

4.6.2 Enzyme activity against 4MUG

A convenient and economical alternative to measuring cleavage of 2AA-labelled gly-

cans is the use of simple chromogenic or fluorogenic glucosides. 4MUG has been a

known substrate of GluII for almost 30 years [203]. Hydrolysis by GluII liberates

the highly fluorescent 4-methylumbelliferone (4MU), which has a greater sensitivity

than the common chromogenic substrate, 4-nitrophenyl ↵-d-glucopyranoside. There

are some practical considerations that need to be addressed when utilising 4MU as a

reporter fluorophore. A significant parameter that must be accounted for is the pH at

which the experiment is conducted as the protonation on the newly formed hydroxyl

group a↵ects the spectral properties of the molecule. The ability of 4MUG to absorb

at the excitation wavelength was corrected, however, a maximum reduction of 5% of

the fluorescent signal was observed at the concentrations used for MmGluII so the

overall e↵ect was minimal. A standard curve constructed with standard solutions of

4MU at the pH of the reaction allowed accurate determination of hydrolysed substrate

from about 1 to 60 µm (Figure 4.14A). The real-time measurement of hydrolysis gives

a more accurate determination of the initial velocity by ensuring the linearity of the

data by a runs test (Figure 4.14B). Combined with the ability of measuring the rate

with multiple substrate concentrations in replicate under the same experimental con-

ditions, this assay allows the determination of the constants in the Michaelis-Menten

equation of the reaction assuming steady-state conditions. The resulting Michaelis-

Menten constant, catalytic constant and maximal velocity (Figure 4.14C) are useful

for assessing the correct conditions to measure inhibition by small molecules and the

e↵ect of any point mutants that remain active.
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Figure 4.14: Enzymatic assay of the cleavage of 4MUG. (A) Standard curve of 4MU in assay
bu↵er. (B) Calculated concentration of 4MU released over time. Plotted are curves for all
substrate concentrations measured. (C) Michaelis-Menten plot for 4MUG with the associated
kinetic constants derived by non-linear regression analysis. Error bars are standard deviations
from three separate experiments conducted in triplicate.

4.6.3 Enzyme activity against disaccharides

An alternative assay was developed in order to assess the ability of MmGluII to cleave

disaccharides of di↵erent linkages. The 5 stereoisomers of glucobiose with ↵-glycosidic

linkages are: trehalose [↵(1,1)], kojibiose [↵(1,2)], nigerose [↵(1,3)], maltose [↵(1,4)],

and isomaltose [↵(1,6)]. The assay consists of two separate reactions, the first is

the hydrolysis of the disaccharides by MmGluII with a thermal denaturing step to

inactivate the MmGluII. The second step allows quantification of the released glucose

with a coupled glucose oxidase/peroxidase step to oxidise the fluorogenic Amplex Red

reporter. The use of the Amplex Red reagent enables a much greater sensitivity than

other peroxidase substrates with a limit of detection of glucose concentrations down to
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0.5 µm (Figure 4.15A). As the hydrolysis produces two molecules of glucose, this must

be accounted for in all calculations. Another consideration is that the glucose oxidase

can also oxidise the disaccharide with the most noticeable example being nigerose.

This problem was overcome by adjusting the measurements to identically treated

disaccharide that did not have MmGluII added. The single time-point measurements

were all likely to be initial velocities as the substrate concentrations were all above

the upper limit of the standard curve. Thus, the analysis of the steady-state kinetics

of the hydrolysis of the five di↵erent substrates gave a clear indication of the ability

of MmGluII to cleave three of the five disaccharides (Figure 4.15B). Trehalose and

isomaltose are unable to be cleaved which is reflected in the low signal and the poor

fit to the Michaelis-Menten equation. The ability of MmGluII to cleave nigerose was

expected but the cleavage of maltose and kojibiose was not anticipated. Fitting to a

Michaelis-Menten model showed cleavage for all three of the substrates (Table 4.7). At

increasing nigerose concentrations, nigerose activity decreased. This can be fitted to

a substrate inhibition model and concurs with previous observations of GluII having

two adjacent substrate binding sites [204].The specificity constants (kcat/Km) indicate

that nigerose is the better substrate but maltose is not too inferior or far-behind.

Table 4.7: Kinetic parameters of disaccharide cleavage by MmGluII. Errors are the 95%
confidence interval from two experiments.

Vmax (nm/s) K
m

(mm) kcat (1/s) kcat/Km

(1/sm) R2

Trehalose 0.6 19.1 ± 79.9 0.02 ± 0.06 0 0.68
Kojibiose 42.1 9.0 ± 0.7 1.4 ± 0.07 0.16 0.99
Nigerose 30.6 0.16 ± 0.03 1.0 ± 0.06 6.2 0.95
Maltose 38.5 0.57 ± 0.03 1.3 ± 0.02 2.26 0.99
Isomaltose 1.7 2.6 ± 3.7 0.06 ± 0.03 0.02 0.56

4.6.4 Enzyme inhibition

Two methods for determining the inhibition of MmGluII were optimised in order

to assess various inhibitors. The two have their advantages and disadvantages with
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Figure 4.15: Enzymatic assay of the cleavage of variously linked disaccharides. (A) Stan-
dard curve used to measure glucose release. (B) Michaelis-Menten curve for the di↵erent
disaccharides derived by non-linear regression analysis. Enzyme concentration is kept at 60
/nano/Molar/ and reactions are carried out at pH 7.2. Error bars are standard deviations from
two separate experiments conducted in duplicate.

respect to their convenience versus the amount of information that can be obtained.

4.6.4.1 Measurements of inhibition constants

The measurement of inhibition constants for MmGluII gives two important pieces

of information. Firstly, it enables the discrimination of the type of inhibition. The

di↵erences in the Vmax and Km at increasing amounts of inhibitor can be used to

discern competitive inhibition from non-competitive, un-competitive or some mixture

thereof. In the case of competitive inhibition, a change in the observed Km is observed

with no change in Vmax. Secondly, if competitive inhibitors are being used, it gives a
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substrate-independent value for inhibitor binding due to competition of the inhibitor

for the same site of binding as the substrate. This is useful as the 4MUG substrate

is not very similar to the natural substrate that MmGluII encounters in the cell.

Determination of the initial rates at multiple substrate concentrations ver-

sus multiple inhibitor concentrations (Figure 4.16) shows that competitive inhibition

is occurring as at di↵erent concentrations of inhibitors and the Vmax approaches the

same magnitude. Simultaneous fitting allowed for the fitting of a competitive inhibi-

tion model to determine the Ki for the particular inhibitor. Fits to noncompetitive

or uncompetitive models had coe�cients of determination (R2) of 0.950, and 0.929,

respectively compared to the R2 of 0.989 for the competitive model indicating this

was the more likely model.
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Figure 4.16: Determination of inhibitory constants. An example of the simultaneous fitting
of a competitive inhibition model for the inhibition of MmGluII by NB-DNJ.

The comparison of the three iminosugars tested (Table 4.8) shows no dis-

cernible trend with relation to the presence of N -alkylation or its length.

Table 4.8: K
i

of a selection of DNJ derivatives againstMmGluII. Errors are the 95% confidence
interval from two experiments conducted in triplicate.

Inhibitor K
i

(µm)

DNJ 3.1 ± 0.2
NB-DNJ 10.4 ± 3.7
NN-DNJ 3.7 ± 0.3
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4.6.4.2 Measurements of IC50 values

An easy method for screening multiple inhibitors simultaneously is by determining

relative inhibition. Measurement of the initial velocity of the reaction over a wide

range of inhibitor concentrations is compared to the uninhibited sample. Inhibition

follows a dose-response relationship, which allows the interpolation of the amount of

inhibitor required to reduce activity by 50 % (IC50). The concentration of 4-MUG

is well above the Km, meaning that the enzyme is approaching Vmax. Even though

competitive inhibitors should still have the same Vmax, over the range measured in this

assay, this type of inhibitor would have suitably increased Km values to see a decrease

in the measured initial velocities. This was carried out for a number of di↵erent

inhibitors of MmGluII. Castanospermine and its prodrug Celgosovir (BuCast) was

the third variety of iminosugar tested. The DNJ moiety showed a trend in increased

potency based on alkylation length (Figure 4.17). Castanospermine is a less potent

inhibitor of MmGluII than any of the DNJ based inhibitors by close to an order of

magnitude.
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Figure 4.17: IC50 plots of multiple iminosugars against MmGluII. Normalised activity against
the uninhibited samples was used to fit a four-parameter dose-response curve. Error bars are
standard deviations from three separate experiments.
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Table 4.9: IC50 of a panel of iminosugars against MmGluII. Errors are the 95% confidence
interval from three separate experiments.

Inhibitor IC50 (µm)

DNJ 11.4 ± 4.3
NB-DNJ 5.21 ± 1.02
NN-DNJ 3.11 ± 0.71
MON-DNJ 1.85 ± 0.33
Castanospermine 58.9 ± 14.2
Celgosovir 158.1 ± 37.3

4.7 Discussion

This is not the first report of the recombinant expression of heterodimeric GluII

[72, 83]. Nevertheless, it is the first to document the production of the complex on

the milligram level and the extensive characterisation of the protein using multiple

biochemical and biophysical techniques. We chose to pursue full-length constructs

to maximise the ability for the two subunits to interact with each other, another

approach would have been to tailor constructs of the �-subunit to the two previously

identified binding domains [86]. The disorder prediction alone indicates that dividing

up the �-subunit into the two putative interacting domains may be a more promising

approach. However, in terms of producing something that is relevant and comparable

to other biochemical studies, the full-length construct still constituted the better

choice.

The cloning and expression screening follow the lines of that presented in

the previous chapter for GluI in which the quick and e�cient cloning was then ham-

pered by poor results that were observed when screening for expression. Although

a number of expression systems were utilised, the only promising results came from

the expression of the �-subunit. In itself this may have been a good start, but was

ultimately abandoned as it did not appear to yield a viable target for crystallisation.

The apparent lack of expression when only assessing by western blotting was due to

poor transfer e�ciency of the ↵-subunit to the membrane. The exact causes of this
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problem are not readily apparent but may be due to the size or charge of the protein.

A readily available and facile biochemical activity assay of 4MUG cleavage provided

a solution to the initial shortcomings of the screening e↵ort. As a result, produc-

tion of MmGluII was achieved in excess of 8 mg/l of culture. ScGluII has not been

fully pursued yet but it remains an interesting target as it may be di↵erent in the �-

subunit. Although S cerevisiae GTB1 has been described to be the genuine partner,

it is substantially longer than the other annotated orthologues [205]. The sequence-

based annotation of the ScGluII �-subunit protein indicates similar features in the

correct order to those in other eukaryotes [206]. Whether it can serve as a suitable

surrogate to study relative to human GluII is questionable, thus pursuing MmGluII

was prioritised.

Establishing a protocol for the purification ofMmGluII was relatively straight

forward with only minor hurdles due to the choice of bu↵er components and ad-

sorption onto ultrafiltration membranes that were readily overcome. The three-step

purification is slightly excessive for two reasons: (1) As both subunits contain hex-

ahistidine tags, there is no preference for the heterodimer over either of the other

two free subunits. (2) The MmGluII has very low a�nity for the StrepTactin resin

most likely compounded by poor accessibility in the StrepII tag that has generally low

a�nity to begin with. The di�culties of mutagenesis in the expression vector were

overcome and, at the same time, the a�nity tags were rationalised to avoid the du-

plication that existed. Thus for the point-mutants the hexahistidine tag was removed

for the �-subunit and any excess of either subunit was removed by gel filtration due

to the size of the complex relative to its individual components.

The utilisation of a DSF-based assay to screen for stability in a range of

common bu↵ers to screen across pH, salt concentration and extra additives provides

two observations, the preference for low salt, and an optimal pH around that which
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is observed in the ER lumen. The cause of the pH sensitivity can not be exclusively

linked just to the pH value but also to the varying bu↵ers chosen that may a↵ect

the ionic strength of the solution that in turn might decrease protein stability. A

more ideal method would be to use the same type of bu↵er purely as a control and

to vary the pH range. If there is a specific bu↵er e↵ect the same could be set up

for a number of bu↵ers to determine more clearly the correct bu↵er and pH. The

implications of the preference for lower salt concentrations may also be linked as

the increasing ionic strength may be playing a role in its oligomeric state or specific

networks of interactions important for its tertiary structure.

The point-mutants generated behaved in a similar fashion to the wild-type

enzyme and were purified in a more streamlined manner. The overall fold does not

appear to have been compromised, though the CD spectra are not ideal due to poor

removal of chloride ions and incorrectly determined protein concentration. The intro-

duction of these mutations seems to have caused a destabilising e↵ect as demonstrated

by the decrease in Tm in all except D564N. Possible future mutations will be informed

by the structural e↵orts presented in the following chapters and, in particular, could

focus on understanding the residues involved in substrate specificity.

CD spectroscopy provides some insight into the structure of the GluII com-

plex. The results presented here show similar curve shapes to that from rat tissue

derived GluII [207]. Comparison of the CD spectra from full-length, �-subunit, and

the trypsinised fragment that is presented in more detail in the following chapter,

indicates some features of the enzyme. The spectra indicate a substantial degree of

disorder, a property predicted especially for the �-subunit. The role of the structure

of the �-subunit may be such that it forms some extended conformation around or

on the side of the ↵-subunit or that the complex is lacking an otherwise unknown

binding partner that induces more secondary structure upon binding. This line of ar-
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gument is corroborated by adding the two di↵erent scattering experiments that were

performed. Both the SEC-MALS and the SAXS experiment point to an extended,

probably unstructured contribution due to the �-subunit. Analytical ultracentrifu-

gation on the rat GluII reported an extended conformation of the isolated enzyme

that can either be fitted to a prolate or oblate particle shape [87]. The former is

consistent with the distance distributions calculated from the SAXS measurements

and this appears to be predominantly due to the �-subunit. Further investigation is

warranted upon the availability of either of the two substrate glycans to see if there

is a conformational change that accompanies binding of the substrate. These experi-

ments can shed light on the stoichiometry of glycan binding. One theory is that the

glycoprotein needs two N -glycans to be recognised by GluII, in a trans activation-like

mechanism [88]. A rationalisation with the data above could be made whereby an

extended GluII binds one of the glycans through its C-terminal MRH domain and

performs the hydrolysis on the other glycan. However, one could also postulate that

an extended �-subunit can help in glycan recruitment and positioning of a glycan into

the active site. Whichever of these two hypotheses may be the case, data to confirm

one or the other are still lacking. But these can be addressed in the future through

some of the biophysical methods presented in this chapter.

The various biochemical assays presented in this chapter show that the

MmGluII produced is highly active. Somewhat surprising is the ability of the trypsinised

fragment to perform both cleavage events despite numerous studies indicating that

this is unlikely without the MRH domain of the �-subunit [85, 205, 208, 209]. How-

ever, most of these other studies show a decrease in the ability to cleave these sub-

strates in the absence of the �-subunit rather than an absolute abrogation of activity.

A likely explanation could be a decreased a�nity for the glycans due to the absence

of the interactions with the MRH and thus a marked di↵erence in kinetics. It is

di�cult to imagine a mechanism that is likely to prohibit the cleavage of the glu-
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cose residues from the glycan in the absence of the MRH domain, but rather a lower

thermodynamic benefit from a smaller enthalpic gain of glycan binding due to fewer

intermolecular interactions.

The comparison of the di↵erently linked disaccharide substrates can help

formulate some hypotheses on substrate specificity at the catalytic site. An early

study on GluII isolated from pig kidneys inferred regioselectivity toward ↵(1,3) and

↵(1,4) glycosidic bonds based on the ability of maltose but not kojibiose [↵(1,2)] to

inhibit 4MUG cleavage [197]. The results from the kinetics presented here confirm

and extend the details of that study but also show that kojibiose can also be cleaved

albeit with a much lower (⇠50X) a�nity. The observation of substrate inhibition for

nigerose extends previous observations that there are distinct subsites in the active site

[119, 204]. Does the ability ofMmGluII to cleave these di↵erently linked disaccharides

suggest that there is a degree of plasticity that can accommodate these di↵erent

substrates or that it lacks a mechanism to prevent such substrates from binding in

the catalytic site? A tryptophan in one of the loops contributing to the active site has

been implicated in increasing the regioselectivity for ↵(1,3) in some bacterial GH31-

containing glucosidases [210–212]. Highlighted in these studies is a tyrosine that at

this position confers ↵(1,4) specificity, a di↵erence that may be marginal enough to

accommodate these di↵erent substrates but confers an overall preference for one over

the other.

The in vitro comparison of di↵erently alkylated iminosugars does not appear

to follow a strong trend with respect to potency and is similar to previous observations

[213]. Although there is a modest correlation between the IC50 and in the length of

alkylation, the relationship is not apparent with the Ki measurements. It would

be di�cult to imagine some portion of the active site, likely an exposed and polar

pocket, having an adjacent non-polar binding site for an aliphatic carbon chain. The
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role of iminosugar alkylation in producing FOS in cellula has been attributed to the

increased ability of these derivatives to get into the ER lumen and inhibit their targets

[194, 214]. There has also been some investigation into the increased bioavailability

of alkylated derivatives [140]. However, there has been no definitive proof that the

alkylation results in better ER availability. Castanospermine on the other hand shows

a lower potency against isolated GluII that is di�cult to justify. The major di↵erence

to DNJ is the addition of the two extra carbons that form a second ring. It is possible

that the rigidification of this molecule might minimise the loss of conformational

entropy upon binding compared to the ordering of the C-6 hydroxyl of DNJ. However

as the IC50 is higher, which likely reflects a lower a�nity for MmGluII, there could

possibly be a steric hindrance with some residues in the binding site that does not

occur with DNJ. There is an inconsistency between the two set of experiments that

can be seen when trying to apply the Cheng-Pruso↵ equation which can be used to

interchange Ki and IC50 values [215]. With the values presented in this chapter, one

value is considered the ”true” value, therefore the corresponding value is incorrect by

more than an order of magnitude. This points to a flaw in either of the two protocols

calling into doubt the significance of these values. Further investigation is warranted

to dissect which has the flawed methodology. One possible cause of this observation

may be due to the rate at which the iminosugars bind to the the enzyme. Iminosugars

have been observed to bind slowly to glycosidases [216, 217]. The initial velocities

vary before and after the equilibrium is established between the enzyme and inhibitor.

This would lead to incorrect measurement of the either the Ki or IC50. In the case of

the IC50 measurements, there is a pre-incubation of the enzyme and inhibitor before

initiation of the reaction. This was not the case for the Ki measurements which might

explain the higher values if the equilibrium is not yet established.
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5
Structural characterisation of Endoplasmic

Reticulum ↵-Glucosidase II

A major challenge for the structural characterisation of glucosidase II to date was pro-

ducing su�cient quantities of the enzyme as was presented and discussed in Chapter 4.

A second major challenge was the crystallisation of MmGluII which also proved to be

a fruitless exercise to date. As MmGluII is itself an N -linked glycoprotein, one avenue

that was pursued was to modify the only occupied N -glycan site through modification

of N -glycan processing with kifunensine treatment and/or enzymatic removal during
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the purification with the endoglycosidases PNGaseF or EndoH. Ultimately, the most

successful strategy was limited proteolysis with trypsin that produced the stable 110

kDa species, MmGluIITrypsin, a readily crystallisable fragment with little missing from

the ↵-subunit.

5.1 Limited proteolysis and purification of

MmGluIITrypsin

Di↵erent proteases can cleave the rat GluII with it retaining activity against 4MUG[87].

In particular, that study showed that a limited trypsin digestion yielded an approxi-

mately 70 kDa fragment with the N-terminus corresponding to the beginning of the

GH31 catalytic domain. A time-course experiment was designed to assess whether

the same could be observed for the murine protein that is produced as described

in the previous chapter. A trypsin:MmGluII sample with the mass ratio of 1:22.5

was incubated over 3 hours and proteolysis that occurred at room temperature was

observed by SDS-PAGE (Figure 5.1A). Following incubation overnight, a western

blot was done to ascertain which fragments contained the C-terminal polyhistidine

tags (Figure 5.1B). Four observations become apparent from this experiment: (1)

a large fragment at approximately 70 kDa is present like that observed for the rat

glucosidase II. (2) Only one species still contains the C-terminal polyhistidine tag,

which is likely to belong to the �-subunit as will be discussed below. (3) Overnight

trypsinolysis causes a complete degradation of any detectable species in the western

blot. (4) There are some sites of cleavage on the ↵-subunit that are almost imme-

diately cleaved in the time between adding the protease and taking the time point.

The larger fragment was subjected to Edman degradation to determine its new N-

terminus, which turned out to be MLDYL. This sequence is similar to that of the
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MMDYL observed for the rat enzyme[87], and the annotated beginning of the GH31

domain. Assuming a molecular weight of 60-70 kDa for this fragment as indicated

by the gel, it is likely that this fragment belongs to the ↵-subunit. The ⇠17 kDa C-

terminally hexahistidine-tagged species observed in the western blot was assigned to

the �-subunit as it cannot be derived from the ↵-subunit. Together with the larger ↵-

subunit fragment, this 17 kDa species would add up to a mass too big for the larger

↵-subunit species considering its N-terminus. Further optimisation was conducted

that found a 1:100 trypsin:MmGluII mass ratio for 4 hours at room temperature was

a more economical protocol and yielded the same digestion pattern by SDS-PAGE.
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Figure 5.1: Limited proteolysis of MmGluII by trypsin. (A) reducing xsSDS-PAGE and (B)
anti-His6 western blot analyses of a time-course experiment.

The production of the MmGluIITrypsin fragment was easily scaled up to

preparative levels and the fragment purified by gel filtration chromatography in an

identical manner to the full length protein (Figure 5.2). After gel filtration, four dom-

inant bands appear to co-elute from the column indicating the presence of a complex

that is resistant to further proteolysis (Figure 5.2B).
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Figure 5.2: Gel filtration purification of the MmGluIITrypsin fragment. (A) Chromatogram
after 4 h incubation of MmGluII with trypsin on a Superdex 200 16/600 column. (B) SDS-
PAGE analysis of the fractions indicated with the blue boundaries in (A).
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5.1. Limited proteolysis and purification of MmGluIITrypsin

5.1.1 Characterisation of MmGluIITrypsin

5.1.1.1 Comparison of kinetic behaviour of MmGluIITrypsin and full-length

MmGluII

A side-by-side comparison of the kinetic constants of MmGluIITrypsin and the full-

length heterodimer was conducted to ascertain if the trypsinolysis had a↵ected the

properties of the enzyme. The plots of initial velocity versus 4MUG concentration

(Figure 5.3) show an almost identical curve and this is visible in the values derived

from fitting the steady-state kinetics to the data. There is a decrease in the Vmax

and kcat but the Km is the same as seen in Table 5.1. The implication is that

MmGluIITrypsin cannot turn over the 4MUG as e�ciently but retains that same abil-

ity to bind the substrate. However, the kinetics of binding and dissociation of the

substrate must be slightly altered after trypsinolysis. As there is only a minor change

in the kinetic parameters of either enzyme for the substrate, we can be confident that

trypsinolysis has not altered the enzyme’s activity.
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Figure 5.3: Comparison of the Michaelis-Menten plots of MmGluII and MmGluIITrypsin. Er-
ror bars represent standard deviations from three separate experiments conducted in triplicate.
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5.1. Limited proteolysis and purification of MmGluIITrypsin

Table 5.1: Kinetic parameters of MmGluII and MmGluIITrypsin against 4MUG. Errors rep-
resent the standard error from an experiment conducted in triplicate.

MmGluII Full-length MmGluIITrypsin

Vmax (µm/min/nmol) 1.24 ± 0.01 0.82 ± 0.01
Km (µm) 10.0 ± 0.7 10.5 ± 0.8
kcat (1/s) 66.1 ± 3.8 46.2 ± 5.0
R2 0.96 0.95

5.1.1.2 Mass spectrometry

The boundaries of the fragments produced by trypsinolysis are needed to under-

stand the identity of the MmGluIITrypsin components. Electrospray ionisation mass

spectrometry (ESI-MS) of the complex resulted in identification of the masses of the

three smaller species present (Figure 5.4). However, this spectrum is di�cult to assign

without any additional information. Once the crystal structure ofMmGluIITrypsin was

being built, the model (see 5.2.4) began to reveal the possible stretches of the pro-

tein that were present in the crystal. Combined with this knowledge, it was possible

to assign the boundaries of these fragments. The smallest fragment has an m/z of

10651.46 which corresponds to the �-subunit fragment G22-K119 (theoretical MW:

10651.4 Da). The second fragment has an m/z of 12841.24 which corresponds to the

↵-subunit fragment A240-K354 (theoretical MW: 12842.2 Da). The third fragment

has an m/z of 18774.80 which does not match any particular tryptic fragment but

most likely the N-terminus of the ↵-subunit to R185 (theorectical MW: 17584.2 Da),

with the mass di↵erence being due to the N -linked glycosylation at N97. Due to

limitations of the instrument, the fourth 60-70 kDa fragment was not seen, but its

N-terminus is known (see 5.1).
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Figure 5.4: Mass spectrum of MmGluIITrypsin derived from a reduced, desalted sample in-
jected directly into a Q Exactive mass spectrometer. The raw spectrum was deconvoluted in
Skyline to produce this spectrum.

5.1.1.3 Multi-angle laser light scattering

MmGluIITrypsin was run on a gel filtration column (similar to 3.5.3) in order to es-

tablish whether the fragments exist as one species in solution. The MmGluIITrypsin

molecule eluted as a single peak from a Superdex 200 matrix and the SEC-MALS

analysis shows a size of approximately 107 kDa (Figure 5.5). The addition of the

various fragments identified by mass spectrometry, N-terminal sequencing and X-

ray crystallography put the molecular weight at 111,741 Da, which closely resembles

the figure obtained from the SEC-MALS analysis and supports the notion that the

MmGluIITrypsin complex is comprised of the four identified polypeptides.

5.2 X-ray crystallography

5.2.1 Crystallisation

Screening for suitable conditions to crystallise MmGluIITrypsin was carried out in a

high-throughput manner with access to the Department’s crystallisation robotics and
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Figure 5.5: SEC-MALS analysis of MmGluIITrypsin. The chromatogram was conducted on a
Superdex 200 10/300 column in PBS at 0.5 ml/min. The calculated molecular weight is plotted
in red across the peak shown in blue.

commercially available screens. Morpheus HT-96 is a a three-dimensional screen that

allows the simultaneous screening of common precipitants, additives, and pH in the

range between 6.5 and 8.5 [218]. After a few days, numerous conditions from this

screen yielded crystals, of which three di↵racted well (<2.5 Å) with no optimisation

necessary (Figure 5.6A-C). Two di↵erent crystal morphologies were produced: rods

(monoclinic and orthorhombic forms) and bipyramids (trigonal crystal form). Two

rounds of optimisation yielded the best crystals of both the monoclinic (Figure 5.6D)

and the trigonal form, with much larger crystals exceeding 400 µm in their longest

dimension. Optimisation was carried out through a standard iterative process of

fine tuning the precipitant concentration and pH of the precipitant mixture. Larger

drops and larger protein-to-precipitant ratios facilitated much larger crystal growth.

A further increase in the di↵raction resolution was achieved during the attempts to

soak inhibitors and other small molecules into the active site, see 5.4 for details.

Briefly, in an attempt to remove the ethylene glycol cryoprotectant molecules bound

in the active site, PEG 400 was used to cryoprotect in conjunction with addition

of inhibitors. Although the inhibitor tested was not present in the active site of

MmGluIITrypsin, a transformation of the lattice into a new orthorhombic form took

place, as a result of which di↵raction was greatly improved.
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5.2. X-ray crystallography

A B

C D

Figure 5.6: Photographs of the various crystal forms. Scale bars indicate 100 µm. The initial
monoclinic (A) orthorhombic (B), trigonal (C) and optimised monoclinic (D) crystals.

5.2.2 Data collection and processing

Crystals were mounted in nylon loops and cooled to liquid nitrogen temperatures

before measuring di↵raction at synchrotron light sources. Di↵raction images were

collected by first screening a crystal for di↵raction at three di↵erent � angles to de-

termine the lattice and orientation of the crystal. These images were used to compute

the strategy with EDNA[152]. The collected data were automatically processed on

the clusters available at the synchrotron. However, the final processing was carried

out using the autoPROC pipeline as described in 2.7.3. The data processing statistics
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5.2. X-ray crystallography

in Table 5.2 pertain to final round of scaling and merging. The general criteria for

inclusion of frames was based on visual inspection of the Rmerge per frame. Spurious

frames caused by mechanical problems with the goniometer are easily identifiable

and thus excluded from the scaling and merging steps. The criteria for the resolution

cut-o↵ was slightly more elaborate. A general cut-o↵ of hI/�(I)i of 1 was applied by

the script. Assessment of the resolution cut-o↵ from the Aimless output was based

on CC1/2, completeness, multiplicity, and Rmeas.

The monoclinic form can readily convert to two di↵erent orthorhombic

forms. This change was induced when soaking the monosaccharides or inhibitors into

the monoclinic crystals. Therefore, crystals measured of this form were processed

both in the monoclinic and orthorhombic spacegroups and cells and the correct form

was identified based on the Rmeas values when scaled to the same resolution cut-o↵s.

This is due to the sensitivity of the Rmeas parameter to the symmetry of the crystal

[219]. The monoclinic and two orthorhombic crystal forms have very similar crys-

tal lattices but result in three di↵erent observable space groups. When the origins

of the crystals are aligned, the similarity of the lattices are observed (Figure 5.7A).

The small changes caused by ligand binding or soaking conditions cause very small

packing disturbances which result in an overall change in symmetry. The schematic

representations of the lattices with the relevant symmetry operations can be used to

visualise the operations that can generate the unit cells (Figure 5.7B). The P212121

form contains a doubling in the cell length in one direction (designated on the c axis)

but still contains the same number of molecules in the same volume as the other

forms. The P21212 form only contains one molecule in the asymmetric subunit which

is accounted for by the greater number of symmetry operators that can generate all

the molecules in the unit cell. The P212121 form and the monoclinic form have two

molecules in their asymmetric subunits but the NCS is generated from translational

symmetry in the former case as opposed to the 2-fold in the monoclinic form. Overall,
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5.2. X-ray crystallography

subtle changes in the packing leads to di↵erent observed space groups and unit cells.

A trigonal crystal form was also observed that formed bipyramidal crystals

that were the largest crystals by volume. Unfortunately these crystals were twinned.

This was detected through the NZ test in Phenix Xtriage, by plotting the data cu-

mulative intensity distribution (Figure 5.8). The shape of the curve in comparison

of the typical untwinned distribution (ref line) can be used to detect twinned data

which tend to have a more sigmoidal character (blue line), and this was indeed the

case for the trigonal MmGluIITrypsin data. Restrained refinement with Refmac with

twinning operator k, h, l refined a twinning of fraction of 0.59.

5.2.3 Phasing

In the first orthorhombic (P212121) crystal form, the Matthews coe�cient for two

molecules in the asymmetric subunit (asu) was calculated to be 2.96 Å3/Da with a

solvent content of 54.25 % and the probablility being 0.94. This strongly indicates

that the asu contains 2 copies of MmGluIITrypsin. Molecular replacement was at-

tempted on the orthorhombic dataset using the MrBUMP pipeline, which combines

a homologue search and model preparation followed by molecular replacement and

restrained refinement cycle on all identified hits. In this case, the N-terminal section

of human maltase-glucoamylase corresponding to the maltase alone was identified

as a good homologue (PDB ID: 3L4Z). The best search result was from a Molrep-

made search model fed into Phaser. The final Phaser statistics are summarised in

Table 5.3. Furthermore, the search identified translational non-crystallographic sym-

metry (NCS) which is evident in a peak in the Patterson analysis along the 126 Å

axis at 0,0.5,0.01.
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Figure 5.7: Comparison of the monoclinic and two orthorhombic crystal forms. (A) Packing of
the MmGluIITrypsin molecules in the three related crystal from when the origins of each crystal
have been translated to coincide. The P21 form is in red, the P212121 form is in yellow, and the
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Figure 5.8: Cumulative intensity distribution calculated with Phenix Xtriage on the integrated
reflections of the trigonal crystal form.

Table 5.3: Phaser solution statistics for a search with two copies of the 3L4Z search model
with the identified translational NCS.

both copies

Rotation Z-score 9.9
Translation Z-score 15.2
Packing score 22
Log-likelihood Gain 713

5.2.4 Structure building and refinement

The output model from molecular replacement required extensive rebuilding due to

low structural homology in the part of the structure upstream from the GH31 do-

main. An iterative process of autobuilding into density-modified maps by Parrot

and Buccaneer followed by manual adjustments and re-assigning sequences in Coot

gave the initial model that covers residues G31-P184, P245-N250, and P371-L965 of

the ↵-subunit. Refinement was restrained by the NCS and initial rounds used TLS

parametrisation. During this process it became obvious that there was a large amount

of density that could not be explained by the ↵-subunit alone. The N-terminal re-

gion of the �-subunit interacts with the ↵-subunit [86] and structure-based sequence

analysis predicted for this region two tandem low-density lipoprotein receptor type-

A (LDLRa) domains. Residues 137-161 of the human LDLR (PDB Accession code:

2FCW) were therefore used as a suitable template to build into this density. This was
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5.2. X-ray crystallography

greatly facilitated by the fold being centred around a Ca2+ ion with distinct octahe-

dral coordination by acidic side-chains and backbone carbonyl oxygens. A distinct

pattern of disulphides further assisted in assigning the sequence. A re-evaluation of

the processing of the original three datasets showed that the monoclinic form was in

fact a more appropriate form to work with due to its slightly better resolution and

overall processing statistics. The orthorhombic model was used to molecular replace

into the monoclinic dataset and was then used for further building and refinement.

Once all of the protein was satisfactorily built into the electron density, water and

solvent molecules were modelled into the remaining density. The advent of the sec-

ond, high-resolution orthorhombic form allowed the final building and refinement to

be carried out with extra residues becoming resolved in the ↵-subunits up to R185

and from F30 on the �-subunit. N -glycosylation at N97 was modelled with a chito-

biose (two GlcNAc residues). The final models were considered complete when the

R factors converged to minimum values attainable with acceptable RMSD values for

bond lengths and angles around or below 0.01 Å and 1�, respectively. The refinement

results are summarised in Table 5.4, Table 5.5, and Table 5.6. All geometry was

validated and corrected if necessary based on analyses from the MolProbity server

including the Ramachandran analysis (Figure 5.9). The model contains 6 cis-prolines

all of which are clearly explained by the density. All except one exist in loops of

�-strands with the exception of P489-D490, which places the aspartate into an im-

portant position to coordinate a conserved water in the active site. The quality of the

modelled ligands can be assured as the B factors of these are similar to the protein.
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5.2. X-ray crystallography

Table 5.4: Refinement statistics of apo MmGluIITrypsin model.

Apo

Resolution range (Å) 59.09-1.74
Observations 109901
Observations in free set 5416
Rwork

a(%) 14.2
Rfree

b(%) 16.9
RMSD bond lengths (Å) 0.01
RMSD bond angles (�) 1.07
Ramachandran outliers 0
Ramachandran favoured (%) 97.3
MolProbity clash score 0.72 (99th)
MolProbity score 0.87 (100th)
Good rotamers (%) 96.53
Average B factor (Å2) 23.0
Residues modelled Chain A 33-185

Chain A 244-350
Chain A 370-966
Chain B 30-117

Waters modelled 922
Non-protein molecules 2 CA2+, 3 PG4,

3 P6G, 3 EDO,
11 FMT, 2 NAG

Values in parentheses represent the percentiles
among structures in the PDB of similar resolu-
tion with this score

a Rwork = ⌃
hkl

||F
o

|� |F
c

||/⌃
hkl

|F
o

|
b Calculated as Rwork but with the observations
in the free set
PDB small molecule codes. PG4 and P6G: frag-
ments of PEG400. EDO: ethylene glycol. FMT:
formate. NAG: N -Acetyl-d-glucosamine.
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5.2. X-ray crystallography

Table 5.5: Refinement statistics of substrate and product MmGluIITrypsin models.

Glucal Glucose Mannose

Resolution range (Å) 103.10-2.29 60.03-2.67 103.14-2.36
Observations 101524 56122 95813
Observations in free set 5023 2754 4695
Rwork

a(%) 20.9 21.0 20.0
Rfree

b(%) 23.5 24.3 22.5
RMSD bond lengths (Å) 0.009 0.01 0.009
RMSD bond angles (�) 1.07 1.12 1.07
Ramachandran outliers 1 1 2
Ramachandran favoured (%) 97.26 97.53 97.47
MolProbity clash score 0.57 (100th) 1.11 (100th) 1.32 (100th)
MolProbity score 0.83 (100th) 0.91 (100th) 0.96 (100th)
Good rotamers (%) 95.97 94.86 94.98
Average B factor (Å2) 46.8 65.28 44.96
Ligand B factor (Å2) 51.8 68.5 48.0
Residues modelled Chain A & C 33-183 Chain A & C 33-183 Chain A & C 33-183

Chain A & C 244-350 Chain A & C 244-350 Chain A & C 244-350
Chain A & C 371-966 Chain A & C 371-966 Chain A & C 371-966
Chain B & D 35-117 Chain B & D 35-117 Chain B & D 35-117

Waters modelled 887 285 588
Non-protein molecules 4 CA2+, 3 EDO, 4 CA2+, 5 EDO, 4 CA2+, 2 FMT,

20 FMT, 4 NAG, 30 FMT, 2 OXM, 4 NAG, 2 BMA,
4 BMA, 2 XG3 4 NAG, 1 BMA, 4 MAN

2 GLC

Values in parentheses represent the percentiles among structures in the PDB of similar resolution with
this score

a Rwork = ⌃
hkl

||F
o

|� |F
c

||/⌃
hkl

|F
o

|
b Calculated as Rwork but with the observations in the free set
PDB small molecule codes. EDO: ethylene glycol. FMT: formate. OXM: Oxamate. NAG: N -Acetyl-
d-glucosamine. BMA: �-d-Mannose. GLC: ↵-d-Glucose. MAN: ↵-d-Mannose.
Non-standard codes yet to be determined by the PDB. XG3:
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5.2. X-ray crystallography

Table 5.6: Refinement statistics of Iminosugar bound MmGluIITrypsin models.

Castanospermine DNJ NB-DNJ

Resolution range (Å) 86.95-1.81 88.90-1.92 42.00-2.10
Observations 103735 87327 61076
Observations in free set 5133 4312 2974
Rwork

a(%) 16.0 16.5 19.2
Rfree

b(%) 18.5 19.7 21.3
RMSD bond lengths (Å) 0.01 0.01 0.01
RMSD bond angles (�) 1.05 1.05 1.06
Average B factor (Å2) 28.55 28.38 31.73
Ligand B factor (Å2) 17.9 19.1 39.8
Ramachandran outliers 0 0 0
Ramachandran favoured (%) 97.26 97.37 97.37
MolProbity clash score 0.65 (100th) 0.39 (100th) 1.38 (99th)
MolProbity score 0.85 (100th) 0.76 (100th) 0.99 (100th)
Good rotamers (%) 96.53 96.29 96.65
Residues modelled Chain A 33-185 Chain A 33-185 Chain A 33-185

Chain A 244-350 Chain A 244-350 Chain A 244-350
Chain A 370-966 Chain A 370-966 Chain A 370-966
Chain B 30-117 Chain B 30-117 Chain B 30-117

Waters modelled 886 950 936
Non-protein molecules 2 CA2+, 5 PG4, 2 CA2+, 3 PG4, 2 CA2+, 3 PG4,

2 P6G, 6 EDO, 4 P6G, 6 EDO, 2 P6G, 4 EDO,
14 FMT, 2 NAG, 10 FMT, 2 NAG, 8 FMT, 2 NAG,

1 CST 1 NOJ 1 NBV

Values in parentheses represent the percentiles among structures in the PDB of similar
resolution with this score

a Rwork = ⌃
hkl

||F
o

|� |F
c

||/⌃
hkl

|F
o

|
b Calculated as Rwork but with the observations in the free set
PDB small molecule codes. PG4 and P6G: fragments of PEG400. EDO: ethylene glycol.
FMT: formate. NAG: N -Acetyl-d-glucosamine. CST: Castanospermine. NOJ: Deoxyno-
jirimycin. NBV: N -Butyl-deoxynojirimycin.
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5.2. X-ray crystallography

MolProbity Ramachandran analysis

http://kinemage.biochem.duke.edu Lovell, Davis, et al. Proteins 50:437 (2003)
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Figure 5.9: Ramachandran plots of the apo MmGluIITrypsin model generated by MolProbity.
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5.3. Model analysis

5.3 Model analysis

5.3.1 Architecture of MmGluIITrypsin

The crystal structure of MmGluIITrypsin forms a unique heterodimeric structure com-

posed of the trypsin-resistant portion of the ↵-subunit (corresponding to the wild-type

structure having lost the portions 186-243 and 271-349) and a fragment of the N-

terminal section of the �-subunit (Figure 5.10A). The ↵-subunit is not very di↵erent

from other reported GH31 enzymes and can be divided into four domains based on the

initial description of the architecture of the first reported structure (Figure 5.10B) [69].

Apart from a non-canonical N-terminus which will be described later, the N-terminal

domain consists of an eight-stranded antiparallel �-sandwich. The trypsin treatment

before crystallisation has removed 2 stretches of sequence from this domain as de-

tailed in the above model building section. The only detectable post-translational

modification of this enzyme is the glycosylation that is located in this domain at

N97. The GH31 catalytic domain is in agreement with the the other structurally-

characterised paralogues and contains an (↵/�)8 TIM barrel topology with the active

site formed by residues at the C-terminal ends of the �-strands. There is an insert

of 38 residues between the third strand and third helix that packs against the third

and fourth helices of the GH31 domain. A loop from this insert contributes a tryp-

tophan (W525) to the active site. The following two C-terminal domains are termed

proximal and distal based on their sequence proximity to the GH31 domain. Both

consist of antiparallel �-sandwiches with the proximal domain containing a very short

helix-turn-helix motif N-terminal to its �-sandwich. The C-terminal distal domain

contributes to the majority of the putative interface between the two subunits and

contains a large loop with a turn of helix that packs against the GH31 domain.

The fragment of the �-subunit that is present in the crystal adopts two
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5.3. Model analysis

tandem LDLRa folds. There is little canonical secondary structure with only a �-

hairpin at the start of each motif visible. Each fold is centred around a calcium ion

and held together by three highly conserved disulphides.

5.3.1.1 Calcium binding

The two calcium ions modelled into the structure are both octahedrally coordinated

by six residues. In both cases, the coordination by the aspartate or glutamate residues

occurs in the equatorial plane and the axial coordination is achieved by backbone car-

bonyl oxygens (Figure 5.11). The biochemical and structural characterisation of these

repeats present in human LDLR indicate that calcium is the most likely ion present

[220, 221]. To confirm whether the distances observed in the structure that were

obtained from unrestrained refinement of the model were genuine, a calcium bond

valence sum (CBVS) analysis was undertaken[222]. This bond-valence method uses

the distances between the metal and ligand oxygens to determine the CBVS value.

An ideal value is 2.0; this is not observed in proteins by the developers of this method,

with a mean of 2.23 from approximately 200 structures that were analysed in the PDB.

The CBVS values determined from the coordination distances (Table 5.7) are 2.38

and 2.41 for the two sites and lie within the distributions calculated from the PDB

and do not coincide with other potential metal ions like Mg2+ or Na+ adding confi-

dence to our interpretation of modelling calcium ions in the MmGluIITrypsin model.

Alternative methods for identifying calcium binding in this context (i.e. in cristallo)

would be through the use of X-ray fluorescence or microPIXIE, which is based on a

similar principle.
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5.3. Model analysis

A

Q50 
D53 

Y55 

D57 

D63 

E64 

B

R91 
D94 

V96 

D98 

D104 

E105 

Figure 5.11: Coordination of the two Ca2+ ions by the �-subunit for (A) Ca2+998 and (B)
Ca2+999

Table 5.7: Distances of calcium ions to coordinating residues and CBVS analysis.

Ligand oxygen dCa2+–O (Å)

Ca2+ 998 Q50 O 2.28
D53 O�1 2.29
Y55 O 2.32
D57 O�2 2.35
D63 O�2 2.31
E64 O✏2 2.31

CBVSa 2.38

Ca2+ 999 R91 O 2.29
D94 O�1 2.38
V96 O 2.29
D98 O�2 2.31
D104 O�2 2.32
E105 O✏2 2.25

CBVSa 2.41

a CBVS = ⌃
j

(exp(dCa

0 � d

ij

/b)p
j

). Where
d

Ca

0 is the bond valence 1.967[223], d
ij

is
measured from the model, b is a ’univer-
sal constant’ of 0.37 Å[224], and p

j

is the
occupancy of the ligand which in this case
is always 1.0.
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5.3. Model analysis

5.3.2 The ↵/� interface

The ↵/� interface is a unique feature of this structure, a feature that has only been

annotated as a cysteine-rich region before. The interface can broadly be described

as a network of polar interactions characterised predominantly by salt bridges (Fig-

ure 5.12). The majority of these salt bridges are formed by the exposed acidic residues

that bind to the calcium ions (D53, D57, D94, D98). The ↵-subunit contains an ar-

ray of basic residues (R837, R839, R840, R951 and K952) that take part in these

interactions.

K952 

R951 

R837 
R839 

R840 
D439 

D57 

D54 
D53 

D98 

R91 D94 V92 

S90 

Figure 5.12: The ↵/� interface. The network of polar interactions between the ↵-subunit on
the bottom (green) and the �-subunit on the top (blue).

5.3.2.1 Analysis of the binding interface

As the crystal itself contains a number of interfaces, analysis of the various possibili-

ties is important to identify the putative ↵/� interface. The possible interfaces to be

assessed are shown in Figure 5.13. In addition to the presented heterodimer (in green

and blue), there is a second heterodimer (yellow and purple) that is related along

the 2-fold axis with the highlighted interface annotated as ↵/�’. There also exists
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5.3. Model analysis

an interface between two symmetry-related ↵-subunits that is designated ↵/↵” (be-

tween green and red ↵-subunits). An analysis of the interfaces present in the crystal

was undertaken on both the PISA [225] and EPPIC [226] servers which use classical

thermodynamics or sequence entropy, respectively, to determine the likelihood of a

biologically relevant interface (Table 5.8). The PISA analysis identifies both the ↵/�

and ↵/↵” interfaces but not the ↵/�’ one. These results indicate unfavourable solva-

tion energies despite both having a number of polar interactions. When combined with

the EPPIC analysis, these two interfaces appear to have a higher likelihood of being

genuine and the ↵/�’ interface is classified as only a crystal contact despite a surface

area that approaches both the other interfaces. The trigonal crystal form contains

the putative ↵/� and the ↵/↵” interfaces observed in the orthorhombic/monoclinic

forms. Combined, these data strongly suggest the ↵/� interface is likely to represent

a genuine interface. The ↵/↵” interface could also be a probable interface, but the

in vitro data suggest that it is unlikely in physiological circumstances and the only

documented example is from analytical ultracentrifugation experiments that suggest

a small population of tetrameric GluII [87].

Table 5.8: Analysis of the ↵/� interface using PISA and EPPIC servers.

↵/� ↵/�’ ↵/↵”

PISA results Interface area (Å2) 706.9

Not found

843.8
Solvation energy gain (kcal/mol) 5.8 0.6
Binding energy (kcal/mol) -3.1 -4.2
P-value 0.87 0.65
Number of H-bonds 13 0
Number of Salt bridges 16 13

EPPIC results Interface area (Å2) 706.7 672.5 894.1
Interface prediction Biological Crystal contact Biological

Investigation of the putative interface based on the electrostatics of the sur-

faces reveals the nature of the interface in a more obvious manner. Poisson-Boltzmann

methods allow the mapping of the surface charges onto protein models [227]. In the

case of MmGluIITrypsin, this was calculated and plotted both onto the heterodimer
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Figure 5.13: Representation of the intermolecular interactions within a reduced portion of
the crystal showing three symmetry related copies of the asu.
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5.3. Model analysis

and also onto the two subunits individually (Figure 5.14). The heterodimer has a

predominant negative charge. However, when compared side-by-side, the surfaces of

each subunit that interact are starkly opposite in their charge. This is expected by

the number of salt bridges that form the interface. To ascertain whether this inter-

face has any evolutionary significance, a surface conservation analysis was conducted

using the ConSurf server [228, 229]. The server utilises a multiple sequence align-

ment (Appendix C) in this case of 29/38 (↵/�) orthologues that was generated using

Clustal Omega. It can then map the sequence conservation onto the models of two

subunits of MmGluIITrypsin (Figure 5.15). Two regions on the ↵-subunit appear to be

highly conserved, the first is around the active site (Figure 5.15 bottom right panel),

the other is at the interface (Figure 5.15 dashed ellipse). The same is seen for the

�-subunit (Figure 5.15 dashed ellipse) regarding the interface. These results indicate

and support the identity, the likelihood, and the polar nature of the ↵/� interface.

5.3.3 The N-terminus and substrate specificity

A structural overlay has been performed with all of the published eukaryotic ↵-

glucosidases that have a GH31 domain. Represented here is the comparison of the N-

terminal portion of the human intestinal ↵-glucosidase, which has a specificity for long

↵(1,4)-linked oligosaccharides and has been crystallised with acarbose, a substrate-

analogue inhibitor. A closer examination of the active site of MmGluIITrypsin with

respect to the other structurally characterised paralogues gives rise to two observa-

tions. The first is that when comparing the active sites there is not much that is

remarkably dissimilar between them. This is particularly so at the designated -1 and

+1 subsites (Figure 5.16A), which refer respectively to the deeper and closer to sur-

face hexose binding sites on either side of the bond that is hydrolysed by the enzyme,

where there are very little observable di↵erences. As MmGluII is capable of cleaving
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5.3. Model analysis

α β 

Figure 5.14: Electrostatic potential mapping of the surface ofMmGluIITrypsin using the APBS
algorithms part of PyMOL. The top representation is of the overall heterodimer and the bottom
representation are the plots over the interface of the two subunits.
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Figure 5.15: Sequence conservation mapped onto the surface of both subunits using the
ConSurf server. The region corresponding to the interface on both subunits is highlighted with
the dashed ellipses.
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5.4. Ligand binding

disaccharides of ↵(1,4)-linkages (see 4.6.3), it is reasonable to find that a similar array

of interactions can occur. However, there are two key di↵erences that could possibly

confer the ↵(1,3) specificity which are due to W423 (Y to W) and H700 (G/T to H)

in comparison to the two maltase-glucoamylase portions. W423 in particular would

not be able to accommodate the C-6 hydroxyl group in a ↵(1,4)-linked disaccharide

for the residue in the -1 position. The second observation is on the di↵erences that

can be observed proximal to the site of catalysis. The presence of a loop that bulges

out in MmGluIITrypsin (Figure 5.16A, dashed box), which is termed here the speci-

ficity loop, is likely to represent a molecular basis for substrate specificity. The loop

has two residues, F307 and Q308, which bulge out in a manner that is not observed

in other eukaryotic GH31 enzymes. This loop is restricted in its placement by the

proximity of the N-terminus of this subunit, a part of sequence which is not found

in other ↵-glucosidases and is very conserved across eukaryotic GluII sequences. The

structural overlay shows a clear steric clash of the portion of the acarbose distal to

the catalytic site with this specificity loop (Figure 5.16B).

5.4 Ligand binding

The ability to soak compounds into the MmGluIITrypsin crystals has been optimised in

such a way that it is reproducible and e�cient. Initial attempts to soak carbohydrates

were unsuccessful, which led to soaking very large concentrations of the readily soluble

compounds like glucose, mannose, and glucal. Soaking of the iminosugars investigated

in the previous chapter was much less successful until a combined change in the

cryoprotecting conditions and an increase in pH allowed high-resolution data to be

collected reliably.
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A
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β 

N 

-1 +1 

B

F307 

Q308 

H700 

W423 

Figure 5.16: Comparison of MmGluIITrypsin to an intestinal GH31 paralogue. Structural
alignment of MmGluIITrypsin with bound disaccharide analogue (purple) against the maltase
domain of H. sapiens maltase-glucoamylase (PDB No. 2QMJ). (A) Highlight of the position
of the N-terminus in relation to the specificity loop only present in MmGluIITrypsin. (B) Detail
of acarbose binding in 2QMJ that is not possible due to steric clashes caused by the specificity
loop residues F307 and Q308 in MmGluIITrypsin.
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5.4. Ligand binding

5.4.1 Carbohydrate binding

In an attempt to understand the catalytic cycle and the molecular mode of binding

of the species that exist during catalysis, a number of soaks were performed using

various carbohydrates. d-Glucal was employed in the hope of trapping an interme-

diate covalent complex. Coincidentally, a large concentration was used that resulted

in the formation of a ↵(1,3)-linked pseudo-disaccharide in the active site. Retaining

glycosidases that perform transglycosylation generally follow the Koshland retaining

mechanism but the nucleophile is another carbohydrate rather than the water that

normally occurs during hydrolysis (Figure 5.17) [51].

Figure 5.17: Potential mechanism for transglycosylation of d-glucal by another d-glucal in
the MmGluIITrypsin crystals.

The resulting dehydrated pseudo-disaccharide was easily apparent in the

initial di↵erence density maps and was modelled in as such (Figure 5.18A). This

structure serves as a good comparison for the rest of the soaks as it highlights the many

contacts from binding in the -1 and +1 sites. Key interactions are best visualised in

the 2-dimensional ligand plot (Figure 5.18B) that show the residues for H-bonding. At

the deeper site (-1), these are mediated directly by H698 to the C-3 and C-4 hydroxyls.

A series of water-mediated interactions occur with the remaining hydroxyls through

the residues D490, D564, D640 and Y637. Interactions at the +1 site are again

mediated by conserved waters to D305 and R624. It must be noted that there is a
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5.4. Ligand binding

possibility that the binding mode at this site could be rotated around the glycosidic

bond by 180�. As there are two hydroxyls missing from this glucal moiety, the current

binding mode suggests a more favourable enthalpic gain of forming the H-bonds that

are seen here but would perhaps bind more favourably to H700 identified in the

previous section (see Figure 5.16).

On the opposite side of the catalytic cycle is the product bound state. In

this case, this is represented by the soak that was performed with d-glucose. Unfor-

tunately, the resolution of this structure is moderate (2.7 Å), so the modelling of the

molecule was not very accurate but can be related to the glucal soak. Furthermore,

a number of the waters that mediate some of the binding interactions were poorly

resolved. The crystal structure does agree with a similar mode of binding to the

glucal soak above (Figure 5.18C). The presence of the hydroxyl at the C-2 position

enables the interaction that is absent in the previous soak to be determined as a

H-bond to R624 (Figure 5.18D), the same arginine that binds to a hydroxyl of the

other carbohydrate residue in the +1 position.

The appearance of d-mannose in the -1 site is surprising but could be an

artefact due to the high concentration that was used when soaking into the crystals.

It is nevertheless of note that the only di↵erence between mannose and glucose is the

stereochemistry at the C-2 position which is axial for mannose. This appears to be

accommodated though that hydroxyl does not appear to interact with anything while

the remaining interactions are as expected (Figure 5.18E and F).

5.4.2 Iminosugar binding

The development of a procedure to soak inhibitors into the MmGluIITrypsin crystals

that also increases the di↵raction resolution has now opened up an array of experi-

ments that can be attempted in order to understand the binding of various iminosug-
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Figure 5.18: Carbohydrate binding in MmGluIITrypsin. (A and B) Structure and 2-
dimensional plot of pseudo-disaccharide transglucosylation product of d-glucal soak. (C and
D) Structure and 2-dimensional plot of d-glucose soak modelled as the ↵ anomer. (E and F)
Structure and 2-dimensional plot of d-mannose soak modelled as the ↵ anomer. Map for the
mannose represent unbiased F

o

-F
c

contoured at 3 � prior to modelling the ligand. 2-dimensional
plots generated in Maestro.
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ars as well as any new chemical series. Of comparison here are castanospermine versus

DNJ and its alkylated derivative NB-DNJ (Figure 5.19).

The three soaks all present very similar molecular interactions similar to

those seen in the glucose and glucal soaks. A series of direct H-bonds to the hydrox-

yls of all but the C-6 hydroxyl are formed by R624, H698 and D451 moving from

C-2 through to C-4. Two conserved waters form H-bonds that are coordinated by a

number of aspartate and tryptophan residues. The rigidification of the castanosper-

mine by the formation of the five-membered ring appears to be accommodated by

a hydrophobic patch of the molecule in a pocket formed by W423, I448 and W525.

The alkylated tail of NB-DNJ is poorly resolved and has been modelled here based

on the weak di↵erence peaks. After modelling in the butyl chain, very little density

appeared but neither did any negative di↵erence density appear to contradict the

model.

5.5 Discussion

The availability of the trypsinised MmGluII fragment has been an invaluable tool in

the structural elucidation of the enzyme. Presented here is the expansion of the initial

identification of the catalytically intact fragment that was identified from tissue-

derived rat GluII [87]. What was identified as the GH31 catalytic domain is present

with the same N-terminus in MmGluIITrypsin. However, other associated fragments

are visible as seen by mass spectrometry, light scattering and X-ray crystallography.

Not shown in that study is the lower part of the gel, which would likely have confirmed

the presence of bands below about 30 kDa. Furthermore, the ability of the enzyme

to still retain catalytic activity after treatment by a number of proteases indicates a

very compact and stable core of the enzyme. The characterisation of the kinetics of
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A B

C D
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Figure 5.19: Iminosugar binding in MmGluIITrypsin. (A and B) Structure and 2-
dimensional plot of castanospermine soak. (C and D) Structure and 2-dimensional plot
of 1-deoxynojirimycin soak. (E and F) Structure and 2-dimensional plot of N -butyl-
deoxynojirimycin soak. Maps represent unbiased F

o

-F
c

contoured at 3 � prior to modelling the
ligand. 2-dimensional plots generated in Maestro.
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4MUG cleavage highlighted an observation that may have otherwise been overlooked

if only the change in activity between the full-length and the MmGluIITrypsin had

been quantified. The Km is identical between the two species but there is a reduction

of the kcat, which indicates that there is a small change in the binding site. As the

Km is the same, there must be some compensatory changes in the rate constants for

association or dissociation of the enzyme-substrate complex. Whether this results

in a dramatic change in the active site is di�cult to determine. The comparison

of the obtained structure to other GH31-containing enzymes does not indicate that

this may be the case. A possible avenue for further investigation is to conduct the

kinetic measurements on disaccharide substrates and the determination of inhibition

constants on MmGluIITrypsin in order to assess if any changes have a↵ected binding

to other substrates or inhibitors.

The sites cleaved by trypsin are indicative of the validity of the predicted

disorder calculated for both subunits. The strategy undertaken here was based on

the previous characterisation of proteolysed GluII as well as the adaptation of in situ

proteolysis, which was unsuccessful, but gave the impetus for further investigation

of the trypsinised fragment. The ↵-subunit must contain two accessible loops that

are cleaved, but the overall complex of the remaining three portions is resistant to

further proteolysis. The interface between the two subunits with the compactness

of the LDLRa domain must have also prevented the destruction of this interface.

However, it seems that the rest of the �-subunit does not contain much compact

tertiary structure. The exception being the C-terminal domain of the �-subunit,

which most likely, is still intact, but is not part of this complex.

The crystallography conducted in this chapter is considered routine with

little deviation from established practice. The data reduction of the initial data was

cut to the chosen resolution based on the criteria that primarily utilises correlation
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coe�cients over R factors. These decisions are consistent with the current discourse

of data processing practices [230, 231]. Rmeas is a critical metric for the discriminat-

ing between the space groups when comparing data processed to the same resolution

[219]. The closely-related monoclinic and orthorhombic forms changed on the addi-

tion of compounds or cryo-preservation so comparison of Rmeas when processing in

both of the di↵erent symmetries was indispensable in making the correct decision

of symmetry. The slight alterations in symmetry are likely reflective of the subtle

changes that occurred upon altering the composition of the solution in and around

the crystals but do not appear to have any deleterious e↵ects on the enzyme. On the

contrary, these changes have led to an increase in the resolution probably through

dehydration [232–234]. The end result is that ligand binding can be observed as well

as more order at two of the termini formed by trypsinisation. The trigonal form was

processed and a molecular replacement solution was obtained. However, due to the

di�culties that the twinning introduced, this form was abandoned in favour of the

monoclinic/orthorhombic forms.

The resulting structure of the ↵-subunit is remarkably similar to other mem-

bers of the GH31 family in terms of domain organisation. The bioinformatical an-

notation of the ↵-subunit sequence is divided into three domains (Figure 1.7A) but

the structure more closely resembles those of the other published GH31 members

[69, 73, 89, 90, 92, 235, 236]. The main variations between the known structures

occur in the size of the insertions in the GH31 domain between �3 and ↵3 which are

much smaller in the eukaryotic structures and tend to be the basis of oligomerisation

in the bacterial ↵-glucosidases[73]. Between the eukaryotic structures, there is very

little di↵erence in the overall architecture across the domains with the exception of

the N-terminus where most of the di↵erences can be seen. The two segments of the

maltase-glucoamylase both contain trefoil Type-P domains at the N-termini that are

lacking in MmGluII or the sugar beet ↵-glucosidase. As sequence divergence is oc-
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curring at this region of the enzyme, it raises the question of the role of the loops

that have been removed by trypsinisation. Might these play a role in binding re-

gions of the �-subunit or other relevant proteins in the ER lumen? Might they have

some long-order interactions with distal regions of the glycan or the protein around

the glycosylated asparagine? Neither of these questions can be addressed with these

structures, but highlight the contribution that a glycan-bound structure would add

to our understanding of GluII.

The observed ↵/� interface identified in the MmGluIITrypsin structure is

likely to be genuine. The N-terminal region of the �-subunit that interacts with

the ↵-subunit is consistent with one of the two distinct ↵-subunit interacting regions

identified on the �-subunit [86]. The nature of the ionic interactions does not appear

to be dissimilar to that of the LDL receptor. In the case of LDLR binding to ApoB

or ApoE, a similar type of the receptor-ligand interaction has been observed between

the LDLRa domains and stretches of basic residues on ApoB [237–239]. The level of

conservation on both subunits of MmGluII coupled with the electrostatic mapping

indicate that this is a genuine interface. The bu↵er screening in the previous chapter

(4.5.2) support the type of interface. Both the pH and ionic strength have marked

a↵ects on the overall stability of the complex that are likely linked to disruption

of the ↵/� interface. A concerted e↵ort is currently being undertaken to validate

this interface. Our collaborators are engineering multiple point mutations to remove

the arginine and lysine residues to complement into a GluII↵-deficient Arabidopsis

thaliana line [240]. A GFP-labelled mutant of the ↵-subunit that removes a number of

the basic residues has been engineered. Thus if the interface is disrupted, the mutant

↵-subunit should not be localised exclusively in the ER lumen. The appearance of

tetrameric GluII in vitro that is likely caused by artificially high concentrations may

be formed by the interaction of two ↵-subunits seen in the crystals. This sort of

interaction might be able to be tested via an enzyme activity experiment whereby
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reduced activity should be observed as the interface occurs over both active sites.

Regardless, in all of the light scattering experiments, the MmGluIITrypsin species does

not appear to form higher order oligomers.

With regard to the other putative region of the �-subunit at its C-terminus

that would bind to the ↵-subunit[86], this is likely to correspond to an interaction

of the MRH domain with some location on the ↵-subunit. Apart from the iden-

tified surface conservation that corresponds to the observed ↵/� interface in the

MmGluIITrypsin structure, the only other conserved patch on the surface is around

the active site. There may be a lower a�nity interface between the �-subunit MRH

domain and this region. Although it would appear to be transient as the trypsinoly-

sis did not appear to destroy the MRH domain, it has not been carried through the

subsequent purification. A possible route to obtaining a species that shows this inter-

action would most likely be binding the substrate glycan to an inactive point mutant

before trypsinolysis in order to preserve such a complex. There is an extra layer of

complexity that must be appreciated when trying to address both the nature of the

glycan binding and possibly the remainder of ↵/� interactions which is due to the

two cleavage events the enzyme catalyses. The implication being that after the first

cleavage, the glycan likely dissociates to reorient the terminal glucose and perhaps

the binding mode of the glycan to make the second cleavage [62, 84, 88]. GluII is at

the centre of a series of competing forces: the a�nities of the enzyme between the

two substrates it can cleave; interactions with malectin for the di-glucosylated form;

and interactions with either calnexin or calreticulin for the mono-glucosylated form.

Together this illustrates the complexity of the kinetic forces that govern its role in

the calnexin cycle.

A closer look at the active site with the various soaks presented here allows

a closer dissection of the molecular determinants of substrate specificity. In particu-

149



5.5. Discussion

lar the glucal soak which has fortuitously produced a pseudo-disaccharide substrate

analogue can shed some light onto these matters. The fact that an ↵(1,3) glyco-

sidic bond was formed indicates that regiospecificity might be conferred by W423

and H700. These represent interesting targets for mutagenesis to further investigate

this possibility and have a literature precedent in a Bacillus GH31 containing enzyme

[212]. By themselves, these two residues do not completely prohibit the binding and

cleavage of ↵(1,4)-linked disaccharides. Although the mode of binding that is present

in the glucal soak does not favour these hypotheses, it is possible this is due to the ar-

tificial nature of this dehydrated molecule. That is to say, the lack of two OH moieties

in the glucal ring at the +1 site may determine the observed mode of binding. Based

on the observed binding mode, the direction in which the glycan extends would be at

an angle (Figure 5.20 upward blue arrow). However, it is possible that the saccharide

in the +1 site could bind 180� to that observed in this structure. The result of such

a flip could involve H700 in hydrogen bonding of either the C-4 or C-6 hydroxyls in

a ↵(1,3)-linked disaccharide for the residue in the +1 position. Another consequence

of the same flip would be that the glycosidic bond from C-1 of this residue to the

subsequent mannose would extend in a linear fashion (Figure 5.20 horizontal blue

arrow). This mode of binding would be compatible with the solution NMR structure

of Glc3Man9GlcNAc2, which indicates a rather linear structure of the glycan [62].

Coupled with the presence of the specificity loop comprising residues F307 and Q308,

there appear to be clear determinants for specificity that occur outside the catalytic

site. These observations, in addition to the fact that no ↵(1,4)-linked polysaccharides

are found in the ER, lead to the hypothesis that there has been little evolutionary

pressure for the active site of GluII to be exquisitely specific for ↵(1,3) over ↵(1,4)

glycosidic bonds.

The only observed GANAB missense mutations that are not lethal appear in

A. thaliana [241]. Of the two mutations described, S569F corresponds to the middle
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N 

-1 +1 

Figure 5.20: Active site of the structure containing the pseudo-disaccharide substrate ana-
logue indicating the possible directions of the non-reducing end of the rest of the glycan.

of one of the ↵-helices in the GH31 domain, likely conferring a disruption to the active

site through an allosteric perturbation. The other, S652F is proximal to the active

site where the glycan substrate is hypothesised to extend. Whether this mutation

disrupts proper binding through a lowering of the a�nity or some other mechanism

is di�cult to assess without access to a structure of GluII with the glycan.

The other carbohydrate-bound structures give an insight into the binding

interactions in the -1 site. The glucose soak mimics one of the two components of the

hydrolytic products of this enzyme. As expected glucose makes a series of interactions

conserved within the GH31 family as well as preferring the ↵-anomer despite the �-

anomer being more abundant in solution. Perhaps not too surprising is the mannose

soak which shows that at high concentrations a less favoured monosaccharide can be

forced into the active site. The accommodation of mannose in the active site leads

to the consideration of the enzyme’s ability to bind the other epimers of glucose.

Allose, a rare monosaccharide that is inverted at the C-3 position is unlikely to bind

due to the proximity of a phenylalanine that would disfavour a hydroxyl in the axial
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position. The epimers at C-4 and C-5, galactose and l-idose, respectively, would also

be unfavourable for similar reasons.

A structure of a catalytic intermediate would definitively identify the nu-

cleophile and complete the series of structures of the catalytic cycle. Generally this

is done with fluorinated sugars, namely 2-deoxy-2-fluoro-↵-d-glucopyranosyl fluoride

or 5-fluoro-↵-d-glucopyranosyl fluoride. These sugars readily react with the nucle-

ophile due to the e�ciency of the fluoride as a leaving group but the second fluoride

significantly retards the subsequent hydrolysis of the covalent adduct [242].

A more thorough understanding of the molecular basis of specificity of sub-

strates and various stereochemistries that can be accommodated in the active site

are necessary for future inhibitor development. Furthermore, as the active sites are

closely related between the di↵erent GH31 members in the proteome, this is crucial

for the production of a more selective inhibitor. The protocols established here are

invaluable in assessing inhibitor binding and the variations observed in vitro of the

di↵erent characterised iminosugars presented in this thesis. More specifically, the ap-

proximately 5-fold increase in potency between castanospermine and DNJ are di�cult

to rationalise based on these structures. The network of H-bonds is almost identical

and only the shift of W525 near the five-membered ring of castanospermine could

be correlated with the decrease in potency due to a strain induced upon binding.

However, this would be contrary to the increase in potency that is concomitant to

N -alkylation of DNJ which is likely to induce a similar strain on the loop containing

W525. The alkylation length is known to be proportional to an increase in potency

due to greater bioavailability [100, 243], though its e↵ect on isolated GluII inhibition

is less pronounced. The aliphatic chain on the ring N atom may not adopt a single

conformation and in the case of NB-DNJ this appears to be the case and only further

structures with alkylated iminosugars will help clarify this point. A closer inspection
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of the water structure in the active sites of the various GH31 enzymes might also

provide a clue as to new directions of drug design if any di↵erences are apparent.

Another avenue that could be pursued for increasing inhibitor selectivity is tailoring

more interactions at the +1 site and beyond where the majority of the di↵erences

between the homologous ↵-glucosidases can be observed.
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6
Conclusions and future directions

The work presented in this thesis is a significant step toward a more detailed molecular

understanding of the function of the ER glucosidases. The parallel production of a

large number of constructs was an invaluable and necessary strategy for maximising

the probability of success in identifying suitable constructs to take forward for the

biochemical and biophysical characterisation.
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6.1 Glucosidase I

A soluble and active mammalian GluI produced at suitable scales made it amenable

for the described experiments. Its solution properties indicate the ability to non-

covalently form dimers, a phenomenon that is worth further investigation as it may

have a relevant but unidentified biological significance. The specific activity for triglu-

cosylated glycans confirms the identity of the enzyme. As such this enzyme is a

promising resource for screening future inhibitors and may also be used to develop a

more high-throughput assay suitable for a larger screening campaign.

The work towards the structural characterisation indicates promising future

avenues of study. The current crystal form is a good basis for future optimisation

with a number of viable techniques yet to be utilised. The important questions that a

high-resolution structure of MmGluI could address include if there are any di↵erences

between ScGluI andMmGluI structure, and what impact these di↵erences have on the

enzyme’s function, as well as from a pharmacological standpoint, on further inhibitor

design e↵orts. The latter is of importance for minimising the o↵-target side-e↵ects

of intestinal glucosidase inhibition as well as for identifying the basis of any selective

inhibitors between the two ER glucosidases.

6.2 Glucosidase II

We have for the first time observed the ↵/� interface of GluII, which is key to the

localisation of the complex in the ER lumen. We are in the process of validating

it in vitro by monitoring the changes in cellular localisation of a GFP-fusion of the

↵-subunit mutated in order to abrogate its interaction with the �-subunit. A second

interface has been suggested in the literature [86], though in our hands it would

appear the a�nity is not high enough to survive the trypsinolysis.
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This first structure of the GluII active site presented here now provides

new testable hypotheses. The subtle di↵erences with respect to other GH31 family

enzymes provide the details that can be pursued to explore substrate specificity. The

residues that likely confer the regiospecificity at the glycosidic bond are W423 and

H700 and with the established mutagenesis protocols this can readily be tested in

the near future. Likewise the identified specificity loop can be targeted to assess if

its truncation allows acarbose inhibition or malto-oligosaccharides to be cleaved. It

is likely due to its subcellular localisation that GluII has only had to evolve to select

between ↵(1,3) and ↵(1,2) bonds, of which it is indeed more discerning. However, its

ability to cleave ↵(1,4) bonds is not surprising considering its common ancestry to

enzymes that cleave these bonds. Together, these hypotheses can be used to address

the broader question of whether substrate specificity is due to the molecular features

proximal to the active site.

These questions could be more easily answered if a structure of GluII trapped

with a physiologically relevant substrate became available. Procuring these glycans is

not trivial, but there is ongoing work in the Zitzmann laboratory that will assist this

line of investigation. These experiments would also provide more definitive answers

to the question of how the �-subunit helps to recognise or place the substrate into the

active site. Furthermore, any quaternary structure changes that occur upon glycan

binding can be assessed through solution-based techniques like SAXS. Understanding

the stoichiometry of glycan binding would help discern which of the cis- or trans-

activation models for cleavage are more likely to be true. Along these lines, the

questions on the discrimination between the two cleavage events of GluII are still

unanswered.

Designing inhibitors for this very polar catalytic pocket has an obvious

caveat in that they generally can be tailored to be very potent and selective but
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due to their pharmacokinetic profiles have negligible bioavailability to the ER lumen.

Drastic increases in the potency of binding may not necessarily be optimal as this

is likely to result in unacceptable cytotoxicity. What must always be considered in

the design of antivirals that target these enzymes is that the eventual assessment of

their suitability must come from cell-based assays. Potency must be measured in

terms of its e↵ect of viral infectivity or secretion and inhibition of the glucosidases

through fOS measurements. Information from the atomic to the cellular levels will

aid development and optimisation of leads in the future.

An alternative route to designing antivirals that are not based on the imi-

nosugar sca↵old could now be undertaken with the information presented in this the-

sis. Searching through a larger chemical space through fragment-based screening or

a more traditional high-throughput screen might provide the chance to identify non-

competitive/uncompetitive inhibitors. A di↵erent sort of inhibitor might increase the

selectivity of inhibitors as well as a↵ord more favourable pharmacological profiles.

In conclusion, the work presented here provides a significant step forward in

our understanding of these glucosidases on the molecular level and contributes to the

future of broad-spectrum antiviral development.
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Table A.1: Primers used for high-throughput PCR

Construct
Primer

name
Sequence (5’-3’)

A1
F AGGAGATATACCATGTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG

R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGG

B1
F AGGAGATATACCATGTGTAATCAAGATGATCGTCTGCCTGG

R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG

C1
F AGGAGATATACCATGTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG

R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGG

D1
F AGGAGATATACCATGTGTAATCAAGATGATCGTCTGCCTGG

R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG

E1
F AGGAGATATACCATGGTGCTGGCGTGGTACCGTGC

R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG

F1
F AGGAGATATACCATGGAGCAGGGGGACGGTGTGG

R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG

G1
F AGGAGATATACCATGGTGCTGGCGTGGTACCGTGC

R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG

H1
F AGGAGATATACCATGGAGCAGGGGGACGGTGTGG

R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG

A2
F AGGAGATATACCATGTGGGTGCTGGCGTGGCTC

R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

B2
F AGGAGATATACCATGTGTGAACAGGGAGACGGCGTG

R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

C2
F AGGAGATATACCATGTGGGTGCTGGCGTGGCTC

R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

D2
F AGGAGATATACCATGTGTGAACAGGGAGACGGCGTG

R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

E2
F AGGAGATATACCATGTTCGAAGAATATCAAAAGTTCACGAATGAATC

R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG

F2
F AGGAGATATACCATGGCAACGCCTCAGGATAAATTGC

R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG

G2
F AGGAGATATACCATGTTCGAAGAATATCAAAAGTTCACGAATGAATC

R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG

H2
F AGGAGATATACCATGGCAACGCCTCAGGATAAATTGC

R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG

Continued on next page...
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Table A.1: Primers used for high-throughput PCR

Construct
Primer

name
Sequence (5’-3’)

A3
F GCGTAGCTGAAACCGGCGTGCTGGCGTGGTACCGTGC

R GGTGGCTCCAGCTAGCGTAGTCTTCAGCCATGGCCAGTAAGACAAG

B3
F GCGTAGCTGAAACCGGCGAGCAGGGGGACGGTGTGG

R GGTGGCTCCAGCTAGCGTAGTCTTCAGCCATGGCCAGTAAGACAAG

C3
F GCGTAGCTGAAACCGGCTGGGTGCTGGCGTGGCTC

R GGTGGCTCCAGCTAGCGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

D3
F GCGTAGCTGAAACCGGCTGTGAACAGGGAGACGGCGTG

R GGTGGCTCCAGCTAGCGTACTCTTCAGCCATGATCAGTAAGACAAGACTG

E3
F GCGTAGCTGAAACCGGCTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG

R GGTGGCTCCAGCTAGCAGTGTCCAAGTTATCACTCATAATCAAAAGG

F3
F GCGTAGCTGAAACCGGCTGTAATCAAGATGATCGTCTGCCTGG

R GGTGGCTCCAGCTAGCAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG

G3
F GCGTAGCTGAAACCGGCTTCGAAGAATATCAAAAGTTCACGAATGAATC

R GGTGGCTCCAGCTAGCGAAGCGTCCAAGGATGTTGACAACAAG

H3
F GCGTAGCTGAAACCGGCGCAACGCCTCAGGATAAATTGC

R GGTGGCTCCAGCTAGCGAAGCGTCCAAGGATGTTGACAACAAG

A4
F AGGAGATATACCATGGGCACCGCCGGGAGCAGTTG

R CAGAACTTCCAGTTTAAATTCGATATGAACTTTGAAGCTCGACGTAAG

B4
F GCGTAGCTGAAACCGGCCAGATGGTCAAACGAGACGATTTTAAAAC

R GGTGGCTCCAGCTAGCAAATTCGATATGAACTTTGAAGCTCGACG

C4
F GACGATGACGACAAGCAGATGGTCAAACGAGACGATTTTAAAAC

R GTGATGGTGATGTTTAAATTCGATATGAACTTTGAAGCTCGACG

D4
F AGGAGATATACCATGGGCCTTCCAAAAATATTAATATTCCTACTGCC

R GTGATGGTGATGTTTAAGTTCCTCGTGAACAACTTCCTTGTCAG

E4
F GCGTAGCTGAAACCGGCAGACAACTGAAACCAGTAAAGGGAGTTCC

R GTGATGGTGATGTTTAACAACTTCCTTGTCAGGATCAGCACATG

F4
F TGCCTGGTGTTCGCGAGACAACTGAAACCAGTAAAGGGAGTTCC

R GTGATGGTGATGTTTAACAACTTCCTTGTCAGGATCAGCACATG

G4
F AGGAGATATACCATGGGCGCGGCGGTAGCGGCAG

R CAGAACTTCCAGTTTTCGCAGGTGAATACTCCAATCAGATG

H4
F GCGTAGCTGAAACCGGCGCTGTGGATAGAAGCAACTTTAAGACCTGTG

R GGTGGCTCCAGCTAGCTCGCAGGTGAATACTCCAATCAGATGC

Continued on next page...
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Table A.1: Primers used for high-throughput PCR

Construct
Primer

name
Sequence (5’-3’)

A5
F GACGATGACGACAAGGCTGTGGATAGAAGCAACTTTAAGACCTGTG

R GTGATGGTGATGTTTTCGCAGGTGAATACTCCAATCAGATGC

B5
F AGGAGATATACCATGGGCCTGTTGCCGCTGCTG

R GTGATGGTGATGTTTGAGTTCGTCATGGTCGTCTTCGGTG

C5
F GCGTAGCTGAAACCGGCGCCGTGGAGGTCAAGAGGCC

R GTGATGGTGATGTTTGTCGTCTTCGGTGGGTGCTTCAG

D5
F TGCCTGGTGTTCGCGGCCGTGGAGGTCAAGAGGCC

R GTGATGGTGATGTTTGTCGTCTTCGGTGGGTGCTTCAG

E5
F AGGAGATATACCATGGGCGCGGCAATAGCGGC

R CAGAACTTCCAGTTTTCGAAGATGAATACTCCAGTCGGATGC

F5
F GCGTAGCTGAAACCGGCGCTGTGGATAGAAGCAACTTTAAGACCTGTG

R GGTGGCTCCAGCTAGCTCGAAGATGAATACTCCAGTCGGATGC

G5
F GACGATGACGACAAGGCTGTGGATAGAAGCAACTTTAAGACCTGTG

R GTGATGGTGATGTTTTCGAAGATGAATACTCCAGTCGGATGC

H5
F AGGAGATATACCATGGGCCTGCTGCTGCTGCTACTAC

R GTGATGGTGATGTTTCAGCTCGTCATGGTCCCCATCAC

A6
F GCGTAGCTGAAACCGGCGCTGTAGAAGTTAAGAGACCCCGGGG

R GTGATGGTGATGTTTGTCCCCATCACTGGGTGCTTCTG

B6
F TGCCTGGTGTTCGCGGCTGTAGAAGTTAAGAGACCCCGGGG

R GTGATGGTGATGTTTGTCCCCATCACTGGGTGCTTCTG

C6
F AGGAGATATACCATGGGCGTCCTTTTGAAATGGCTCG

R CAGAACTTCCAGTTTAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG

D6
F GCGTAGCTGAAACCGGCACCGACTATCTATTAAAGAAGTGTGCGCAATC

R GGTGGCTCCAGCTAGCAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG

E6
F GACGATGACGACAAGACCGACTATCTATTAAAGAAGTGTGCGCAATC

R GTGATGGTGATGTTTAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG

F6
F AGGAGATATACCATGGGCGTGAGCATGTTCTCATTATTTCTGC

R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG

G6
F GCGTAGCTGAAACCGGCCAAAGTCAACGGCATATAGTGGGTGTTCC

R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG

H6
F TGCCTGGTGTTCGCGCAAAGTCAACGGCATATAGTGGGTGTTCC

R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG

162



B
Ramachandran plots of all models

163



Appendix B

MolProbity Ramachandran analysis
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97 .3% (1812/1863)  of  a l l  res idues  were  in  favored  (98%) regions .
99 .9% (1862/1863)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  1  out l ie rs  (phi ,  ps i ) :
     C  576 VAL (63.8, 28.2)

I02_150516_71_D6_Glucal_ref ine1H.pdb,  model  1

Figure B.1: Ramachandran plots of the glucal soak MmGluIITrypsin model generated by
MolProbity.
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MolProbity Ramachandran analysis
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97 .5% (1814/1860)  of  a l l  res idues  were  in  favored  (98%) regions .
99 .9% (1859/1860)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  1  out l ie rs  (phi ,  ps i ) :
     C  318 TYR (-36.0, -30.0)

I02_150504_65-F5-1_2-Glc_ref ine1H.pdb,  model  1

Figure B.2: Ramachandran plots of the glucose soak MmGluIITrypsin model generated by
MolProbity.
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MolProbity Ramachandran analysis
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97 .5% (1813/1860)  of  a l l  res idues  were  in  favored  (98%) regions .
99 .9% (1858/1860)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  2  out l ie rs  (phi ,  ps i ) :
     B  107 ASN (96.4,  10.9)
     D  107 ASN (95.3,  11.1)

I02_150504_65-C5-2-Man-ref ine1H.pdb,  model  1

Figure B.3: Ramachandran plots of the mannose soak MmGluIITrypsin model generated by
MolProbity.
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97.3% (924/950)  of  a l l  res idues  were  in  favored  (98%) regions .
100 .0% (950/950)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  no  ou t l i e r s .

I04150726_71_B5_Cas t_ref ine1H.pdb,  model  1

Figure B.4: Ramachandran plots of the castanaospermine soak MmGluIITrypsin model gen-
erated by MolProbity.
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97.4% (925/950)  of  a l l  res idues  were  in  favored  (98%) regions .
100 .0% (950/950)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  no  ou t l i e r s .

I04150726_A1_DNJ_2_ref ine1H.pdb,  model  1

Figure B.5: Ramachandran plots of the DNJ soak MmGluIITrypsin model generated by Mol-
Probity.
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97.4% (925/950)  of  a l l  res idues  were  in  favored  (98%) regions .
100 .0% (950/950)  of  a l l  res idues  were  in  a l lowed (>99.8%) reg ions .

There  were  no  ou t l i e r s .

I04_20150726_78-B1-UV1_ref ine_cleanH.pdb,  model  1

Figure B.6: Ramachandran plots of the NB-DNJ soak MmGluIITrypsin model generated by
MolProbity.
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H.sapiens           1           G  RRR         G                                  .......MAR ER   AV....PAE VRTAERAARG..GPGR.....RDGRGGG...PRS

C.elegans           1           P  RRR                                            MHREHEEMHQ SR   PP.............REVER...PSATIRY....EPVAEPEPWC

A.thaliana          1           G  K           G                                  MTGASRRSAR RI SSSLSPG.SDE SAYP.........PSI.....RRGKGKELVSIGA

D.melanogaster      1                          G                                  .......MARNTGSSSGSTPAASSS SSAAAAAAAAAAAAAASNAKQKQRSPRFSLSSNL

M.musculus          1           G  RRR         G                                  .......MAR ER   AA....AAE ARPLERARA....AGR.....RDGRAGG...ARG

R.norvegicus        1           G  RRR         G                                  .......MAR ER   AA....AAE ARPLERARG....AGR.....RDGRAGG...ARG

O.aries             1           G  RR          G                                  .......MAR ER  PGA....PAG ARAAEG............................

C.familiaris        1           G  RRR         G                                  .......MAR ER   GA....PVD ARTAERAARG..GPAR.....RGGE......ARG

F.catus             1           G  RRR         G                                  .......MAR ER   GT....PAE ARIAERVVRG..GPAR.....RGGA......PRG

C.porcellus         1           G  RRR         G                                  .......MAR ER   AV....PGE ARTMERAPRG..GPAR.....RDGRGGA....RS

C.jacchus           1           G  RRR         G                                  .......MAR ER   AV....PAE VRTAERAARG..GPGR.....RDGRGGA...PRS

M.mulatta           1           G  RRR         G                                  .......MAR ER   AV....PAE VRTVERAARG..GPGR.....RDGRGGG...PRS

P.troglodytes       1           G  RRR         G                                  .......MAR ER   AV....PAE VRTAERAARG..GPGR.....RDGRGGG...PRS

X.laevis            1           G  RRR                                            .........M RE   HT....GTDQRPLPPP.RKA..PP....................

A.carolinensis      1              RRR         G                                  .........MARE   RA....ADA P.RA...QEK..GLLRSFAMKRTERPGA...TAA

D.rerio             1           G  RKR         G                                  .........M RR   VA....TGD VPSPRK.EEK..APAP.........P.....RKE

I.punctatus         1           G  RKR         G                                  .........M TL   NV....TAD EPHSQK.EEK..PPVR...............KEK

S.cerevisiae        1 ......................................................MLISKS

C.orthopsilosis     1              RR                                             MLCNSRVNVKNKF  ITK............................HVSKGKDTPPTPHK

S.pombe             1 ...............MVS............................DMLG..........

H.sapiens          40       VAL  VVL LA  M            L      RAVTLH AP VL    SSPAVT..AGG   AV   S  LG SGR.......WV AWYRAR      S  P  PADS     

C.elegans          41       LIL  LVM  A               L       L  V  LP I          SFCSWD   IL   LG GCFILL.H.....LY Y....PN EK AP  N .......DPE

A.thaliana         46       ILV  IIL II                      RVIT   AP VM     QG  FKTNLK   GL   G  VIYFVINRLVRHGLLFDESQKP    PFP  K  DLSMF  EH

D.melanogaster     54        MI  V       L            L                V       GL ILDKWKT  GC ......C AIA.SYFGYLGY ETRV...NTPFDHQKM ....VHA  E

M.musculus         38       AAL  VVL LA  L            L      RALTLH AP AL    SSPAVS..ASG   AV   A  FG SGR.......WV AWLRVR      P  S  PPDS     

R.norvegicus       38       AAL  VVL LA  L            L      RALTLH AP AL    SSPAVS..AGG   AV   A  FG SGR.......WV AWLGVR      P  S  PPDS     

O.aries            22                                 L      RAV LH AP AL    SSP V...............RDMGQSGG.......WL AWYRSR   M  S  P  PPDS   T 

C.familiaris       37       AAL  VVL LA  L            L      RAVTLH AP  L    SSPAVF..AWR   GV   S  LG SGC.......WL EWRRAR      S  PS PPDS     

F.catus            37       AAL  VVL LA  L            L      RAVTLH AP AL    SSPAVA..VGR   GV   S  LG SGF.......WL AWHRAR      S  S  PPDS     

C.porcellus        39       AAL  VVL LA  L            L      RAVTLH AP AL    SSPAVA..AGG   AV   S  LG SGR.......WA AWYRAW      S  P  PPDS     

C.jacchus          40       VAV  VVL LA  L            L      RAVTLH AP AL    SSPAVT..AGG   AI   S  LG FGR.......WV AWHRAR      S  P  PANS     

M.mulatta          40       VAL  VVL LA  M            L      RAVTLH AP VL    SSPAVT..AGG   AV   S  LG SGR.......WV AWHRAR      S  P  PADS     

P.troglodytes      40       VAL  VVL LA  M            L      RAVTLH AP VL    SSPAVT..AGG   AV   S  LG SGR.......WV AWYRAR      S  P  PADS     

X.laevis           25            LLL IV               I      RVVTLH  P IL    SSP L..PERDWTR.V   A  SCSIGL.SAFAYSGY KWSLAV      PS P  APNS   S 

A.carolinensis     39       L     VL LA  A            A      R VTLH AP LL    S P LSSSSWD GRICG  A  SG LGC.AAFAYGLY RWWLAA T    P  R  GPNA G G 

D.rerio            31       I    I I I   I            M      RVVTLH  P VL    SSPAVKKKKTD GKVF N S GLC FSL.IWFFYALY RSSLAR      PS R  DANS     

I.punctatus        30       I    I I I   I            M      RAVTLH  P VL    TT AVKKGKTD SKIF N S GLC FSL.VWFFYALY RSALAK      PS R  DANS  A  

S.cerevisiae        7        IL  IV                                 I  L      Q   KMFKTFW  TS  .......LLASATVD.................. SK QEFEEY KFT

C.orthopsilosis    33            L   IA  V                    L Q               IAMLLWRFWSPLI TSY  SF LAEQVKFD..IYGDAN..NN E DTNNNGTTLASKYAT  

S.pombe             8        IL  LL  LL  V                                      AA..GNKRW  FG  SF  NC LVS...........................CSVEDIEK  

H.sapiens          91      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GTTPGT.           G  P  

C.elegans          84      W  YR   Y G             G MW             RH     D            GT  P M F LRTRSP     L  M    Q       PHI   C Q   LP Y NAPYT      H          ..MSP F    YE PNTIQR.     W N D R  G Y

A.thaliana        106      W  YR   Y G             G MW             RH     D         LY GT  P V F VR RTP    LV  L  L           M   CEN   L  FGKES        H      A   ..LS  A     GVKDEM...YV   F   S D ST  

D.melanogaster    100      W  YR   Y G             G MW             RH     D       P  Y GS  P   F MKTR P  H LV  L   T          I   CEQG  L  YGQ DR       LT       D .. S  M    Y PSNLGPGGQG   W     K DS  

M.musculus         89      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA E        H          .. P          GATPGTP           G  P  

R.norvegicus       89      W  YR   Y G             G MW             RH     D       P  F GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA EF       H          .. P          GATPGTP           G  P  

O.aries            60      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP    LLT L  AQQ       PKL  TCEQG  VG YGA D        H          ..QP          GTTPGT.           G  P  

C.familiaris       88      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GATPGT.           G  P  

F.catus            88      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GATAGT.           G  P  

C.porcellus        90      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GATPGT.           G  P  

C.jacchus          91      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  VQQ       PKL  TCEQG  VG YGA G        H          .. P          GTTPGT.           G  P  

M.mulatta          91      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GTTPGT.           G  P  

P.troglodytes      91      W  YR   Y G             G MW             RH     D       P LF GT  P V F MKTRSP  K LLT L  AQQ       PKL  TCEQG  VG YGA D        H          .. P          GTTPGT.           G  P  

X.laevis           81      W  YR   Y G             G MW             RH     D       P MF GS  P V F MKTRSP  H VVT L  MSQ       P L  TCEQG  L  YGS N        Q          .. S          A..G..A S         G AR  

A.carolinensis     98      W  YR   Y G             G MW             RH     D       P LF GS  P V F MKTRSP  R LVT L  M Q        RL  TCEQ   LP YGS D        Q          .. S        H LE.G..DI        S G  R  

D.rerio            90      W  YR   Y G             G MW             RH     D       P  Y GS  P V F MKTRSP  R VVT L  M Q       G L  TCEQG  L  YGS ER       Q          .. S        H FAEM..D N         H LG  

I.punctatus        89      W  YR   Y G             G MW             RH     D       P  F GS  P V F MKTRSP  R VVT L  M Q         L  TCEQG  L  YGS ER       Q          .. S        R FSAM..GVN         R RS  

S.cerevisiae       42      W  YR   Y G             G MW             RH     D         L          F MR R      LI  I   NS         L         L  YGNES L AP  SNC     P YVHESP  M    F  LSQDGL.HS   FATPQ K QK  

C.orthopsilosis    89      W  YR   Y G             G MW             RH     D         L  G     L F VR R P  K LLS L            GKI    EQ   MG   DNS L  P  SA      P I .. S       FPITDYQSI.     FY  F R  KAN

S.pombe            39      W  YR   Y G             G MW             RH     D            G   P L   IR K P    LMT L   N         KM  S E G  IG FGNDSFL  P   N  V   P I ..DS       S VDDYARF.S     A H  D  A  

H.sapiens         148 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALR..        P . .Q           E QD GTSALP  

C.elegans         141 W        G                       G                              DG  F KQ I E      IQTDWI            F  RV L              YEA  RH    N S AHKG.V      NDAN. ...... AA  K NM.....APGRRY

A.thaliana        161 W        G                       G                             H G  Y RQ L E      I T FVK  G     GGDW  RI V            A RE N RD    E V NDMV.. E S   SK D LGY    AV  D KNKGLNDDVKRS 

D.melanogaster    158 W        G                       G                             HDG SF  Q I D      L T FVK        GGDWT RISV            I TH   R   V E Q LPFE.. K S   YPE. KQY     A    RNTTRA..WDKS 

M.musculus        147 W        G                       G                             HDG TF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   R     H H GALR..        P . .Q           E QA GTPSFP  

R.norvegicus      147 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Y GALR..        S . .H           E QA GTPSFP  

O.aries           117 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   V     H Q GALR..        P . .Q           E QA GTSALP  

C.familiaris      145 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALK..        P . .Q           E QA GTSALP  

F.catus           145 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALR..        P . .Q           E QA DTSALP  

C.porcellus       147 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGEWSWRVTV    S      LV EF   L     H Q GALW..        P . .Q           ASQA STSALP  

C.jacchus         148 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALW..        P . .Q           E QA NTSALP  

M.mulatta         148 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALK..        P . .Q           E QA GTSAIP  

P.troglodytes     148 W        G                       G                             HDG SF RQ I D      LTTEFVKR G    HGGDWSWRVTV P  S      LV EF   L     H Q GALR..        P . .Q           E QA GTSALP  

X.laevis          135 W        G                       G                             HDG NF  Q I D      LSTEFVKR G    HGGDWSWRI A P  S      LV LM   E   I E Q GGFT..        P . .D         R S EA S.SSGQ  

A.carolinensis    153 W        G                       G                             HDG  F  Q L D      LQTEFVKR G    HGGDWSWRVTA P  S       V LL   VH  V E R VGLS..        P . .R           R ER G.PQAPF 

D.rerio           146 W        G                       G                             HDG SF  Q I D      LTTEFVKR G    HGGDWTWRITA    T      VV LM   V   V E H RDFT..        M . .D           KQHG A.LSTP  

I.punctatus       145 W        G                       G                             HDG NF  Q I D      LTT FVKR G    HGGDW WRI      T      VV LF   I   I Q Q TDFS..   T    M . .E     A   IGKKHS S.PHAP  

S.cerevisiae      101 W        G                       G                              DP    K    D      LT  FVK           WS RVQ  P         A  EVY  RIG  EVFI EKNNLN  VY   SKN. ....EN  V   GE LDPKR.PST S

C.orthopsilosis   146 W        G                       G                              DP    RQ I D      I  DFIK           W  KV A P         I  ISY  RVG   M Q DESHFD II    SEE. ....LS AV  K I HKGYE.DSI S

S.pombe            96 W        G                       G                              D      Q I D      L TDFVK           W  RV   P            KHY VRRG Q V D FLMGIK E     LPE. .....N AL  HGI LPGAP.TDLTT

Figure C.1: Multiple sequence alignment of MOGS genes. Appendix C
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H.sapiens         204                                               G     G       SL FYVVTDG     L                   V  K  L  IS  T EL DFR TL   F       K..EV L....P............E GA GQ KF   H S      F  L

C.elegans         188                                               G     G       NV  YL                                K         N  L  F  SL   IL  SAQEI..GT......R............FRLG HLSDVFH Y EL  K TM  R

A.thaliana        219                                               G     G        L FYLA EG     L                   L        VS    DV DW   L H F    D  G..NV NLGQ.D............G DFQGSSLL   SRE     QIH K

D.melanogaster    213                                               G     G       SL WYVA D      I                      K     V      L EF       I    L ERTNGH K....Y............VSDD SPEPG Y EAQG    QVRFH

M.musculus        203                                               G     G       SL FYVVTDG     L                   I  K  L  IS  T EL DFR TL   F       Q..EV L....P............E GA GQ KS   H S      L  L

R.norvegicus      203                                               G     G       SL FYVVTDG     L                   V  K  L  IS  T EL DFR TL   F       Q..EV L....P............E GA GQ KF   H S      L  L

O.aries           173                                               G     G       SL FYVVTD      L                   V  K  L  IS  T EL DFR TL   F      SK..EV V....P............E GA GQ KF   H S      F  L

C.familiaris      201                                               G     G       SL FYVVTDG     L                   V  K  L  IS  S EL DFR TL   F       K..EV V....P............E GA GQ KF   H S      F  M

F.catus           201                                               G     G       SL FYVVTDG     L                   V  K  L  IS  S EL DFR TL   F       K..EV V....P............E GA GQ KF   H S      F  M

C.porcellus       203                                               G     G       SL FYVVTDG     L                   V     L  IS  T EL DFR TL   F       Q..EV I....P............E GAQGQ KF   H S      F  L

C.jacchus         204                                               G     G       SL FYVVTDG     L                   V  K  L  IS  T EL DFR TL   F       K..EV L....P............E EA GQ KF   H S      F  M

M.mulatta         204                                               G     G       SL FYVVTD      L                   V  K  L  IS  T EL DFR TL   F      SN..EV I....P............E GS GQ KF   H S      F  L

P.troglodytes     204                                               G     G       SL FYVVTDG     L                   V  K  L  IS  T EL DFR TL   F       K..EV L....P............E GA GQ KF   H S      F  L

X.laevis          190                                               G     G       SL FYVATDG     L                   V  K  V  VT  S EL  F       M       Q..GT T....P............H EG RH TH   M E   Q TLRFP

A.carolinensis    208                                               G     G       SL FYVATDG     L                   V  K  M  LT  T EL  F  T    L       Q..GA Q....P............Q KE SR AS   V E   H TI FQ

D.rerio           201                                               G     G       SL FYA TDG     L                   V  K  V  VT  S EL  FK T    M   S   Q..GS Q....A............H EE NR SS   T E   N  I FG

I.punctatus       200                                               G     G       SL FYVA D      L                   I  R  L  VT  S EL DFK T    M    A TQ..GS Q....A............H EN TR SH   T D      I FG

S.cerevisiae      155                                               G     G        V YF  N G                                      S EL EYH TV V L  SQ G EIDGKSSLAM............IG..HDGPNDMKFF Y K      L  K

C.orthopsilosis   200                                               G     G          WY   EG                                      S EL  F   I F.V  SGL  EKNDVDEITGQKERSGYLRLDNSAKEGGYEGTLTFG I E   A SLE N

S.pombe           149                                               G     G       SL FYA  EG                                  M   T DL  FR Q    F   YV  EGKVGTKVNH...................ANHVY E K P   K  I TF

H.sapiens         246  PT P    PK  SYN   T               PGL  LTEMVKS LN  F       P  S GDTA  YG   VFW .............SN   PL       R  SW QHRP...

C.elegans         228                                     PI    D V    Q          LKDNTKLQT...SHSVMLTD.............EKI  DRYH F VDNT AYN.......

A.thaliana        264   N                                P I  LSDLV Q L           SQ QLE........THYSGF.............KT H YN     Q N ALQA.......

D.melanogaster    257           K    S   T               P L  L D L S             AVKG...... ILHK YLS .............VA S AK K T F HFRAF........

M.musculus        245  PT P    PK  SYN   S               PGL  LTDMVKS LN  F       P  S GDTV  HG   VFW .............SN   PQ       R  SW QHRP...

R.norvegicus      245  PT P    PK  SYN   S               PGL  LTDMVKS LN  F       P  T GDTV  HG   VFW .............SN   PL       H  SW HHRP...

O.aries           215  PT P    PK  SYN   S               PGL  LTEMVKS LN  F       A  S GDTT  YG   VFW .............SN   PL       R  NW QHRP...

C.familiaris      243  PT P    PK  SYN   S               PGL  LTEMVKS LN  F       A  N GDLA  YS   VFW .............SN   PL       R  SW QHRP...

F.catus           243  PT P    PK  SYN   S               PGL  LTEMVKS L   F       P  H GDTA  YS   VFW .............SN   PL       R RSW QHRP...

C.porcellus       245  PT P    PK  SYN   S               PGL  LTEMVKS LN  F       P  S GNTA  YG   LLW .............SN   PL       R  SW QHRP...

C.jacchus         246  PT P    PK  SYN   T               PGL  LTEMVKN LN  F       P  S GDTT  YG   VFW .............SN   PL       S  SW QHRS...

M.mulatta         246  PT P    PK  SYN   T               PGL  LTEMVKS LN  F       P  S GDTA  YG   VFW .............SN   PL       R  SW QHRP...

P.troglodytes     246  PT P    PK  SYN   T               PGL  LTEMVKS LN  F       P  S GDTA  YG   VFW .............SN   PL       R  SW QHRP...

X.laevis          232     G        SYN   T               PGL  VTDVVRT L   F       KAEG G....SHI   YLS .............SC   HT       S RDH THPTESG

A.carolinensis    250  PT      P   SYN                    GL  LSDVVK  L   F       P  SETG.T LYA   YLDA.............KAE  HR      AS APR SFAP...

D.rerio           243  PT G     K   YN   T               PGL  LTDIVKN LN  F       K  A EGASA YAR  FLQ .............RS   DK       S  HK IFSP...

I.punctatus       242  PT G     K  SYN   T               PGL  LTDIVKN LS  F       K  E EASPD YA   YLQ .............LS   DQ       S  RR VFSP...

S.cerevisiae      201          P   T                       V  A DV  S VS          DNFGHYFKN EYE MEVAPGSDCSKTSHLSLQIPDKE WK R  FQ L  DSIRDIL...

C.orthopsilosis   259  G  G    PK  S T                   G V  A DI  T LQ          D PK .NKH  GK G GK.ELDPSLTHHLSLTVPD N WQ R  FV I  ESIKQIA...

S.pombe           190          P         S                GA   SELI   L           NR..L.GEH VSPASVDLE MVMDKDFFAGFNVKKE  WRT    LYL DTKMKVIS...

H.sapiens         290                                      Q                             RY GL   L        S Q    GQFLI      VTL IP SIE VFESGS .PGAPPE  L  PGS KWEDRG.P G G..Q     Q ....   K  I   F      A

C.elegans         265                                      Q                              Y                      G FIA      LNL      D I  T   .APNQPLN ...........IL.NEKHNDEE K   V ....   GSQAEF I LQ E..

A.thaliana        296                                      Q                             R  G             S T     N  I      IS  LPFTID  F SG  ....... KF R........LQ.L D SEDSS IY F ....  GR      IP I  IK

D.melanogaster    290                                      Q                             RF GL   I          S    PNFIA      ITA V FTLD  Y S S .ADKRGN  I  PGE VSQNGL.P.. SNPE     I ....   E D    IT Q T G

M.musculus        289                                      Q                             RY GL   L        S Q    GQFLI      VTL APFSVE VFESGS .PGASPD  L  PGS KWEERG.P G ....     Q ....   K      F      A

R.norvegicus      289                                      Q                             RY GL   L        S Q    GQFLV      VTL APFSVE VFESGS .PGASPE  L  PGS KWEERG.P G ....     Q ....   K      F      A

O.aries           259                                      Q                             RY GL   L        S Q    GQFLI      VTL VPFSVE VFESGS .PGASPE  L  PGS KWDDRG.P G GQGQ     Q ....   K      L      A

C.familiaris      287                                      Q                             RY GL   L        S Q    GQFLI      VTL  PFSVE VFESGS .PGASPE  L  PGS KWEDKG.P G GQGQ     Q ....   KT     L      A

F.catus           287                                      Q                             RY GL   L        S Q    GQFLI      VTL VPFSVE VFESGS .PGASPE  L  PGS KWEDRG.P G GQGQ     Q ....   K      L      A

C.porcellus       289                                      Q                             RY GL   L        S Q    GQ LI      VTL VPFSVE VFESGS .PGASSD  L  PGS KWEDRG.P G ....  L  Q ....   K      F      A

C.jacchus         290                                      Q                             RY GL   L        S Q    GQFLI      VTL VPFSIE VFESGS .PGASPE  L  PGS KWEDRG.P G G..Q     Q ....   K      F      A

M.mulatta         290                                      Q                             RY GL   L        S Q    GQFLI      VTL VPFSIE VFESGS .PGASPE  L  PGS KWEDRG.P G G..Q     Q ....   K      F      A

P.troglodytes     290                                      Q                             RY GL   L        S Q    GQFLI      VTL IP SIE VFESGS .PGASPE  L  PGS KWEDRG.P G G..Q     Q ....   K  I   F      A

X.laevis          275                                      Q                             RY GL            T T     Q VV      LTL LP QVE VFESGS GTRGNKR  F  DTYQPPPLPP.G P RAPHT L  H ....   Q  L   V      F

A.carolinensis    293                                      Q                             RY GV                    Q LI      VTV LP  LE VFESGS .PGAPKR  F  DTYRIAPGG......VQPRS L  H ....   S  CR  V      F

D.rerio           287                                      Q                              Y  V            Q        FVV      VTV  PFQIE LFESGS .PKGEKRS FA DSYKVTNHQN.Q NDPKMESD   H ....   QT     V      F

I.punctatus       286                                      Q                              Y  V            Q        FVV      VTV VPFQIE LFESGS .SSAKKSL IA DTYRPPLQ...A KDNRIQSD   H ....   Q      V      F

S.cerevisiae      258                                      Q                                     L        N      GNF        LT   GFQ D  Y     ....EKEETKQRPAD IPSVLTIR LYNFNP   HYI KTFD  KKD   F IT NKLGT

C.orthopsilosis   314                                      Q                                     L               GN                  D IY N   ....DTNN.GQ.VGN PPENLFVVRDLYQFE  LHFV KVYQ....GACEF V  T AFT

S.pombe           244                                      Q                              Y      L          N                     F  D VF   S ....DKEG ES.LKD PPAYSTLTLP LPSEEGLQFI KVFK....GE MF I  NYA S

H.sapiens         342                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        AALQAG..GNQALPR A SL  Q   S  EG RE   K  Q KE  ....L SGEQVLGQ   

C.elegans         306                                     F                                   M P   T IL  R   F  KYE    L  K      T        V L........KLKG K EEF N  RI SYN NK   NV Q AG N....Y KTQLKMAK S 

A.thaliana        336                                     F                                   L G  LS LL  K   F  KF     L  K                AIGESSNVEKRLTS T LP  D  KK HQE DA  NEC K SE H.....DSETLGVGRT  

D.melanogaster    342                                     F                                     G   Q  L  KI  F  RFE    L  KG     S         ALFSL..GESIPKPPT RAY DS QA  AQ EQ   DR Q KQ  ....H PEEVRFARN  

M.musculus        339                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        VALATG..GNQASGR V SQ  Q   S  AA KE   K  Q KE  ....L PEEQALGQ   

R.norvegicus      339                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        VALRTG..RDQASEQ V GQ  R   S  AA KE   R  Q KE  ....L PEEQALGQ   

O.aries           313                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S         ALRTG..GSQALEQ A SL  H   S  EA RE   K  R KE  ....L PEEQALGQG  

C.familiaris      341                                     F                                   L G  LT ALE HA  F  HFE T  L  KG     S        VALRAG..RSQALEQ S SL  Q   S  EA RE   K  Q KE  ....L LEEQALGQ   

F.catus           341                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        AALRAG..ERQALEQ A SL  Q   S  EA RE   K  Q KK  ....L SEEQVLGQ   

C.porcellus       339                                     F                                   L G  LT ALE H   F  RFE T  L  KG     S        VALQAE..GNQALGQ A SL  Q   S TAA RE   K  Q KK  ....L PGEQALGQ   

C.jacchus         342                                     F                                   L G  LT  LE HA  F  RFE T  L  KG     S        VALQAG..GNQALPR A SL  QT  S  EA RE   K  H KE  ....L PGEQALGQ   

M.mulatta         342                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        AALKAG..GNQVLPR A SL  H   S  EA RE   K  Q KE  ....L PGEQALGQ   

P.troglodytes     342                                     F                                   L G  LT ALE HA  F  RFE T  L  KG     S        AALQAG..GNQALPR A SL  Q   S  EA RE   K  Q KE  ....L SGEQVLGQ   

X.laevis          330                                     F                                   L G  LS  LE H      RF     L  KG              AALQQ......RLGQ S LS  KE  R KSNMEN  KGI R EE  ....FIPDQVAFAQ   

A.carolinensis    342                                     F                                   L G  LT ALD HA  F  RFE T  L  KG     S        AALSE......RTER A EA  G   R  AA ER   E  G AA  ....Y LQEQRFAR   

D.rerio           341                                     F                                   L G  LT  LE R   F  KFE T  L  KG     T        AALRE......RPNQ V SV  DE  K KVA DE   A  G QA  ....F SSHIKFAK   

I.punctatus       338                                     F                                   L G  LT  L      Y  KFE T  L  K      T        AALHD......RPNQ K SV  EE TRLKLS NE   K  G QN E....F PAQVRFGN   

S.cerevisiae      314                                     F                                        VT LI   L     RFD Q      P                LT.......QSIST.REQ  E  TWS NEINA   K  SFGEG DSIESVEVKRRFALET 

C.orthopsilosis   364                                     F                                   L    IQ  ID  L      F     I                   MLP.......KSNQ NFGN  HR  EV HKLDND ASH Q QPP...FNTKP.YYEFAKE  

S.pombe           295                                     F                                   I    IS AID  L  F  KF  T  L                   A K.......K... SEEM  Q   KN QE EE  QA  P KAP...YDTEKAHQIFAHT F
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H.sapiens         396     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    G           G  LPDIGVEG EQKVD  ...............   PV        

C.elegans         354     G      G                                         L   VPSS ML  VGYWY    V                                YG    FSA    N   S      HNR LFN.........GIVQ...............P  PHV       

A.thaliana        391     G      G                                         L   VPS  ML GIGYFY Q  I               L               LY     YTA   AN           SK YVPKSTQ.PGSRDNF ...............  WPAE       

D.melanogaster    396     G      G                                         L   VPSS LL GIGYFY S  V        S     PV                Y   P YTA    N           SR Q....... VYTKN  ...............P WKA        

M.musculus        393     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FS     G           G  LPDTSMEG EQKMD  ...............   PV    G   

R.norvegicus      393     G      G                                         L   VPSS LL GIGYFY Q LV        S     P                LFP  P FS     G           G  LPDTGMEG EQKMD S...............   PV    G   

O.aries           367     G      G                                         L   VPSS LL GIGYFY Q LV        S     PV               LFP  P FTA    G           S  LPDVEVEG EQKVD  ...............   SV        

C.familiaris      395     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    G           G  LADMGVEG EQKVD  ...............   PV        

F.catus           395     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    G           G  LADMGVEG EQKVD  ...............   PV        

C.porcellus       393     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FS     D           G  LPDMGAEG EQKVD  ...............   PV    G   

C.jacchus         396     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    G           G  LPDMGVEE EQKVD  ...............   PV        

M.mulatta         396     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    S           G  LPDMGVEG EQKVD  ...............   PL        

P.troglodytes     396     G      G                                         L   VPSS LL GIGYFY Q LV        S     PA               LFP  P FTA    G           G  LPDMGVEG EQKVD  ...............   PV        

X.laevis          380     G      G                                         L   VPSS ML GMGYFY S LV        S     PV               LYP  P YTA    N           S  Q....... PHNPE  ...............   AA        

A.carolinensis    392     G      G                                         L   VPSS ML GMGYFF   LV        S     P                LYP  P FTA    N          RS  Q....... PHAEQ Q...............   EG        

D.rerio           391     G      G                                         L   VPSS ML GMGYFF   VV        S     PV               LYP  P FTA    N          PS  Q....... VYNEH  ...............   EG        

I.punctatus       388     G      G                                         L   VPSS ML GMGYFF Q VV        S     PI                YP    FTA    N           S  R....... PYSEH  ...............F  EGA       

S.cerevisiae      366     G      G                                         L   VPSS LL GIGYFY N LI        S      L                 G    FT     N           Q  DRETEFDE QFTEIK ...........LNAKEE PFE   S   

C.orthopsilosis   413     G      G                                         L   VPSS LL GI Y Y   LV                                 G    FTL    G     T M  DH  DRETILDE.DTFESYQLKGS...........FE PFE       

S.pombe           342     G      G                                         L   VPSS L   VGFF    IV                                      FTI    N F N    T DS  SKNPIELDDEDYEFMQGFESAAGKLAEGTAFHDIERS       

H.sapiens         441 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PS  R   G   G   .                A   

C.elegans         390 R  FPRGF WDEGFH                  W        GW  RE     EA   VP  F     L      QMLI K D  MT EAI   M AM      IP   IVG     K   P                 R M SK  L   AS  N  D.TS      M   S  EA   

A.thaliana        435 R  FPRGF WDEGFH                  W        GW  RE     EA   VP  F     L      QLLI RWD  IT DIV H L LLN ID  IP  QILG     K   P                 W   IR  L   G   D   .            A  LS   

D.melanogaster    434 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L       LLI  WD  I  DII H   LLN VE  IP  QILG     K                 G   SA  ID EL   C  FD   .            V  LA   

M.musculus        438 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PH  R   G   G   .                A   

R.norvegicus      438 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PH  R   G   G   .                A   

O.aries           412 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVI RWD  LT EAI H L LLN AD  IG  QVLGD  R R                     Q   PQ  R   G   G   .                A   

C.familiaris      440 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EVL H L LLN AD  IG  QVLGD  R R                     Q   PR  R   G   G   .                A   

F.catus           440 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QVLGD  R R                     Q   PR  R   G   G   .                A   

C.porcellus       438 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWE  LT EAL H L LLN AD  IG  QVLGD  R R                     Q   PR  R   G   G   .                A   

C.jacchus         441 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PY  R   G   G   .                A   

M.mulatta         441 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PS  R   G   G   .                A   

P.troglodytes     441 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLVV RWD  LT EAL H L LLN AD  IG  QILGD  R R                     Q   PS  R   G   G   .                A   

X.laevis          418 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L       LLI RW   L    L H L LMN AD  IP  QILG   R K                 L   A  SPA AWQS V   D   .            S   S   

A.carolinensis    430 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLLV RWD  LS EVL H L LMN AE  IP  QILGD  R K                     A   PA  R   A   D   .                T   

D.rerio           429 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLLL KWD  LT EV  H L LIN IE  IP  QIL D  R K                     S   TQ  Q  FA   D   .           D    S   

I.punctatus       426 R  FPRGF WDEGFH                  W        GW  RE     EA   VP SF     L      QLLI KWD  VT EAL H L LIN VE  IP  QILGD    K                     R   PQ  R   A   D   .               LS   

S.cerevisiae      415 R  FPRGF WDEGFH                  W        GW  RE     EA   VP  F             L I  YD  L  EIL     MI      I    ILG   R K   G      Y      L Q ME  FD AF   AS FE  EDDS   A  I   N   S   

C.orthopsilosis   461 R  FPRGF WDEGFH                  W        GW  RE     EA   VP  F             L L  YD  L  DIV     LI      I   QILG   R R   P      Y      L P LD  SD VL   KS FN  D.DN   A      T   S   

S.pombe           402 R  FPRGF WDEGFH                  W        GW  RE     EA   VP                L V  WD   S EIL     LVN  D  VG  QILGE  R K   PH     Y      L P GL  NDF L   KS FS   .E               S   

H.sapiens         500  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AVH      L P AH   VGD................................

C.elegans         449  EF  Q     NPPT                                                I  K   A    L   M  LV                                    A   P  NDV      FYV DK  NDEKTV..............................

A.thaliana        494  EF  Q     NPPT                                                VV          L L I  LID                                   E     YPSNG     F V RD   AIRME..............................

D.melanogaster    493  EF  Q     NPPT                                                V  R   A      L L  LL                                    E   T  NSN     FF T KK  TSHRAE..............................

M.musculus        497  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AAH      L P VH   GHD................................

R.norvegicus      497  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AAH      L P IH   GRA................................

O.aries           471  EF  Q     NPPT                                                LV R   A    L L V  MLD                                   S      TAH      L P AH   GGD................................

C.familiaris      499  EF  Q     NPPT                                                LV K   A    L L V  MLE                                   P      AAH      L P AH   VGD................................

F.catus           499  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AAH      L P AH   GGD................................

C.porcellus       497  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AAH      L P AH   DDD................................

C.jacchus         500  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      TVH      L P AH   GGD................................

M.mulatta         500  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AVH      L P AH   VGD................................

P.troglodytes     500  EF  Q     NPPT                                                LV R   A    L L V  MLE                                   P      AVH      L P AH   VGD................................

X.laevis          477  EF  Q     NPPT                                                VI K   A    L L L  LL                                    D      SEN      F A RQ  ANKETV..............................

A.carolinensis    489  EF  Q     NPPT                                                LV H        L L L  LL                                    S      SSAG     F T RQ  AQGQ................................

D.rerio           488  EF  Q     NPPT                                                IV H   A    L L L  LLE                                   S      NEN      F A QE   QLDAE..............................

I.punctatus       485  EF  Q     NPPT                                                VV H   A      L L   LE                                   S      TEN     FF V EEF  HLEAH..............................

S.cerevisiae      475  EF  Q     NPPT                                                 V     A    L L    ML                                    Q  Q  NPNI      L AFSE  SRAIENIGDFNSDSYHQVMFN.......SRTAKFMT

C.orthopsilosis   520  EF  Q     NPPT                                                 V     V    L L L  LLD                                   K  Q  SPHI      T V SK   FASS..GKMNIDSFGDIDQPVDIDSEHGLDGVILG

S.pombe           461  EF  Q     NPPT                                                       A    L L L   IE                                   D  QT YPDI      I A KGY  RLQEQQGKLNNRFSG.EGEDYSLD.....DLEYLR

H.sapiens         528                                Q G                         W          L FLRKA PRL  WF W   S   PLP                   SYR .......PDD A     L   HA  S LHQ  A    L..................    

C.elegans         479                                Q G                         W          A  LK LYPRL  WF W   T   P                     TYR .......GRY GI  L     EK  H IRI  S  TRT..................    

A.thaliana        524                                Q G                         W          L FL RA  RL  WF W   S                         SY  KFVASEKDEV S  E  SV  DA  Q FNT  K KEIG..................  F 

D.melanogaster    523                                Q G                         W          L  L RLYPRV  WF W   T    V                    TY  L.SQ...NGR AT E      QA  N FNT  R E LG..................  L 

M.musculus        525                                Q G                         W          L FLRKAFPRL  WF W   S   PVP                   SYR .......PDD A         HA  S LHQ  A    L..................    

R.norvegicus      525                                Q G                         W          L FLRRAFPRL  WF W   S   PVP                   SYR .......PED A         HA  S LHQ  A    L..................    

O.aries           499                                Q G                         W          L FLRRAFPRL  WF W   S   PVP                   SYR .......PAD A         RA  S LHH  A    L..................    

C.familiaris      527                                Q G                         W            FLRRAFPRL  WF W   S   PVP                   SYR .......PADFA         CA  S LHK  A    L..................    

F.catus           527                                Q G                         W            FLRRAFPRL  WF W   S   PVP                   SYR .......PADFA         HA  S LYK  A    L..................    

C.porcellus       525                                Q G                         W          L FLRRAFPRL  WF W   S   PVP                   SYR .......PAN D         HA  S LHQ  A    L..................    

C.jacchus         528                                Q G                         W          L FL KAFPRL  WF W   S   PVP                   SYR .......PDD A  Q      HA  S LHQ  A    L..................    

M.mulatta         528                                Q G                         W          L FLRKAFPRL  WF W   S   PVP                   SYR .......PDD A         HA  S LHQ  A    L..................    

P.troglodytes     528                                Q G                         W          L FLRKA PRL  WF W   S   PLP                   SYR .......PDD A     L   HA  S LHQ  A    L..................    

X.laevis          507                                Q G                         W          V  LRRAWPRL  WY W   T    LP                   TYR .......GDA HL        QS  D YNV  A L  H..................    

A.carolinensis    517                                Q G                         W            FLR IFPRL  WY W   T   PLP                   TFR ........ADGN   S     QS  D YNQ  T    Y..................    

D.rerio           518                                Q G                         W          L FLRKLYPRL  WF W   T   PVP                   SYR L.VS..SQTM P         QV  E FNT  V    N..................    

I.punctatus       515                                Q G                         W          L FL RLYPRL  WF W   T   PLP                   SYR P.DAPQFRNS P  Q      QT  E YNT  A    S..................    

S.cerevisiae      528                                Q G                         W            YAKKIYPKL   Y W   S    I                     YR NNLEANPGLLTE         LKH N FRK  T L DEYEEILEDEGIWDKIHKNEV   

C.orthopsilosis   578                                Q G                         W          V Y K VYPKL   F     T    IP                    YR KFILNNPEVL N T D     KSH EMFQR  Q F  NGEEEEGS....GSIKNSRV   

S.pombe           515                                Q G                         W          V FLR LFP L   Y W   T                          YR SVSISNPEKS Q   D   L LRH E FRE  K DFETWER........ECFSQVEG   
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H.sapiens         563  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             VT            GA   TR  EH   AE

C.elegans         514  G             L SG DD PR   P       D   W                   R R       LNPKT    L  F  ASH S  E HL LRC LAL  RVL  LA   G      NETIKTE      S             DL Y          AS   NR  KSY TDA

A.thaliana        566  G             L SG DD PR   P       D   W                   H RD      LNPKT    L  Y  ASH S  ERHV LRC M L    M  I   LG       NTTTQE      S             ED          Y AADC HS TEL  KED

D.melanogaster    561  G             L SG DD PR   P       D   W                   R R       LNPKS    L  Y  ASH T  ERHL LRC IAL   VM  L   LG      NATTTRE      S             DK            AAG  AE STL  KDD

M.musculus        560  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      LALPTL      P             TA            GA   SQ  EQ   TE

R.norvegicus      560  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC V L  RVL  LA  LGE      LALPTL      P             AA          T GA   SQ  EE   TE

O.aries           534  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             AS            GS   MR  EQ   AE

C.familiaris      562  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC MAL  RVL  LA  LGE      PVLPTL      P             VS            GA   LR  EQ   AE

F.catus           562  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             AS            GA   VR  EQ   AE

C.porcellus       560  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      TALPTL      P             TT            GA   FR  QQ   AE

C.jacchus         563  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             VA            GA   MR  EY   AE

M.mulatta         563  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             VT            GA   TQ  EY   AE

P.troglodytes     563  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC VAL  RVL  LA  LGE      PALPTL      P             VT            GA   TR  EH   AE

X.laevis          542  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHV LRC MAL   VM  I   LGE      KDTLRF      T             ED            ASQ  AD SQL   DG

A.carolinensis    551  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHL LRC MAV   VM  VA  I        QDTRLF      T             PD            VSA  AD  AR EAPA

D.rerio           557  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHV L C M L   VM  VA  LGE      KDTNLF      T             AD      Y   T ASG  AN  RI   PH

I.punctatus       556  G             L SG DD PR   P       D   W                   R RD      LNPKT    L  Y  ASH S  ERHV L C MVL  R M  MA  LGE      KDTNLF      T             ED      Y     AS T TS  RL   PH

S.cerevisiae      588  G             L SG DD PR   P       D   W                     R          H     M  Y  AQ     E  V A   V V  R M  IA  L    V  TFT....... C P          P DVA LN   LA  G MT S KQ  HV KLT.

C.orthopsilosis   634  G             L SG DD PR   P       D   W                   R            H     I  Y   S     D  V L   I V  R L  MA  L      STLT....... C A        S P DIA LN   IS  G MS S RL  EI EKDD

S.pombe           567  G             L SG DD PR   P       D   W                   R R          H     L  Y  AQ  S  E HV L   M    R L  VA  LGE     TYQ....... C A          P  TA L    LS  TSFT S HF  EF   T.

H.sapiens         623                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               VA..AELGP  AS. EAAES DE   AP  G  A      KA Q KP.............

C.elegans         574                         H         D                                  AM   L     L    W  EA  F  YG HS  V L               DYQ..RTAK  EE. NNFDS VKD  SE  QG F   K  FD A SPVPTPGSPRQFE..

A.thaliana        626                         H         D                                   V   L     L  M Y  D  AY  FGNHT  V L               KLSKENYNST KL. SNFNL NQ   DS YG  F      EK K IWKEVIQENGQLSRQ

D.melanogaster    621                         H         D                                   A   L     L  L        Y  WG HT  V L               A....KYYET SY. TDNVR NR  LAPYSEQ A   L  DQ K KRPPSMAPQQQQRHH

M.musculus        620                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. EEPGS DE   AP  G  A      KA Q KS.............

R.norvegicus      620                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. EAAGS DE   AP  G  A      KA Q KS.............

O.aries           594                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. E.EES DE   AP  G  A      KA Q KP.............

C.familiaris      622                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. EAEEN DE   AP  G  A      KA Q KP.............

F.catus           622                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. EAEES DE   AP  G  A      KA Q KP.............

C.porcellus       620                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               AA..AELGP  AS. EAEEG DE   SP  G  A      KA Q KP.............

C.jacchus         623                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               VA..AELGP  AS. EAAES DE   AQ  G  A      KA Q KP.............

M.mulatta         623                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               VA..AELGP  AS. EAAES DE   AP  G  A      KA Q KP.............

P.troglodytes     623                         H         D                                  LA   L     L  L W  EL VF  FGNHT  V L               VA..AELGP  AS. EAAES DE   AP  G  A      KA Q KP.............

X.laevis          602                         H         D                                       L     L    W   L AY  YGNHT    L               G....HYLHDNRI. TDNAL HQQ  SER G  A      HNTA EWVRPRAAPGQDPRS

A.carolinensis    611                         H         D                                  MA   L     L    W   L  F  YGNHT  V L               E....EYRR  ET. ADNQL DQH  AEA GT A      SA A ERERLRPPP..PGQP

D.rerio           617                         H         D                                       L     L  L W   L AF  YGNHT  V L               Q....LYENTHRS. SNNDL NE   SEN H  S      QA S QQEKVFVPPGQPRHQ

I.punctatus       616                         H         D                                       L     L  L W   L AF  YGNHT  V L               Q....EYERTYQT. SNNSL SE   SEQ H  C      QA S QQEKVVVPPGQMRHK

S.cerevisiae      640                         H         D                                   A         L  L W      Y                           QD....EQRY QIEQEVVEN DL   SENDNC C ISIDPEDDE................

C.orthopsilosis   687                         H         D                                  L          I  I W  E  VY                           AE....IEQ KQFEQDIIDN QS   SA SE  C VTLNEDDEL................

S.pombe           619                         H         D                                  LA         L    W  EV AY                           EE....AEK  GYENAMLRN EDN  DE  Q  C SSVDEYDDP................

H.sapiens         667                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDIL D  HR ...PQG     G PQ Q    D.         L  R  D T .S  GP     A SR 

C.elegans         629                       V    GY    P                                    RV     P  T    A    NLF  ML LI   S   L  MLD I D   ........YQ  T.SRA SY L SD F  N    M  K  PSK .PI KS   K R PKI

A.thaliana        685                       V    GY    P                                   VR      P L      L  VS F  M  II P S   L   LDLI     L........  KT.FGK K KL P.H     F  F SR  P D .PI EKQ    SNRSI

D.melanogaster    676                       V    GY    P                                  M RV     P  QF   A   VSLF  LL  L   S   L  LL  L D   HQHYQLPE Q  T.GEL TY   DS F       L  EQ DHD .PY TK  ND R PEQ

M.musculus        664                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDVL D  HR ...PQG     G PP R    D.         L  Q  D S .P  GP     A SR 

R.norvegicus      664                       V    GY    P                           P      LVRVV R    LQY   AL  VSLF  LL LL P S  RL  LLDVL D  HR ...PQG     G PPAR    D.         L  Q  E S .P  GP     A SR 

O.aries           637                       V    GY    P                           P      LMRVV R  P LQY   AL  VSLF  LL LL P S  RL  MLDVL D   R ...PQG     G PH H    D.         F  R  D N .P  GP     A RRQ

C.familiaris      666                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDVL D  HR ...PQG     G PH R    D.         L  R  D N .P  GP     A SR 

F.catus           666                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDVL D  HR ...PQG     S PH R    D.         M  R  D N .S  GP     A SR 

C.porcellus       664                       V    GY    P                           P      LVRVV R  P LQY   AL  VTLF  LL LL P S  RL  LLDVL D  HR ...PQG     G PP R    D.         L  R  D N .P  GP     A SH 

C.jacchus         667                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDIL D  HR ...PQG     G PQ Q    D.         L  Q  D N .S  GP     A SR 

M.mulatta         667                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDIL D  HR ...PQG     G PQ R    D.         L  R  D N .S  GP     A SR 

P.troglodytes     667                       V    GY    P                           P      LVRVV R  P LQY   AL  VSLF  LL LL P S  RL  LLDIL D  HR ...PQG     G PQ Q    D.         L  R  D T .S  GP     A SR 

X.laevis          657                       V    GY    P                           P      LIRVV R  P LQY   AL  VS F   L VL P S  HL  LLD I D  KL ...PPQ     . KP R    G.      F  FF Q  N S .P  GR   H R SD 

A.carolinensis    664                       V    GY    P                           P      LLRIV R  P LQF   AL  VSLF  LL LL P S  RL  LL  M    KL ...SPR     . KP A    GG         L  E  H N .P  GN  AD RSEK 

D.rerio           672                       V    GY    P                           P      LVR V R  P LQY   AL  VSLF  LL IL P S  KI  IL AI D  RF ...VAR   S . RA K    N.         F  H  T D .P  EH  Q  K PE 

I.punctatus       671                       V    GY    P                           P      LVR V R  P LQY   AL  VSLF  LL VL P S  KL  IL  I D  RL ...VKR   S . KA K    N.         F  H  T D .Q  EH  KD R PA 

S.cerevisiae      680                       V    GY    P                                   I           F       VSV   AL LI   S  KL  VV LM D  K......... .........RE  C.HE     L F  K  PKN .P  EK  A  S PE 

C.orthopsilosis   727                       V    GY    P                                   V                   VSL   IA LI      KL  IIDLI D   ......... ...........H C.HK     L F  K  PVDDVT  EK     T QNE

S.pombe           659                       V    GY    P                                   I                   VTL   ML LL   S  RL  LL LI D   ......... ...........N C.HK     L M  G  PAD .G  TS  K  R ENE

H.sapiens         722      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL ALHHY       LEGP           AA  S  G       P     A          G     G.....H    H

C.elegans         679      G  S                  YWR   W   NY                     LWT Y LR I  SS YY  RNTEHD P   G I INV  MVL  LRHY         GP    N      SR  P  MA      P     Y          SS    A.....DQP  Y

A.thaliana        734      G  S                  YWR   W   NY                     LWS Y L  L  TS  Y  RNTEHD P   G I MNM  MIL  L HY       VDGP    D   V  AK  SM MK      A     P          SS Y  S.....I    Y

D.melanogaster    734      G  S                  YWR   W   NY                     LWT Y LR L   S  Y QRNTEHD P   G I INI  LAA ALHHY       IDGP    N      SKR PL M       P     P          K     G.....K    N

M.musculus        719      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNTEHD P   G V LNI  LAL ALHHY       VEGP           SA  L  K       P     A          G     G.....H    H

R.norvegicus      719      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNTEHD P   G V LNI  LAL ALHHY       VEGP           SA  L  K       P     A          G     G.....R    H

O.aries           692      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL ALH Y       LEGP           AA  P  S       P     A          G   Y G.....H    H

C.familiaris      721      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL AL HY       LEGP           AA  P  G       P     A          G  Y  G.....H    H

F.catus           721      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL AL HY       LEGP           AA  P  G       P     A          G  Y  G.....H    H

C.porcellus       719      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNI  LAL AL HY       LEGP           AA  P  G       P     A          G  Y  G.....H    H

C.jacchus         722      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL ALHHY       L GP           AA  S  G       P     A          G     G.....Q K  H

M.mulatta         722      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL ALHHY       LEGP           AA  S  G       P     A          G     G.....H    H

P.troglodytes     722      G  S                  YWR   W   NY                     LWSPF LR L  SS FY QRNSEHD P   G V LNV  LAL ALHHY       LEGP           AA  S  G       P     A          G     G.....H    H

X.laevis          711      G  S                  YWR   W   NY                     VWTPY IR L  SS  Y QRNTEHD P   G V INM  LAV AL  Y       MEGP           SK  SL L       A     P          R  YL S.....H    H

A.carolinensis    719      G  S                  YWR   W   NY                     LWTPF LR L  SS FY  HNTEHD P   G I LNI  LAV ALHHY       LEGP           SR  P  LK      P     P          R     G.....Q    Y

D.rerio           726      G  S                  YWR   W   NY                     LWTPY LR L      Y  RNTEHD P   G I INI  LAV ALHHY       IEGP           SRADPL MK      A     P          R     G.....S    Y

I.punctatus       725      G  S                  YWR   W   NY                     LWTPY LR L  S   Y  RNTEHD P   G I INI  LAL ALHHY       IDGP           SR DPI MK      L     A          R     S.....S    Y

S.cerevisiae      720      G  S                  YWR   W   NY                     IFS Y L  L  Q  YF       D     G I MNI  L L AMR Y       V G     D   L  SR DD  GK..... EN    P        C D   Y YPEVILD A E.

C.orthopsilosis   766      G  S                  YWR   W   NY                     LWSPY IR L  S  FY T             I I I  LIL  IR Y       M              SK DK  K .....SEN   SP   H      QN  D YLDSSSF SDEL

S.pombe           697      G  S                  YWR   W   NY                     LWSPY IR L  N  YF T           G I INM  LIL  L                         SM DV  G .....GEN    P          SS YQNYINTPGPNQ...
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H.sapiens         777           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP    TSLVLLAMAEDQAR AK HG   A   G      QA          RD   M     H             

C.elegans         734           L  N   N        G   E Y    G       F GW              A  I  E R  LV  L  QF  T FLW N  D    G GCHP T  SSLILLIM D REN EN FS   A   K  AT  QK        D RT E R                S N

A.thaliana        789           L  N   N        G   E Y    G       F GW                 I  E R  LI  V RNY  T YIW Q       G G R  T  S L LLIM EDREKSKA YT   S   R  V   YE        DQVK T K T L     A T    S  

D.melanogaster    789           L  N   N        G   E Y    G       F GW              A  I  E R  LV  I RQY  S YLW Q  D    G GC P T  T  VVLLMAE AAL RQ YA   D   G  L   KR        D TS E K  N      AT       Q

M.musculus        774           L  N   N        G   E Y    G       F GW              A  L  E R  VV  V  QY  T FLW Q SD   RG GCRP Q  TSLVLLIMAEEKVQ AK YH   A   R  RQ  QA          QD   M                   

R.norvegicus      774           L  N   N        G   E Y    G       F GW              A  L  E R  VV  V  QY  T FLW Q SD   RG GCRP Q  TSLVLLIMAEEKVQ AK YR   A   S  RQ  QA          QD   M                   

O.aries           747           L  N   N        G   E Y    G       F GW              A  L  E R  LV  V RQY  T FLW Q SD   RG GCRP Q  TSLVLLAMAEDQAR AR HR   A   G  R   QA          QD   M                   

C.familiaris      776           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP Q  TSLVLLAMAEDQAQ AK HR   T   G      QA          RD   M                   

F.catus           776           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP Q  TSLVLLAMAEDRAR AK HS   A   G      QA          RD   M                   

C.porcellus       774           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQF  T FLW Q SD   RG GCRP    TSLVLLIMAEDQAQ TK HS   A   G      QA          RD   M     H             

C.jacchus         777           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP    TSLVLLAMAEDQAR AK HG   A   G      QS          RD   M     H             

M.mulatta         777           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP    TSLVLLAMAEDQAR AK HS   A   G      QA          RD   M     H             

P.troglodytes     777           L  N   N        G   E Y    G       F GW              A  L  E R  VV  VWRQY  T FLW Q SD   RG GCRP    TSLVLLAMAEDQAR AK HS   A   G      QA          RD   M     H             

X.laevis          766           L  N   N        G   E Y    G       F GW              L  L  E R  LL  LYRQY  T FLW Q ND   KG GC P T  SSLVVLIMAEERDR AS YR   Q   A      KD          QT   Q  Y                

A.carolinensis    774           L  N   N        G   E Y    G       F GW              A  L    R  LI  VFRQY  S YIW Q ND   RG GC P T  S LVVLMMAEEREQ SA YRQ  A   G      QE          ST   Q  Y      A         

D.rerio           781           L  N   N        G   E Y    G       F GW              A  L  E R  LM  VYKQY  T YIW Q ND   RG G HP T  S L VLIMAE KEK AT YQ   T   N      LE          ST   Q S       A T      K

I.punctatus       780           L  N   N        G   E Y    G       F GW              A  L  E R  II  IYKQY  T YIW Q SD   RG G HP T  S LIVLIMAEEQET SD YQ   T   N      HE          ST   Q S       A         

S.cerevisiae      774           L  N   N        G   E Y    G       F GW              A  L    K  L   IYK W  Q Y Y N S    HG G    T  T LVV IL   ASN KK YQS  I  SN    V EE   C     PID   T AEH     A   N  GRF

C.orthopsilosis   821           L  N   N        G   E Y    G       F GW                 A  D R  LV  VY QW  T FVW Q  D      G K     TS ILLIM   KKKFSD YH   I   N   T  QK        D ET DAK A N L    T     TMP

S.pombe           749           L  N   N        G   E Y    G       F GW              A  I  E R  VV  VF NW  T   W Q      KG   K  T  TSLVV IM E .NL RS YE   T   N   E  RQ  IF    DPTT   QRT D         N  S N

H.sapiens         837 Y                                                            ...                                                        

C.elegans         794 LDT.                                                        

A.thaliana        849 Y                                                            PIF                                                        

D.melanogaster    849 F                                                            ...                                                        

M.musculus        834 Y                                                            ...                                                        

R.norvegicus      834 Y                                                            ...                                                        

O.aries           807 Y                                                            ...                                                        

C.familiaris      836 Y                                                            ...                                                        

F.catus           836 Y                                                            ...                                                        

C.porcellus       834 Y                                                            ...                                                        

C.jacchus         837 Y                                                            ...                                                        

M.mulatta         837 Y                                                            ...                                                        

P.troglodytes     837 Y                                                            ...                                                        

X.laevis          826 Y                                                            ...                                                        

A.carolinensis    834 Y                                                            ...                                                        

D.rerio           841 Y                                                            ...                                                        

I.punctatus       840 Y                                                            ...                                                        

S.cerevisiae   ....                                                        

C.orthopsilosis   881 EMI.                                                        

S.pombe           808 Y                                                            ...                                                        
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A.thaliana         1                                                   F  R                        L   V                K  FRSCD T  CK  R   P..............MRSL ..F LSLIC.FCSQTALSWK EE     Q P    A SRT 

G.soja             1                                                   F  R                        L   L        L       K  FRTC  T  CK      P...........MRNETLR ..I LLLLC.SH HSVLSWK EE    HQ P    AQSRA 

D.discoideum       1                                                   F  R                        VIL I        I     VD   FKTC  S  CK NR    ..............MRKL   I LSIVCSLF GSIES  TSK    KD H      VSHE

T.nigroviridis     1                                                   F  R                        MML L        L     VDK NFKTCD S  CK QR L PHTPVCSLCACSKMRMAPA   W .....AVC CGTWA   S      Q A      A K 

D.rerio            1                                                   F  R                        VLL                VDR NFKTCD S  CK QR L P..........MAASCDSF   LF......LLFVSAQA   S      Q S      E K 

I.punctatus        1                                                   F  R                        LVV L              VDR NFKTCE S  CK QR L P..............MGRA   L ......VLCFSVEA   G      Q A      E K 

X.laevis           1                                                   F  R                        AAV          L     VDR NFKTCD S  C  QR L P......MAVARRLL...G   VF.....TVC IPALT   S      Q S  Q   R Q 

M.domestica        1                                                   F  R                        ALA L        L     VDR NFKTCD S  CK QR I PRHKMAAVAVRRRRSWARF   C .....GLC STAFA   S      Q S      A Q 

M.musculus         1                                                   F  R                        VLA L        L     VDR NFKTCD S  CK QR I PMAAIAAVAARRRRSWLSL   Y .....GVC GITLA   S      E S      S R 

C.jacchus          1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR V P............RSWASL   F .....GVC GITLA   S      E S      S R 

P.abelii           1                                                   F  R                        ILA L        L     VDR NFKTCE S  CK QR I PMAAVAAVAARRRRSWASL   F .....GVC GITLA   S      E S      S R 

H.sapiens          1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR I PMAAVAAVAARRRRSWASL   F .....GVC GITLA   S      E S      S R 

M.fascicularis     1                                                   F  R                        VLV L        L     VDR NFKTCE S  CK QR I PMAEVAAVAARRRRSWASL   F .....GVC GITLA   S      E S      S R 

S.scrofa           1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR I PMAAVAAVAARRRRSWTGL   C .....GVC GLTLA   S      E S      S R 

B.taurus           1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR I P....AAVEARRRRSWTAL   C .....GVC GITFA   S      E S      S R 

O.aries            1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR I P............RSWTAL   C .....GVC GITFA   S      E S      S R 

E.caballus         1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR V PMAAVAAVAARRRRSWTGL   C .....GVL GISLA   S      E S      S R 

C.familiaris       1                                                   F  R                        V   L        L     VDR NFKTCE S  CK QR L PMAAVAAVAARRRRSGTGL FTC .....GVF GVTLA   S      E S      S R 

F.catus            1                                                   F  R                        VLA L        L     VDR NFKTCE S  CK QR I PMAAVAAVAARRRRSWTGL   C .....GVC GVTLA   S      E S      S R 

L.hesperus         1                                                   F  R                        A   L        A     VDR NFKTCE S  CR  R M P......MIIPPGNGAWVC ... .....LAL QIVVS   N      Q S    C K E 

A.glabripennis     1                                                   F  R                        L L V        V     VDK NFKTCE S  CR  R I  ..........MASNSWFT F L .....F.. LSVFA   N      Q S    L G TE

A.mellifera        1                                                   F  R                        LLL L              V R  FKTCE S  CR  R V P..........MASYLRLG   L .....VYSFLLTEA I DV     Q S    C K E 

B.cucurbitae       1                                                   F  R                        I L I              VD  NFKTCE S  CR  R V P..............MRLT F L .....LCIFQYAVS  QT      Q S    C N K 

C.capitata         1                                                   F  R                        I L I              VD  NFKTCD S  CR  R V P..............MRLA F L .....LCIFEYAVA  QT      Q S    C N K 

S.cerevisiae       1                                                   F  R                        LV  L                    K C  S  CH NR    ............MVLLKW  CQ .....VFFTAFSHAFTDYLL K AQ G      VYAE

S.pombe            1                                                   F  R                         I  A              A R QFKT E     R NR L  ..........MRYHGICWF FQ AII..FAIFGSCQG F H    A QDG A    D AK

A.oryzae           1                                                   F  R                         LL          V     V H NFK C  S  CK NR    .......MAGRRLLSTRWT  LSLVILLGCL IPGVA K E   K SQ G      AYAD

N.fumigata         1                                                   F  R                         LL A        V     V H NFK C  S  CK NR    .......MARSSSSLSRWT  L LVVILGCL VPGVT K E   K SQ G      AFAD

K.pastoris         1                                                   F  R                        VAI          V     A R  FKSC  S  CH NR    ..............MLTW   .......LLF HTAIS K EL    AE G      HYAH

A.thaliana        44                IV  V I      L A LL          Q   LIL L  V    GA........CSL..  GD S T..DGD V K  PKAPNQGDGD IKP   S S. YKDG

G.soja            47           S    IA  I I                          LLL L  V    GS........ SL..  TE T S..DGAKLT......PKHDSQSETKP   T S. YQRG

D.discoideum      47           Q F IV  SI L      I   L           QK  LL     I    VGVMNEMKSK N N  EG  K VKQENT YFD QE.......QN  SN  TMKLE YEGG

T.nigroviridis    56           S Y ALL TM L      LTL LI          NKV LLL L  L    G........E P R   E  E T..NTR   Q  N.......DK   R   E YR Q.GN

D.rerio           45           S Y ALL TL L      LTL LI          NKV LLL L  L    G........Q P R   D  E S..DSR   Q  N.......DN   R   E YR Q.GN

I.punctatus       41           S Y ALL TL L      ITL LI          NKV LLL L  L    D........Q P R   D  E S..DSR   Q  N.......DN   R   E YR Q.GN

X.laevis          47           S Y AAL SA L      L V LI          N A LLL V  L    G........L S R   G  K S..SDK E Q  D.......DK Q S   E YG V.GN

M.domestica       56           S Y ALL SL L      LTV LV          TKV LLL L  L    G........F P R   D  E G..PDA   H  N.......EV   V   E QG K.GN

M.musculus        56           S Y ALL TL L      LTV LI          TKV LVL L  L    G........L P R   D  Q G..PDA   H  H.......EV   L   E QG Q.KN

C.jacchus         44           S Y ALL SL L      LTV LI          TKV LVL L       G........L P R   D  Q G..PDS   H  N.......EV   L   E QGS..KN

P.abelii          56           S Y ALL SL L      LTV LI          TKV LVL L  L    G........L P R   D  Q G..PDS   H  H.......EV   L   E QG Q.KN

H.sapiens         56           S Y ALL SL L      LTV LI          TKV LVL L  L    G........L P R   D  Q G..PDS   H  H.......EV   L   E QG Q.KN

M.fascicularis    56           S Y ALL SL L      LTV L           TKV LVL L  L    G........L P R   D  Q G..PDS   H NH.......EV   L   E QG Q.KN

S.scrofa          56           S Y ALL SL L      LTI LI          TKV LVL L  L    G........Q P R   D  Q G..PDT   H  N.......EV   L   E QG Q.KN

B.taurus          52           S Y ALL SL L      LTV LI          TKV LVL L  L    G........H P R   D  Q G..PDA   H  N.......EV   V   E QG Q.KN

O.aries           44           S Y ALL SL L      LTV LL          TKV LVL L  L    G........H P R   D  Q G..PDA   H  N.......EV   V   E QG Q.RN

E.caballus        56           S Y ALL SL L      LTV LM          TKV LVL L  L    G........L P R   D  Q G..PDA   H  N.......EV   L   E QG Q.KN

C.familiaris      56           S Y ALL SL L      LTV LI          TKV LVL L  L    G........L P R   D  Q G..PDA   H  N.......EI   V   E QG Q.KN

F.catus           56           S Y ALL SL L      LTV LI          TKV LVL L  L    G........L P R   D  Q G..PDA   H  N.......EV   L   E QG Q.KN

L.hesperus        47           S Y L L TL        L V LV          T V  VL L  V    G........K V E D E  KTS..ESN E I  N.......TE A RF  T AA Q.SD

A.glabripennis    44           S Y L L TL V      I A LI            I     L  I    G........E K M D E  Q G..EDT E K  N.......VEAD PFKFS TA S.GN

A.mellifera       46           T Y LL  TL        ITV L           TKV  IL L  L    G........K P Q  TD  VQN..ESS   D FN.......KD   FY  K TA K.DS

B.cucurbitae      42             F LV  TL I      ITA L           NK    L I  L    D........NPK G  PG  N Y..SDS   E QH.......KI  HVFT K EA EQGN

C.capitata        42           T F LV  TL I      ITA L           NK    L L  I    D........N K A  PG  N Y..SDS   D QH.......KD  HLFS K EG EKGD

S.cerevisiae      44             Y V A SI        L A II            V     L  L    NIAKSHHC...Y K D E  AHDPLENV H T  KTIPRLEGDDIA QFPFS SF Q.DH

S.pombe           49             F L   SI        VS              N       I  L    F.QKENLNWNGL Q N..  SYN..SGV  GVFEQQS...ENGE QHLFPFS SF K.ND

A.oryzae          54           S Y L   SI        L   IL           KV L L V  L    DVAAKGSAWS P E DSS  QFK..DGQ HGT  KSV...S.AEE  K P T SF E.SG

N.fumigata        54           S Y L   SI        LQ  IL           KV L L I  L    DVSAQGASWI P E DPS  HFK..DGQ  GT  KSI...S.ANE  K P V SF E.SG

K.pastoris        40           S Y VL  SI         T  IV          T I L   V  L    EVTKLGDTFE P F  SD  DCN..QLSC GQ  KQL...K.N. Q M PFE DI E.ES

A.thaliana        91        E                   R                                I RLKID                  K  F V DVV  V                       V      DHSLNPP.......... K  Q P   .. SEFE..................

G.soja            88        E                   R                                I RLKID                  K  F V DVI  V                       L      DPSLSPP.......... K  E P   .. SEFP..................

D.discoideum     100        E                   R                                I RMRA    P              K  Y V DVL  L                       V    Q KE LL.N.......... Q  Q Q   .. DTIK..................

T.nigroviridis    98        E                   R                                M RVKI    P              K  F V DVL  I  P                    T    N LK L............. P  E P   .. KE T..................

D.rerio           87        E                   R                                M RVKI    P              K  Y V DVL  I  P                    T    N LK I............. P  E P   .. SD I..................

I.punctatus       83        E                   R                                M RVKI    P              R  Y V DVL  I  P                    T    N LK L............. P  E R   .. AD P..................

X.laevis          89        E                   R                                M RIKI    P              K  Y V DVL  V  P                    T    N IN L............. P  E P   .. GT L..................

M.domestica       98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LK L............. P  R P   .. AD P..................

M.musculus        98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

C.jacchus         85        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD L..................

P.abelii          98        E                   R                                M R RID                  R  Y V DVL  V  P                    T F    LEAR............. P  R P   .. AD P..................

H.sapiens         98        E                   R                                M R RID   P              R  Y V DVL  V  P                    T F    LE R............. P  R P   .. AD P..................

M.fascicularis    98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

S.scrofa          98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AE P..................

B.taurus          94        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

O.aries           86        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

E.caballus        98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

C.familiaris      98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R P   .. AD P..................

F.catus           98        E                   R                                M RIRID   P              R  Y V DVL  V  P                    T      LE R............. P  R S   .. AD P..................

L.hesperus        89        E                   R                                I RL V    P              R  F    VL     P                    V  Q Q ET L............. P  VTPF  ..DKD L..................

A.glabripennis    86        E                   R                                I RL VD   P                 Y    AL     P                    F  Q   VS L.............YP  RPQN  ..KGE Q..................

A.mellifera       88        E                   R                                  RLHI    P              H  Y    AL     P                   TF    N KN L............. Q  EPEY  ..QDQ Q..................

B.cucurbitae      85        E                   R                                  RL VD   P              K  Y V DAL     P                   TF  L   KN L............. P  R T   ..KSA K..................

C.capitata        85        E                   R                                  RL ID   P              K  Y V D L     P                   TF  L   KT L............. P  R V S ..KEI K..................

S.cerevisiae     100        E                   R                                  R  I                      F                               SV FT N KERMPTNS...SGLLISSQ  NETWKYAFDKKFQEEANRTSIPQFHFLKQKQ

S.pombe          100        E                   R                                V R  MD                  K  F A   L                          V FQ   KSRLEGTVEYEKNI.LT R  D STE GFNERAEVY................

A.oryzae         107        E                   R                                V RV ID                  K  Y   E    V                       A  V   EKRLNKEIELRHDSQAR E  NEA KWVL GGLELS................

N.fumigata       107        E                   R                                A RI VD                  K  Y   E    V                       A  V   EKRMKGEIDLRHNSQVR E  NEA QWAL GGLESS................

K.pastoris        92        E                   R                                   LRID                     F A  L                          FR.     LRS...D...THFHKLNSC  S AN SMMHGSATSS................
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A.thaliana       121                                       PF                        I L       I      S          AVV      V V          VSLN HE.KK W QKVATET SGDTSP SVVYVSDGYE   RHD  E Y REKSGDRRRV    S 

G.soja           118                                       PF                        L L              S          AVL      L I                S.TK W PKISSV....ENGL SSVYLSDGHS   RHD  E F RDDS............

D.discoideum     129                                       PF                                         S   G      VLV     KLDV        L IT N  TVPIQWKQEPSKQSNT....F FKH EKECCY   QLV      Y...IMNE A  T SD

T.nigroviridis   125                                       PF                        M L       V      SL        RVIL     RLDI        V MSLN RT.EP S LSQDENG V....L  GVES...Q    SAR      V...EGRE L    S 

D.rerio          114                                       PF                        L V       L      SL        RLIV     RLDI        V MSLN RT.EA S VSQDDNS V....L  GGNE...Q    SAQ      I...EGPQ L    S 

I.punctatus      110                                       PF                        M V       V      SL        RLIV     RLDI        V LSLN RT.KP T VTQDENG V....L  GADE...R    SAQ      I...EGPL L    S 

X.laevis         116                                       PF                        L V       L      SL        KLLV     RLDI        L LSVN RP.TN Q TGQDDNT E....L  GETG...H    TGT      L...SGQD V    S 

M.domestica      125                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.TR S SGRDENS E....L  AE P...Y    TGR      L...EDRS V    A 

M.musculus       125                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.AR S SGRDDNS E....L  AE P...Y    TAQ      L...EDRS L    A 

C.jacchus        112                                       PF                        L V       V      TM  G     KIIL     RLDL        L LSVN RT.AR S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

P.abelii         125                                       PF                        L V       V      TM  G     KIIL     RLDL        L LSVN RV.AR S SGRDDNS E....L  AE P...Y    TAQ      L...EDRS L    A 

H.sapiens        125                                       PF                        L V       V      TM  G     KIIL     RLDL        L LSVN RI.AR S SGRDENS E....L  AE P...Y    TAR      L...EDRS L    A 

M.fascicularis   125                                       PF                        L V       V      TM  G     KIIL     RLDL        L LSVN RI.AR S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

S.scrofa         125                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.AR S SGQDDNS E....V  AE P...Y    TAR      L...EDRS L    A 

B.taurus         121                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.AG S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

O.aries          113                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.AG S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

E.caballus       125                                       PF                        L I       V      TV  G     KIIL     RLDL        L LSVN RT.AR S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

C.familiaris     125                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.SR S SGRDDNS E....L  AE P...Y    TAQ      L...EDRS L    A 

F.catus          125                                       PF                        L V       V      TV  G     KIIL     RLDL        L LSVN RT.AR S SGRDDNS E....L  AE P...Y    TAR      L...EDRS L    A 

L.hesperus       116                                       PF                          V       V       L  G     KV L     KLEV          ISIN RPVSKWK LSQTDRF ......E EV Q...S  S HSV      S...AGGTTY    E 

A.glabripennis   113                                       PF                        L V       I      TV  G     KVAV     KLE         L   VN RV.TK E LDRNKES ......  RS N...N    YSK     FF...EKEQ VSV  G 

A.mellifera      115                                       PF                        L L       V       V  G     KVIL     RVDL        L ISAN RT.SK I IEKTTDH ......I TS E...N    YAT      Y...SQNI V    A 

B.cucurbitae     112                                       PF                        I V              TI  G     KAVV     RID         L VSVN KP.GS K QE.GETEF......  TS P...N    VAD     FY...QNDV T    A 

C.capitata       112                                       PF                        I V       L      TI  G     KAVV     RID         L VSVN KP.GS K QE.GQGE ......  TS S...N    VAD     FY...QNNV T    A 

S.cerevisiae     157                                       PF                                  L                 V I      L V        L L VN  TVNSFWSKISSFLS SNS.TADTFHLRNGDVS E FAE  Q K Y...WQNA K I  EQ

S.pombe          143                                       PF                                         TI  G      VIV     KVE           V LN R.......GKDAHLLEQTSTSL  RY SHGRFT   TFS     FQ...RDGEPQ V  E 

A.oryzae         151                                       PF                                          V  G      AII      IE           V LN K.......KSATLDSESETGVTR LY PENNFQ   RHS  D  FQ...RDGQTH H  N 

N.fumigata       151                                       PF                                          V  G      AII      VD           V VN K.......KTAAVDTESETGFTK LY PDNKFQ   RHA  S  FQ...RDGQSH R  H 

K.pastoris       129                                       PF                                                    A I     KI I          V LN  .......KISS......TMNDKSLQIFFNDSS T NFK    T F...YKGKPQ I  DN

A.thaliana       180 GL  FE                                                        FD  QLGRK.................................................

G.soja        ............................................................

D.discoideum     182  L  FE                                                      N FH  PISDKPQPLPPKEKKS...................EEENKEANQEED..NNNNN

T.nigroviridis   174 GLL FEH R                                                      A   L IRKDTQADPEAEKKDD............ADP...ADQAE.......PFVPP

D.rerio          163 GLL FEH R                                                      A   L VRKDTNSESEETT...................GQQKEEQ.......QTSED

I.punctatus      159 GLL FEH R                                                      A   L LRKDTISHKITSTFGSMWDSIKSVFSSKQDPEGAGGSES.......AEVAG

X.laevis         165 GLL FEH R                                                      H   L ERKDTDTEKKD....................VPAETDEENPEEV...ESDK

M.domestica      174 GLM FEH R                                                      V   Q LPRNSFSEKVSLTFGSIWDKIKNLFSREERKETAEGNGSPNEEAAEKADQP

M.musculus       174 GLM FEH R                                                      A   Q APRVP......................QESKDPAEGNGAQPEATPGDGDKP

C.jacchus        161 GLL FEH R                                                      H   Q APRVSFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGDGAQPEETSQDGDKA

P.abelii         174 GLL FEH R                                                      E   Q APRVSFSDKVSLTLGSIWDRIKNLFSRQGSKDPAEGDGAQPEETPGDGDKA

H.sapiens        174 GLL FEH R                                                      E   Q APRVS......................QGSKDPAEGDGAQPEETPRDGDKP

M.fascicularis   174 GLL FEH R                                                      E   Q APRVS......................QGSKDPAEGDGAQPEETPRDGDKP

S.scrofa         174 GLL FEH R                                                      N   Q APRVS......................QGSKDPAEGDGAQPEEAPGDGDKP

B.taurus         170 GLL  EH R                                                      NL  Q TPRVSFSDKVSLTLGSIWDRIKNVFSRQGSKEPAEGDGAQPEETPGDDNKP

O.aries          162 GLL  EH R                                                      NL  Q TPRVS......................QGSKEPAEGDGAQPEETPGDDDKP

E.caballus       174 GLL FEH R                                                      H   Q APRVSFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGDGAQPEETPGDGDKA

C.familiaris     174 GLL FEH R                                                      D   Q APRVPFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGGGAQPEEAPGDGDKP

F.catus          174 GLL FEH R                                                      D   Q APRVPFSDKVSVTLGSIWDKIKNLFSRQGSKDPAEGGGDQPEETPGDGDKP

L.hesperus       164 GL  FE  R                                                     FR  QT VKPPERD............................................

A.glabripennis   160 GL  FEH R                                                     FE   Y SKPKENDEEGE...........................A............

A.mellifera      162 GLM FEH R                                                      R   H VKPKKPDQDAE...........................N...AKNVELTDN

B.cucurbitae     158 GLM FEH R                                                      T   L PKPQQPAEGAD...........................D...AAANE....

C.capitata       158 GLL FEH R                                                      T   L PKPQEL..GTD...........................S...PDANE....

S.cerevisiae     213   L  EH R                                                   NF NI  H TKQENFAHVL.........................................

S.pombe          193  LL  E  R                                                   H  NM YY PKSSR..............................................

A.oryzae         201 G L  EH R                                                    Y NM  W RKVDTSEGDG.........................................

N.fumigata       201 G L  EH R                                                    F NV  W PKVDVAEGDS.........................................

K.pastoris       173  L   EH R                                                   N FNI  Y KEEENSMFEF.........................................

A.thaliana       191                        D  P GP     D          G PE      L  T          E   WEE FRTH  SR     SI    S      VY I  HA S   K  .........T GDN   K    T    S  Q  SF V FYDSSF        T FA  P 

G.soja           161                        D  P GP     D          G PE      L  T          E   WEEQFRSH   R     SI    S  GA  VY I  RA SL  K  .........S DDN        T R  Y  Q  SF V FY  DF        A  A  P 

D.discoideum     221                        D  P GP     D          G PE      L  T            G WEE F SH  SK     SI M FT  G   VY I  H   L  K  NDNNEEQQVSTE Y   R G  Q    N  M  G    FV SSH       TTR S  S 

T.nigroviridis   212                        D  P GP     D          G PE      L  T       E DE GMWEETFKN   SK      I L FS PGV  VY I  HADTA  K  EQTAKED K  E         FV    N  TA S    L   EH           K  T 

D.rerio          197                        D  P GP     D          G PE      L  T       E E  GMWEETFKSH  SK     SI L FS PGV  VY I  HADTL  K  GQIKEEE E KP          S    N  S  S    L   EH           R  S 

I.punctatus      212                        D  P GP     D          G PE      L  T       E E  GMWEETFKTH  SK     SI L FS PGV  VY I  HADTL  K  DEGDEGK E KP          S    N  T  S    F   EH           K  N 

X.laevis         202                        D  P GP     D          G PE      L  T       E DE GMWDETFKTH  SK     SV L FS PG   VY I  HADNM  R  EEESKKP V  P          T    N  S  G    L  FEN           K  T 

M.domestica      234                        D  P GP     D          G PE      L  T       D DE GAWEE FKTH  SK     SV L FS PGM  VY I  HAE L  K  EENREKD K  P     M    S    F  T  G    L   EY         D R  V 

M.musculus       212                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADSL  K  EETQEKA K  P          S    Y  T  G    L   EH           R  V 

C.jacchus        221                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  KETQGKA K  P          S    Y  M  G    L   EH           R  V 

P.abelii         234                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  KETQGKA K  P          S    Y  M  G    L   EH           R  V 

H.sapiens        212                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  EETQGKA K  P          S    Y  M  G    L   EH           R  V 

M.fascicularis   212                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  EETQGKA K  P          S    Y  M  G    L   EH           R  V 

S.scrofa         212                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADSL  K  EEIQGKA K  P          S    Y  T  G    L   EH           R  V 

B.taurus         230                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  DETQGKP H  P          S    Y  T  S    L   EH           R  V 

O.aries          200                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HAD L  K  DETQGKP H  P          S    Y  M  S    L   EH         H R  V 

E.caballus       234                        D  P GP     D          G PE      L  T       D DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADSL  K  KETQGRA K  P          S    Y  M  G    L   EH           R  V 

C.familiaris     234                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HADNL  K  EETQGKA K  P          S    Y  T  G    L   EH           R  V 

F.catus          234                        D  P GP     D          G PE      L  T       E DE GAWEETFKTH  SK     SV L FS PGM  VY I  HAENL  K  EETQGKA K  P          S    Y  T  G    L   EH           R  V 

L.hesperus       180                        D  P GP     D          G PE      L  T       E ED GAWEENFKSH  SK      V L  T  GA  AY L  HADSL  K  ....... S  S          H    H  TA A  I FK  KV           A  T 

A.glabripennis   181                        D  P GP     D          G PE      L  T         ED GAWEENFKSH  SK      V V  T PGA  IY L  HADSL  R  .....QQTD  P          H    R  SA G  V F   IR           A  T 

A.mellifera      192                        D  P GP     D          G PE      L  T         DD GAWEESFKTH  SK      V L FS PGA   Y I  HADS   K  NKTSGDGAD  P          H    F  EA A    F   EHT         FA  S 

B.cucurbitae     184                        D  P GP     D          G PE      L  T       E  D GAWEENFKSH  SK      V L FT P A  LF L  HADT   K  ..VKEAD IT P          H    Y  EA A    F E EI          FA  S 

C.capitata       182                        D  P GP     D          G PE      L  T       E  D GAWEENFKSH  SK      V L FS P A  LF I  HADS   K  ..VKSSD IT P          H    Y  EA A    F E EV          FV  S 

S.cerevisiae     232                        D  P GP     D          G PE      L  T       E       D    SK  S      SV L FS  G   VY I  HA SL     .....PE TTFNMFK NFLY  H  M L  E  A    FM STN        T  R MD 

S.pombe          207                        D  P GP     D          G PE      L  T       E E  GMWDETF N   SK     SV L         VY V  H  SL  K  .....TP Q AN       D FH    K  E  G  IKFVDYGN       TS  S  E 

A.oryzae         220                        D  P GP     D          G PE      L  T         DE   WEETF     TK     SV L  T PG   VY I  HADSL  R  EQN.SESQE  STW     GGNT    K  E  G  I F  YGH           S  E 

N.fumigata       220                        D  P GP     D          G PE      L  T         DE   WEETF     SK     SI L  T PG   VF I  HADSM  K  VQEKSIPQQ  STW     GGNT    K  E  G  I F  YSH           S  E 

K.pastoris       192                        D  P GP     D          G PE      L  T       E D     D    SR  S      SI L      M  LY I  H D L     ....... S YDLFH SFKD  A  L L  E  G  IKLLN SH       S R S ED 
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A.thaliana       242          PYR  N D   Y        Y   P               W N      D         E   LF L VF  D  S   L GSI  MV H    K  G F L AAE  I VKGPGVEES           E  HE PFG      F  S GKSG TS F       MQ   

G.soja           212          PYR  N D   Y        Y   P               W N      D         E   LF L VF     S   L GSI  MV H       G F L AAE  I VRGPNVDES           E IHD PFG      F  S GKARGSS F       MQ   

D.discoideum     281          PYR  N D   Y        Y   P               W N      D             LY L VF  EI   MAL G V LMI H    K VGVF L AAETFV ITGNGI.NEQ          E   DKT     H     S DTK. T               

T.nigroviridis   272          PYR  N D   Y        Y   P               W N      D         D   L  M VY  EL S MAL GSV  IV H    R  GIF L AAETWV I..EN...G     H     K   Y P        F  A NAQ. TT              

D.rerio          257          PYR  N D   Y        Y   P               W N      D         D   LY L VF  EL N MAL G V VLI H    R MGIF L AAETWV I..EN...S           Q   H P     A     S STE. T               

I.punctatus      272          PYR  N D   Y        Y   P               W N      D         D   LY L VF  EL N MAL GSV VLI H    R MGVF L AAETWV I..DG...S           Q   H P           S NAQ. T               

X.laevis         262          PYR  N D   Y        Y   P               W N      D         D   LY L VF  EL N MAL GSV LLL H    R LGIF L AAETWV I..EG...T           Q   Y T           A NVK. T               

M.domestica      294          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A SIH. D               

M.musculus       272          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   N P           A SFH. D               

C.jacchus        281          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A NPH. D               

P.abelii         294          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A NPH. D               

H.sapiens        272          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A NPH. D               

M.fascicularis   272          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A NPH. D               

S.scrofa         272          PYR  N D   Y        Y   P               W N      D         D   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A SPH. D               

B.taurus         290          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y R           A SPL. D               

O.aries          260          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y R           A SPL. D               

E.caballus       294          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L VAETWV I..EG...G           Q   Y P           A SPH. D               

C.familiaris     294          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A SPH. D               

F.catus          294          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EL N MAL GSV VLL H    R LGIF L AAETWV I..EG...G           Q   Y P           A SPH. D               

L.hesperus       233          PYR  N D   Y        Y   P               W N      D         D    Y L VF  EI N MAL   I  LI H    R  GVF L   ETWV V..SE...G    F      E   N P    AA  F  A SEE. SS      PS      

A.glabripennis   236          PYR  N D   Y        Y   P               W N      D         E   LY L VF  EM S MAL G V VV  H      VGVF    AETWV IGSGG...L           E   D T     A    YA SPK.GT     H S       

A.mellifera      252          PYR  N D   Y        Y   P               W N      D             LY L VF  EV   M L G I VL  H    R  GIF    AETWI I..KH...AH          E   NER S   A    YA GKE. TT    H T       

B.cucurbitae     242          PYR  N D   Y        Y   P               W N      D         D   LY   VF   L S MAL GSV VL  H    R A VY   AAETWV I..SG...T       T   E I D K          YG GTQ. T A   Q         

C.capitata       240          PYR  N D   Y        Y   P               W N      D         D   LY   VF   L S MAL GSV VL  H    R AGVF   AAETWV I..SG...T       T   E I D K          YG GPK. T     Q         

S.cerevisiae     287          PYR  N D   Y        Y   P               W N      D         E   LF V VF   I T   M GSI  M           IF V AADTWV ISGG....K           E N G SQP      F FSS....SSTS             

S.pombe          262          PYR  N D   Y        Y   P               W N      D         E   LY V LF  EV S M   G I  M  H      V VF   AA TWI VNNSDAGYT           E   D P SQ  A  F QA KPN.SD A   S   A     

A.oryzae         279          PYR  N D   Y        Y   P               W N      D         E   MY   VF  EL S M L G I LM  H      VGVF L AAETWV IRGGSGNHE       S   E   N P T   A    QA RPG.ST               

N.fumigata       280          PYR  N D   Y        Y   P               W N      D         E   MY   VF  EL S M L G I  M  H      VGVF L AAETWV IRGGDGNHA       T   E   N P T   A  F QA KKD.ST               

K.pastoris       245          PYR  N D   Y        Y   P               W N      D         D   LY V IF  E  S L M GSI  LI         GVF V  ADTWV IS.....QS           E  PY K P      F  GLNPE.VST      S       

A.thaliana       302                                SE G  D                    G   N             I            WM    IV  F  VGP   DV KQY SVT TLA GWDAES..G.... SLPSSHSRIDTF    A    T FF   EPK  V   A     

G.soja           272                                SE G  D                    G                 I            WM    VV AF  IGPN  DV RQY  VT TLAPGWDAES..G.... ALPS..HRIDTF    A      FF    PK  L   TA    

D.discoideum     339                                SE G  D                    G                             HWI  S II VF L GPT   IFKQY  LT TEDVT...............TPVSPSKKT            Y T   PST     AY    

T.nigroviridis   326                                SE G  D                    G  SN    T        V G      T  RWI  S II AFILLGPT  DLF QY SLT TS  TAGK VFGKMLDF Q SSEKPQ DV                  PK   T  A     

D.rerio          311                                SE G  D                    G  SN                      T  RWV  S II VFIMLGP   DVF QY SLT TS  S..PDT.........VSSDAPQ NV                 KPA   T  A     

I.punctatus      326                                SE G  D                    G  SS    T        V G      T  RWI  S II VFIMLGPT  DVF QY SLT TT  S..L MFGKMLDF Q SSEVPQ DV                  PS   T  A     

X.laevis         316                                SE G  D                    G  SN    T        M G      T  RWM  S II VFLLLGPS  DIFKQY SLT TS  IAGK LFGKMLQY Q GGETPQ DV                  PF      A     

M.domestica      348                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLLLGPT  DVFRQY SLT TS  TAGK LFGKMLDY Q GGETPQ DV                  IS      T     

M.musculus       326                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLMLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DI                  VF      A     

C.jacchus        335                                SE G  D                    G  SN    T        L G      T  RWM  T II  FLLLGPS  DVFRQY SLT TS  TAGK LFGKMMDY Q SGETPQ DV          T       IS      A     

P.abelii         348                                SE G  D                    G  SN    T        L G      T  RWM  T II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMMDY Q SGETPQ DV                  IS      A     

H.sapiens        326                                SE G  D                    G  SN    T        L G      T  RWM  T II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMMDY Q SGETPQ DV                  IS      A     

M.fascicularis   326                                SE G  D                    G  SN    T        L G      T  RWM  T II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMMDY Q SGETPQ DV                  IS      A     

S.scrofa         326                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VF      A     

B.taurus         344                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLMLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VF      A     

O.aries          314                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLMLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VF      A     

E.caballus       348                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VF      A     

C.familiaris     348                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VS      A     

F.catus          348                                SE G  D                    G  SN    T        L G      T  RWM  S II VFLLLGPS  DVFRQY SLT TS  TAGK LFGKMLDY Q SGETPQ DV                  VS      A     

L.hesperus       287                                SE G  D                    G  S     N        M G         HFM  S  I VFLL GP    VFRQY  LT TK .G.SD VVSSIVNL G GQ.ETAVES       N      F  RPEN     TL    

A.glabripennis   292                                SE G  D                    G  NS    N        V G         HFM  S VI MFILMGP   DA RQY SLT  K  K.DG VMSSIVNL S TKTDNSVEA                 KPK  I   A    V

A.mellifera      306                                SE G  D                    G  SS    N        V G         HFM  S VI IF MLGP   DVFKQY TLT TL  A.DN VVESIVNF S STKKSQVDA            F    KPL      T     

B.cucurbitae     296                                SE G  D                    G  T     N        V G         HFM  S II VFVLLGPS  D FKQY SLT TY .A.EK VVSSIVNF S SRKTDAPAA                  PL T    T     

C.capitata       294                                SE G  D                    G  T     N        V G         HFM  S II VFILLGPS  DVFKQY  LT SY .A.EK VVSSIVNF S SSKTDPPAA                  PI      TE    

S.cerevisiae     339                                SE G  D                    G                          T  HWI  N VI V M LGP    I   F  LT  KYDTS.................KNK MT           V S   DIPT IDK TD   R

S.pombe          321                                SE G  D                    G        S                 T  HW   S  L LFI LGP   DVY SY  L   EKESGP. PH............SQS ST  Y    T     F   KAS   E  SA V R

A.oryzae         338                                SE G  D                    G   S    N          G      T  HW   S  I VFV LGPT  DI K Y  LT  VK TSSA PL......SL VNSKTD QS  F    Q     F    PQ  S K GE   Y

N.fumigata       339                                SE G  D                    G   S               G      T  HW   S  I LFV LGPT  EI KTY  LT  VK KSSPDPL......SL VGSKTD QT  F    R     F    PQ  S   GE   Y

K.pastoris       299                                SE G  D                    G                          T  HWI  N IL L IIV  N  EV   Y SLT  NK....................KKD YT           V   RQ PK  STV S    R

A.thaliana       356    P      YHQ  WNY    DV       D    P D  W D E      YF W    S M  LF  G    R    DE     VD  F E  I    L L I H DGKR  T D    A  Q  AT    C    K  E  AQ  SK   HD  Y V       T         SVL

G.soja           324    P      YHQ  WNY    DV       D    P D  W D E      YF W      M  LFSI     R    DE     VD  F E  I    L L I H DGKR  T D   PA  Q    A   C    R  E  EH  SK   LD  Y V       T         RAL

D.discoideum     384    P      YHQ  WNY    DV       D    P D  W D E      YF W    T L  MFSLG    K     E     VD  F E  I    I L I H DGKR  T D    A  Q        C    KS D  KQ  NG   NH  Y V       T         NNN

T.nigroviridis   386    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q    I SLG    R    D      VD  F E  I    I L I H DGKR  S D  K SF P A      S    N QE  QA  AG   HD  Y Y       T         PH 

D.rerio          360    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q    L  L     R    D      VD  F E  I    I L I H DGKR  T D  K SF P SA A   C    N QE  KA  QG   HD  Y F       A         PI 

I.punctatus      384    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q    L TLG    R    D      VD  F E  I    I L I H DGKR  T D  K AF P S      C    N QE  KA  QG   HD  Y F       T         PE 

X.laevis         376    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L   FSLG    R    DE     VD  F E  L    I L I H DGKR  T D  K A  PY       C    N  E  RN  AG   YD  Y V       A         PH 

M.domestica      408    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F    L    I L I H DGKR  T D  R A  P        S    R  A  FE  QG  NHD  C V       A         SS 

M.musculus       386    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  M    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PT 

C.jacchus        395    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

P.abelii         408    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

H.sapiens        386    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

M.fascicularis   386    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F E  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

S.scrofa         386    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     V   F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE NQG   HN  C F       A         PS 

B.taurus         404    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

O.aries          374    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

E.caballus       408    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  M    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

C.familiaris     408    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

F.catus          408    P      YHQ  WNY    DV       D    P D  W D E      YF W    Q L  LFSLG    R    DE     VD  F D  L    I L I H DGKR  T D  R A  P        S    R  A  LE  QG   HN  C V       A         PS 

L.hesperus       344    P      YHQ  WNY    DV       D    P D  W D E      YF W      V  LFSLG    R    D      V   F E  I    M L I H D KK  T D  KAP  P        C    N QE  DN NKG   HD  M V       T N       NY 

A.glabripennis   351    P      YHQ  WNY    DV       D    P D  W D E      YF W      L   YTLG    R    DE     V   F    L    M L I   DGKK  T D  KAP  QF       C    N  D  TN VEN  AHD  V V      YT         PI 

A.mellifera      365    P      YHQ  WNY    DV       D    P D  W D E      YF W    S L  MF LG    R    D      I   F    L    M L I   D KK  T D  R P  Q  A     C    N QD  IQ AEN  VHD  L V      YT S       ER 

B.cucurbitae     354    P      YHQ  WNY    DV       D    P D  W D E      YF W      L  MWTI     R     E     V   F E  I    M M I H DGKR  T D  KAP  Q    A   S    NN L  AY SRK   YD  M T       T         QY 

C.capitata       352    P      YHQ  WNY    DV       D    P D  W D E      YF W      L  MF L     R     E     V   F E  I    M L I   DGKR  T D  KGP  Q  A A   S    NS D  EE SAK   YD  M T      YT         KF 

S.cerevisiae     382    P      YHQ  WNY    DV       D    P D  W D E      YF W      L  I SIG    R    DE     VD       I    I L L     KK  T     PF  P S      C    N  M  LT  SQM AHM  Y F      YTND      KQHS

S.pombe          368    P      YHQ  WNY    DV       D    P D  W D E      YF W      L  LFSIG    R     E     VD  F E  M    I L I     RR  T D   PL  P        C    VS E  LN  AK   VD  Y T      YASK       KAT

A.oryzae         392    P      YHQ  WNY    DV       D    P D  W D E      YF W    T L   F I     R     D     VD  F    I    I L I   D RK  T D    Q  QH A A   C    VT E  KD  RN  KYQ  Y V      YL D       PLT

N.fumigata       393    P      YHQ  WNY    DV       D    P D  W D E      YF W    T L   F I     R     D     VD  F    I    I L I   D RK  T D    Q  QQ A A   C    VT E  KE  RK  KYQ  Y V      YT D       PLS

K.pastoris       339    P      YHQ  WNY    DV       D    P D  W D E      YF W      L   FSLG    R     E     V        I    I L I   D KK  T     VQ  SQ       C    NS D  RD HSKM KYG  Y T      YT E      KREL
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A.thaliana       416 F  P           R      DPH                                CWP P    M   L  K  KMV IV   IK D  Y LH EA     YVK    G DFDGW     H EE QKK AA G    T       R DS F  K  TQMGY   DSS. K        

G.soja           384 F  P           R      DPH                                CWP P    M   L  K  HMV IV   IK D  F LH EA     YVK    G DFDGW     H EE QRK AS G    T       R EN H  K  SQKGY   DAS. N        

D.discoideum     444 F  P           R      DPH                                CWP PT   M   I  K  KMV IV   IK D  Y VH EA     YIKNKD G DYDGW       AD QNI GA H    T       R NN Y  S  TSKGY      . N        

T.nigroviridis   446 F  P           R      DPH                                CWP  S   ML  L  K  KLVAIV   IK E  Y LH EI     YVKNKD G  YEGW    S  KE  QG KD K            I SS K  D  HARDL      . GN       

D.rerio          420 F  P           R      DPH                                CWP PT   ML  L  K  KLVAIV   IR D  Y IH EI     YVKNKD G DYEGW       KD  KG MD R            V SG R  N  RSKNF      . G        

I.punctatus      444 F  P           R      DPH                                CWP PQ   ML  L  K  KMV IV   IK D  Y IH EI     YVKNKD G DYEGW       KE  QG ME R    T       V SG K  N  RSKDF      . A        

X.laevis         436 F  P           R      DPH                                CWP PN   ML  L  K  KMVAIV   IK D  Y VH EI     YIKTKD G DYEGW       RD  SG KE R            I SG R  N  RAQNL      . S        

M.domestica      468 F  P           R      DPH                                CWP PQ   ML  L  K  KLV IV   IK D  Y VH EL     YVKTRD G DYEGW       LA  EH AG R    T       V SE P  E  RSQGL      . S        

M.musculus       446 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       LN  EH AS R            V SG R  E  RNHGL      . S        

C.jacchus        455 F  P           R      DPH                                CWP PQ   ML  L  K  KLV IV   IK D  Y VH EL     YVKTRD G DYEGW       RT  ER AS R    T       V SG R  D  RNLGL      . S        

P.abelii         468 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RT  ER AS R            V SG R  E  RNLGL      . S        

H.sapiens        446 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RT  ER AS R            V SG R  E  RNLGL      . S        

M.fascicularis   446 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RT  ER AS R            V SG R  D  RNLGL      . S        

S.scrofa         446 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RT  EH AS R            V SS R  E  QNLGL      . S        

B.taurus         464 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RN  EH AS R            V SG R  E  QNLGL      . S        

O.aries          434 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK D  Y VH EL     YVKTRD G DYEGW       RN  EH AS R            V SG R  E  QNLGL      . S        

E.caballus       468 F  P           R      DPH                                CWP PQ   ML  L  K  KLVAIV   IK    Y VH EL     YVKTRD G DYEGW       LT  EH AS R            VVSG R  E  QNQGL      . S        

C.familiaris     468 F  P           R      DPH                                CWP PQ   ML  L  K  KLV IV   IK D  Y VH EL     YVKTRD G DYEGW       LT  QH AS R    T       V SG R  E  QSRGL      . S        

F.catus          468 F  P           R      DPH                                CWP PQ   ML  L  K  KLV IV   IK D  Y VH EL     YVKTRD G DYEGW       LT  EH AS R    T       V SG R  E  QNRGL      . S        

L.hesperus       404 F  P           R      DPH                                CWP      M   L  R  KLVAIV   IK D  Y LH DA     Y KNKD   DYEGW    SD VS QQN TA G            R NG F  N  TDLGF T    .NT        

A.glabripennis   411 F  P           R      DPH                                CWP      MI  L     KLVIII   IK E  Y LH DA     YVKNKD G  YEGW    AH DV  NN TATG            R AG F  E  LANDY      . SV       

A.mellifera      425 F  P           R      DPH                                CWP  N   MI  L  K  KLVVII   IK D  Y LH DA     YIKTRD G DYEGW    S  VE  HN TA G            R PS F  N  TKMGY      . K        

B.cucurbitae     414 F  P           R      DPH                                CWP PN   MI  L     HLVVIV   VK D  Y  H D      YVKTRD G DYEGW       LG  KN TAVG            R NH FF H CTERGY      . N        

C.capitata       412 F  P           R      DPH                                CWP  N   M   L     HMVIII   IK D  Y  H D      Y KTRE G DYEGW    S  LG FRN SKLG            R DQ FF K CTERGL T    . K        

S.cerevisiae     442 F  P           R      DPH                                CWP PN   LL  L      LVVLI   LK    Y I   V      VK H  G DY G        KR  SK KKLG N          K..D E SDR INENVA  D N. N  V H   

S.pombe          428 F  P           R      DPH                                CWP PN   ML  L  K  KLIVIL   IK D  Y V  EL      VK K     Y          KA  EK DS S            N PN F SK  IDYNYA  D SGVDN NAD   

A.oryzae         452 F  P           R      DPH                                CWP PN   M   L     KLVVII   IK    Y I  EL       RNKD G  YEGW       IG EEQ DESE            NKEK T SE  KSKNLAT    . EI       

N.fumigata       453 F  P           R      DPH                                CWP P    M   L     KLVVII   IK    Y I  EL      IKNK  G  YDGW     D KG EEQ DDSE            NKEG S SE  KGKDLA    G. ET       

K.pastoris       399 F  P           R      DPH                                CWP P    LL  L      LVAII   IK    Y V   L      VR KD    Y G      D SG  QE DETK S          V..G E SDY ESNGLV  E  FDTP H H   

A.thaliana       475 G     D                             WNDMNEPS F GPE     D        Y    SP IR WW   F  Y  Y GS  SLY         V N   VTM R A H  SSS I ML  E  K  GGR S. KN V  TP   T                 P   L V

G.soja           443 G     D                             WNDMNEPS F GPE     D        Y    NP IR WWA  F  Y  Y GS  SLYI        V N   VTM R V HY SSS P TL  E  S   DK S. QS E  TP                     P   T  

D.discoideum     503 G     D                             WNDMNEPS F GPE     D        Y  F NP IR WWAT F  YD Y GS  NLYI        V N   VSM K A H  SSS L  T  E  K    Q G.  K K  TP                     H   K H

T.nigroviridis   505 G     D                             WNDMNEPS F GPE     D        Y  F NP MR  WV  F  YD Y GS  NL V        V N   ITM K A H  STG P  T  E  AL  RM A.  Q E  MD  H                  I   K .

D.rerio          479 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAS F  YD Y GS  N YI        V N   VTM K A H  NSG P  T  E  A    M A.  Q E  ME Q                   H   V .

I.punctatus      503 G     D                             WNDMNEPS F GPE     D        Y  F N  MR WWAN F     Y GS  NLY         V N   VTM K A    SAG P  T HE  A    Q G.HNQ E  ME   T                 H   LL.

X.laevis         495 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAS F  YD Y GS  NLFV        V N   VTM K A HW SAA P  T  E  K    M S.  K E  MD                     H   L  

M.domestica      527 G     D                             WNDMNEPS F GPE     D        Y  F N  MR WWAN F  FD Y GS  NLFI        V N   VTM K A H  SAG P  T IK  A    M S.  K E  AS                     L   R D

M.musculus       505 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WW N F  FD Y GS  NLYV        V N   VTM K A HY SAS P  T  R  A  S M S.  N E  AP                     L   V  

C.jacchus        514 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  YD Y GS  NLFV        V N   VTM K A HY SAG P  T  T  S    M S.  N E  AP                     L   Q  

P.abelii         527 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  YD Y GS  NLFV        V N   VTM K A HY SAG P  T  T  A    M S.  N E  AP                     L   Q  

H.sapiens        505 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  YD Y GS  NLFV        V N   VTM K A HY SAG P  T  T  A    M S.  N E  AP                     L   Q  

M.fascicularis   505 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  YD Y GS  NLFV        V N   VTM K A HY SAG P  T  T  A    M S.  N E  AP                     L   Q  

S.scrofa         505 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWA  F  FE Y GS  NLYV        V N   VTM K A HY AAS P  T  K  A   DM R.  N E  SS                     L   Q  

B.taurus         523 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  FD Y GS  NLYV        V N   VTM K A HY AAG P  T  K  A    M H.  N E  AP                     L   Q  

O.aries          493 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  FD Y GS  NLYV        V N   VTM K A HY AAG P  T  K  A    M H.  N E  AP                     L   Q  

E.caballus       527 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  FE Y GS  NLYV        V N   VTM K A HY AAG P  T  T  A    M S.  N E  AP                     L   Q  

C.familiaris     527 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  FD Y GS  NLYV        V N   VTM K A HY AAG P  T  T  A    M S.  N E  AP                     L   Q  

F.catus          527 G     D                             WNDMNEPS F GPE     D        Y  F NP MR WWAN F  FD Y GS  NLYV        V N   VTM K A HY AAG P  T  T  A    M S.  N E  AP                     L   Q  

L.hesperus       463 G     D                             WNDMNEPS F GPE     D        Y  F NP LR Y AS Y     W GS   L V        V N   VTM K   HF SSS I  H  K  E I  R S.LKN Q  TRD H                  P  NI  

A.glabripennis   470 G     D                             WNDMNEPS F GPE     D        Y  F  P    YY   Y   D F GT   VYI        V N   VTM K   HF SSS L  YD KTVD  KGL A.L K K  THD                    P  CV  

A.mellifera      484 G     D                             WNDMNEPS F GPE     D        Y  F  P VR YYIN Y   D F GT   VYI        V N   VTM K V HY SSS L  FD A  E    Q S.L K H  TND                    P   I  

B.cucurbitae     473 G     D                             WNDMNEPS F GPE     D        Y  F NP AR YYAS Y     Y  T   V I        V N   VTM K V HY AAS T  F  E  A    Q L.PAN KA TTD M                  S   I  

C.capitata       471 G     D                             WNDMNEPS F GPE     D        Y  F NP VR YYAS Y     F      V I        V N   VTM K M HY AAS P  F  E  A    Q L.PSN KTVTAD M                  P   I  

S.cerevisiae     499 G     D                             WNDMNEPS F GPE     D        W    S      W S F  F        NLFI        I      TA K L H  NSI I TI KYGQKI K F ER MDLPADLT              D   T  P   I D

S.pombe          488 G     D                             WNDMNEPS F GPE     D        W  F NP A  WW S Y  FD F  S  NLWI        V      SM R A HY NSV V  F  E QA  G L E.  R E. DK              R   T  H   I  

A.oryzae         511 G     D                             WNDMNEPS F GPE     D        W    NP A  WWI  F  YD F GT  NVFI        V N    TM K   HY SSH V CF  E IK   GL K.  K K  LP                  T  P  NL  

N.fumigata       512 G     D                             WNDMNEPS F GPE     D        W    NP A  WW   F  YD F GT  NVFI        V N    TM K   HY SSH V CF  E IK  TGL K.  K K  QP                  T  P  NI  

K.pastoris       457 G     D                             WNDMNEPS F GPE     D        W    NP A  YW T F     F GS  NL V        V N    T  K L HF ESV I TF  N QS  D L CKGSD A  SS  H               T FP   V  

A.thaliana       534    E R  HN                            RP  L R    G       W GG   H EV  AYG    MAT DGLV R        G    FV S   F  TQRY AI T  GV          YYFH   S    M EE...... KD       AI P     G     

G.soja           502    E R  HN                            RP  L R    G       W GG   H EL  AYG    MAT  GLL R        G    FV S   FA SQRY AV T  GV          YYFH   AN   K GE...... ND       AL       G     

D.discoideum     562    E R  HN                            RP  L R    G       W GG F H DV  LYG    MAS DGLV R             FV S  FYA SQR  AI T  G           YYYH   A    Q NA.....DQND       A       IG     

T.nigroviridis   563    E R  HN                            RP  L R    G       W GG W H DV  LYG    MAT DGLI R        G    FV    FFA SQRY AV T  E           LYVQ   A    Q SG...... VE     A S        G     

D.rerio          537    E R  HN                            RP  L R    G       W GG W H DV  LYG     AT EGLI R        G    FV T  FFA SQRY AV T  V           LYVQK  S    Q SG...... VE       A        G     

I.punctatus      561    E R  HN                            RP  L R    G       W GG W   DV  LYG    MAT EGL  R        G    FV S  FFA SQRY AI T  G  N        LYVH   A   TQ SG...... TE       A        G     

X.laevis         554    E R  HN                            RP  L R    G       W GG W H DV  LYG     AT EGLI R        G    FV T  FFA SQRY AV T  G           LYVQR  T    Q SG...... KE       A        G     

M.domestica      586    E R  HN                            RP  L R    G       W GG W H DI  IYG    MAT EGLI R        G    FV    FFA SQRY AV T  G           FYVH   A    Q SG...... TE     A A        G     

M.musculus       564    E R  HN                            RP  L R    G       W GG W H DI  IYG    MAT DGLI R        G    FV S  FF  SQRF AV T  G           LYVH   A    Q SG...... IE       A  S     G     

C.jacchus        573    E R  HN                            RP  L R    G       W GG W H DL  IYG    MAT DGL  R        G    FV    FFA SQRF AV T  G           LYVH   A   RQ SG...... ME     G A        G     

P.abelii         586    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGL  R        G    FV    FFA SQRF AV T  G           LYVH   A   RQ SG...... ME     A A        G     

H.sapiens        564    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGL  R        G    FV    FFA SQRF AV T  G           LYVH   A   RQ SG...... ME     A A        G     

M.fascicularis   564    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGL  R        G    FV    FFA SQRF AV T  G           LYVH   A   RQ SG...... ME     A A        G     

S.scrofa         564    E R  HN                            RP  L R    G       W GG W H DL  IYG    MAT DGLV R        G    FV S  FFA SQRF AV T  G           FYVH   A    L SG...... VE       A        G     

B.taurus         582    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGLV R        G    FV S  FFA SQRF AV T  G           LYVH   A    L SG...... IE       A        G     

O.aries          552    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGLV R        G    FV S  FFA SQRF AV T  G           FYVH   A    L SG...... IE       A        G     

E.caballus       586    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGLV R        G    FV S  FFA SQRF AV T  G           FYVH   A    Q SG...... IE       A        G     

C.familiaris     586    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT DGLV R        G    FV S  FFA SQRF AV T  S           FYVH   A    L SG...... LE       A        G     

F.catus          586    E R  HN                            RP  L R    G       W GG W H DV  IYG    MAT EGLV R        G    FV S  FFA SQRF AV T  G           FYVH   A    L SG...... LE       A        G     

L.hesperus       522    E R  HN                            RP  L R    G       W GG W H EV  M G    M T  GLI R             FI T   F  SQRF AI T  G         Q LLQT T YH   D DDTIQKLEDKK       SA S     T     

A.glabripennis   529    E R  HN                            RP  L R    G       W GG   H EV   F     I T EGLI R             FI S   F  SQRY  I T  GL       E ALKQV P Y    Q S.......NHR       GH S     VT    

A.mellifera      543    E R  HN                            RP  L R    G       W GG W H  V  I G    MAT E L  R        G    FI T  FFA SQRY AM T  G    N    N LLMS   Y A FR SG...... SL       S        T     

B.cucurbitae     532    E R  HN                            RP  L R    G       W GG W H DV  LYG    L T EGLM R        P    FI T   FA TQRY LI T  N           HMHA S F    G D....... NQ       SH       A     

C.capitata       530    E R  HN                            RP  L R    G       W GG W H DV  LYG    M T DGLL R        P    YI T   FA TQRY  I T  N           HMHV G F    G D....... NQ       SH       AS    

S.cerevisiae     559    E R  HN                            RP  L R    G       W G       V  IYG     AT D I                FL T  FFA SQR  A  T NYI E S      LSVHE  Y A KSIYS.....PSDK       A       TA T   

S.pombe          546    E R  HN                            RP  L R    G       W GG W H DI  IYG      T  GLI R             FI T  FFA TS   A     G           HKCING YN   K GE.....GA.V       S      ALA N I 

A.oryzae         570    E R  HN                            RP  L R    G       W GG W H DI  V G     AT   ML R             FI T  YYA  QR  AM T  N         N ITFVN  YNA  E KK.....GELR       S    A  MS     

N.fumigata       571    E R  HN                            RP  L R    G       W GG W H DV  V G     AT   LL R             FV T  FYA  QR  AM T  N         N LTFIN  YNA  E KK.....GVVR       S    A  VS     

K.pastoris       517    E R  HN                            RP  L R    G       W GG W H  I   YG     AT   LI R             FV T  Y   SQ   AM T  K    S   W  KSFHE  YYA  N SP.......NH       S AP   ATA     
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A.thaliana       588 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE EHLRVSIPM  TL L  IT   A IG  F N E E LV  YQVGAY   F   A  T            I   G T    S        G   P            Y    G  

G.soja           556 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AD DHLRVSIPM  TL L  MS   A IG  F N E E LV  YQLGAY   F A A  T            V   G T    S        G   P            Y       

D.discoideum     617 D    W          L     G  F G D  GF   P   L  RW       PF R H  N A   HL IS PM  SM LA IT   A VG  F N D E L   YQAGAF   F   A  S Q S  E  N  L   N      S        G   A   T        Q    G  

T.nigroviridis   617 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISLPMC SM LA I  C   IG  F     E LV  YQA  F   F   A  I                S    V   S      NA GT         SS M    S  

D.rerio          591 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE  HLKISIPMC SL LV IS C A VG  F     E LV  YQAGAY   F A A  A   G            G               KH SA            Q       

I.punctatus      615 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE  HLKMSIPMC SL LV IS C A VG  F     E LV  YQAGAY   F   A  A   G            G               KH SA            Q    S  

X.laevis         608 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV IS C A VG  F S E E LV  YQAGAY   F A A  A                S               K   T            Q       

M.domestica      640 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE  HLKISIPMC SM LV LS C A IG  F N E E LM  YQMGAY   Y A A  A   G            G               K   P            Q       

M.musculus       618 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                A               K   P            Q       

C.jacchus        627 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISVPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

P.abelii         640 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

H.sapiens        618 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

M.fascicularis   618 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

S.scrofa         618 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV VS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

B.taurus         636 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHMKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  A                G               K   P            Q       

O.aries          606 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHMKISI MC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  A          S     G               K   P            Q       

E.caballus       640 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   Y A A  T                G               K   P            Q       

C.familiaris     640 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

F.catus          640 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE DHLKISIPMC SL LV LS C A VG  F N E E LV  YQMGAY   F A A  T                G               K   P            Q       

L.hesperus       582 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE  HLRVS PMC SL I  MS C A VG  F N D E LI  YQAGAF   F A A  A   S     Y      A G             H   K            L       

A.glabripennis   582 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AE  HL AS PMC S  I  IS C A IG  F N D E L   YQAGIW   Y A A  A   S  A  F     EA G             N   T   Q        L       

A.mellifera      597 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AD DHLRIS PMC SL V  MS C A V   F N D E  I   QAGAW   Y      T         Y      A S         S   K   S  F   N     L    Q S

B.cucurbitae     585 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AD  HL  SI MC T  VA  S C A VG  F N   E     YQ GAF   F   A  M   G  QH  K    EA   F           G  NA  FE    T   L    G  

C.capitata       583 D    W          L     G  F G D  GF   P   L  RW       PF R H  N AD  HL  SL MC S  VA  S C A VG  F N D E  A  YQ GAF   F   A  T   G  QH  K    EA   F           G   A  F     T   L    G  

S.cerevisiae     614 D    W          L     G  F G D  GF   P   L  RW       PF R H  N A  D LKISIPM  S  IA M    A I         E IA  YQAGLW   F A A  V N  Y       V  NN    P I    A  AED TP            Y       

S.pombe          600 D    W          L     G  F G D  GF   P   L  RW       PF R H  T    EHLR SIP   T  I  M    A V   F N D E  V  Y   IF   F A A  MTT     G   TV  NG S  A S    A   G   A  F    ETA  Y       

A.oryzae         625 D    W          L     G  F G D  GF   P   L  RW       PF R H  N A  EHL ISLPM  N  I       A VG  F N   D L   YQ GIW   F A A  Q T    A     V  NG S FP A        H  SK   T    T   Y       

N.fumigata       626 D    W          L     G  F G D  GF   P   L  RW       PF R H  N A  EHL ASLPM  N  IA      A VG  F N   E L   YQAGIW   F A A  Q T    A     V  NG   FP A        Q  SK   T        Y       

K.pastoris       570 D    W          L     G  F G D  GF   P   L  RW       PF R H  N A  E LKV LPM  S  IA M    A VG  F N   E L   YQ GIW   F A A  A T  Y   A   I  NG    P A        G  SK   T    S   Y       

A.thaliana       648 H    RR P                 RY  LP  Y         G P         P     DT   E WL G     LMRDAI    TL   F TLF         VVRPLWM F  D  H  K      F ERNTE      HT      Y     REANVT V        E  Q E

G.soja           616 H    RR P                 RY  LP  Y         G P         P     DT   E WL G     LIKDAI     L   F TLF         VVRPLWM F  D  H  K      F ERNTE      HV  A   Y     REANTT V        E  S E

D.discoideum     677 H    RR P                 RY  LP  Y         G P         P    LDS   E WL       IIREAI    S    W T FY        VMRPLWV Y  E     R      FNEPYTT      VK   Y  L   T  QNTLN A        Q  K A

T.nigroviridis   677 H    RR P                 RY  LP  Y         G P         P    MDT   E WL G     LIRDIV    T    W Q FY        IMR LWL Y  E     P      H LDNTR      RQ   F  F   Q  HSHKT E    M   D  K T

D.rerio          651 H    RR P                 RY  LP  Y         G P         P    IDT   E WL G     LIREAV     L   W QLFY        VMRPLWV Y  E     P      F PENTA      RQ  A   N      NAHNT Q        E  A V

I.punctatus      675 H    RR P                 RY  LP  Y         G P         P    LDT   E WL G     LIREAI    TL   W QLFY        VMR LWV Y  E     P      F PENTA      RQ      Y      NAYRT Q    A   N  E P

X.laevis         668 H    RR P                 RY  LP  Y         G P         P    LDT   E WL G     VIRDVL    TL   W TLFY        VMRPLWV F  D     P      H DDNMA      RQ      F      KALSE E        E  S V

M.domestica      700 H    RR P                 RY  LP  Y         G P         P    MDT   E WL        IRDAL     L   W TLFY        VMRPMWV Y  D     G      LAPEYLGP     RQ  A   F      RAHLD H        Q  K V

M.musculus       678 H    RR P                 RY  LP  Y         G P         P    LDT   E WL       AIRDAL    SL   W TLFY        VMRPLWV Y  D     G      LASQYQD      FQ      F      QAHKE F        Q  E M

C.jacchus        687 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TLFY        VMRPLWV Y  D     G      L SPYND      NQ      F      QAHRE I        Q  Q V

P.abelii         700 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TL Y        VMRPLWV Y  D     G      L SQHND      GQ      F    L QAHRE I        Q  Q V

H.sapiens        678 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TL Y        VMRPLWV Y  D     G      L SQHND      GQ      F    L QAHRE I        Q  Q V

M.fascicularis   678 H    RR P                 RY  LP  Y         G P         P    LDT     WL P     IIRDAL    SL   W TLFY        IMRPLWV Y  D     G  G   L SQHND      GQ      F      QAHRE I        Q  Q V

S.scrofa         678 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     MIRDAL    SL   W TLFY        VMR LWV Y  D     G      L TQYQD      GQ      F      QAHRE V    A   H  Q V

B.taurus         696 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TLFY        VMRPLWV Y  D     G      L SQYHE      GQ      F      QSHRE I        H  K V

O.aries          666 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TLFY        VMRPLWV Y  D     G      L SQYHD      GQ      F      QSHRE I        H  K V

E.caballus       700 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     MVRDAL    SL   W TLFY        VMRPLWV F  D     G      L SQYHD      NQ      F      QAHRE I        N  Q V

C.familiaris     700 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TLFY        VMRPLWV Y  D     G      L TQYHD      GQ      F      QAHRE I        H  Q V

F.catus          700 H    RR P                 RY  LP  Y         G P         P    LDT   E WL P     IIRDAL    SL   W TLFY        VMRPLWV Y  D     G      L TQYHD      GQ      F      QAHRE I        H  Q V

L.hesperus       642 H    RR P                 RY  LP  Y         G P         P    IDT   E WL G     IIR VI    S    W T FY        VIRPLWA F  D     K      F QETTD   S  RT   F  L   T  QHNIT D        E  E S

A.glabripennis   642 H    RR P                 RY  LP  Y         G P         P    IDT   E YL        IR AL         W TLFW        VIRPLF  Y  D     R      FNEDVRNR  T  RL  AH  L      EHEIT D       YQ  D A

A.mellifera      657 H    RR P                 RY  LP  Y         G P         P    IET   E WL       IVREA     S    W TLF         VIRPLWA Y  E     K      FNEETTQ     FRM   Y  L     REHEVN T        H  S T

B.cucurbitae     645 H    RR P                 RY  LP  Y         G P         P    LET   E WV G     IVREAL    S    W TMFY        IMRPL   Y  D     K      Y EKTRL      RK   Y  L      EHEVT E      LTH  K K

C.capitata       643 H    RR P                 RY  LP  Y         G P         P    IDT   E WL P     IVRDAI         W TMFY        VMRPL A Y  D     K      F EDTRL      RK  AF  L      EHEMT E      L H  Q K

S.cerevisiae     674 H    RR P                 RY  LP  Y         G P         P    IDT   E YL       IVRDII     L     TMF         IM PMFI          K      FNEPLKS      QL  F   TL    HKSSVT F   N    EH EFA

S.pombe          660 H    RR P                 RY  LP  Y         G P         P    IDT   E WL G     LVRELL     L   W TAFY        IL P FL    D     K      Y EPYTS      RI  R   T      NSHTH F   Y Q  MH E E

A.oryzae         685 H    RR P                 RY  LP  Y         G P         P    IDT   E YL       II  AI    QL   W TAF         IVRP F     D     R      ISEPHRS  AQ  RL      A     HEASVN T     Q YVH S E

N.fumigata       686 H    RR P                 RY  LP  Y         G P         P    IDT   E YL       II  AI    QL   W TAF         IVRP Y     D     R      IAEPFRS  SQ  RL      A     HEASVN M     Q YVH A E

K.pastoris       630 H    RR P                 RY  LP  Y         G P         P    IDS   E WI G     IIRD V    QL     TAFY        VLRPLF           R      A EPYTT    T RL      VL     ESSKL Y       YEI ENQ

A.thaliana       708   F  DE FMVG   LLV GV   G   ASVYLPG         WYDL N     G    AT SN  A    S.G   Q  YTK TTQ       KE......S    R GKTYV GK..

G.soja           676   F  DE FMVG   ILV GI    A  ASVYLPG         WYDL T     G    AT SN  T    S.S   Q  YTER KH       KQ......S    R GAVYK GV..

D.discoideum     737   F VDD YLIG   LLVKPV       M V LPG        IWYDV T          NL D   H    D.S      TQQSCKT K L   QS...VNE     D EKPIN.AG..

T.nigroviridis   737   F IDD FLIG   LLVHPV D GA  VTAYLPG        VWFDI T     G    AT A   E    K.D      T E  TS       KD.....E     H FKKHN GQ..

D.rerio          711   F IED YLIG   LLVHPV D GA  VTAYLPG        VWYDV S     G    TT S   E    K.D      T E  TG       KG.....E     H LQKHD DQ..

I.punctatus      735   F IE  YLIG   LLVHPV D GA  VTAYLPG        VWYDV T     G    AT A  NE    K.D      T E  KS       KG.....E     H FHKHE AQ..

X.laevis         728   F MD  YMLG   LLVRPV E  A  VQVYLPG        VWYDV S          ST A  SQ    S.A      T AK RG       DG.....E     H YQRYEAPQ..

M.domestica      760   F LDD FMLG   LLVHPV E GA  VQVYLPG        VWYD  S     G    AT S   Q    D.S      A P  RG       EG.....E    TQ HQKHH PQ..

M.musculus       738   F IED FMLG   LLIHPV D GA  VQVYLPG        VWYDI S     G    ST S   Q    D.A      S A  HG       QE.....E     Q YQKHH PQ..

C.jacchus        747   F IDD FLLG   LLVHPV D GA  VQVYLPG        VWYDI S     G    TT S   Q    D.A      S S  HA       QG.....E     Q YQKHH PQ..

P.abelii         760   F IDD YLLG   LLVHPV D GA  VQVYLPG        VWYDI S     G    TT N   Q    D.A      S P  HG       QG.....E     Q YQKHH PQ..

H.sapiens        738   F IDD YLLG   LLVHPV D GA  VQVYLPG        VWYDI S     G    TT N   Q    D.A      S S  HG       QG.....E     Q YQKHH PQ..

M.fascicularis   738   F IDD YLLG   LLVHPV D GA  VQVYLPG        VWYDI S     G    TT S   Q    D.A      S S  HG       QG.....E     Q YQKHH PQ..

S.scrofa         738   F IDD FLLG   LLVHPV D  A  VQVYLPG        VWYDV S     G    TT S   E    D.A      T SE HG       QG.....E     H YQKYH PQ..

B.taurus         756   F IDD FLLG   LLVHPV D  A  VQVYLPG        VWYDV S     G    TT S   Q    D.A      S SE RG       QG.....E     Q YQKYH PQ..

O.aries          726   F IDD FLLG   LLVHPV D  A  VQVYLPG        VWYDV S     G    TT S   Q    D.A      S SE HG       QG.....E     Q YQKYH PQ..

E.caballus       760   F IDD FLLG   LLVHPV D GA  VQVYLPG        VWYDI S     G    TT S   Q    D.A      S A  RG       EG.....E     E YQKHH PQ..

C.familiaris     760   F IDD FLLG   LLVHPV D GA  VQVYLPG        VWYD  S     G    TT S   Q    D.A      S S  HG       QG.....E    SQ YQKHY PQ..

F.catus          760   F IDD FLLG   LLVHPV D GA  VQVYLPG        VWYD  S     G    TT S   Q    D.A      S S  HG       QG.....E    TQ YQKHY PQ..

L.hesperus       702      DD  LVG   LLVRPI   G   ASVY PG        IWYDI T          NTLKN  HL   D.S      FGL ETQ    F  KD.....T     D YQTYR.HG..

A.glabripennis   702     ID   LVG   ILA  I E GI   NVYLPG         WYDI       G    NVVD  KEL   S.S   LV S P  STT      GS....TEY    EDFKLYP TG..

A.mellifera      717   Y IDD  LIG   ILVRPV    V  VNVY PG        IWYDV T          ET A   EV   D.S      FQPS TD    F  EG....KI     D MQPYYQPG..

B.cucurbitae     705   F ID  FLL    LLVRPV E GV  VNVY P         VWY I T          EA A  NE   QD.R      I Q  KK    F AIDDKSNGD   N D LKRFTNVG..

C.capitata       703   Y ID  FLL    LLVRPV D GA  VNVY P         VWYDI T          EG N  YE   QD.R      M R  SK    F STDDKKTGD     N LKKYTNAG..

S.cerevisiae     734   Y ID  F      LLVKPV E G     M  P         IFYE  S          EL H  NQ YWSNSG      T P QSETE VF .PG......    FA LHSFINNGTD

S.pombe          720   F IDD F VG   LLVKPV    I  ITIYL          VYFDL       G    EG A   Q Y  DSG      THPS DK     ADDE......     HDHTEYA KG..

A.oryzae         745   F IDD   LG   IL KPV   G   V IYL           YYD        G    AG V   QLY  STG  T   VTE TTT D   ADDE......K   YFDYTVYQ AGK.

N.fumigata       746   F IDD   LG   LLAKPV   GA    IYI           YYD        G    QG A   QLY  STG      VVE  TTTD   ADDE......K   YYDFTVYQ AGR.

K.pastoris       690   Y IDD F VG   LMVKPV E GA   SIYLP         IYYD             KL N   Q F  SSG      T E  TTD     DPQ......    FFKLGTTLQGEG.

Figure C.2: Multiple sequence alignment of GANAB genes. Appendix C

180



A.thaliana       759                    G         RR       DP             A G         M A   SIPAFQK  TIIPR  R   SS  M     TL VAL  S       LYI..THK D PEE       A      KD F    SQ DN  Y  V   NS QE. E E   

G.soja           727                    G         RR       DP             A G         L V   SIPAFQR  TII R  R   SS  M     TL VAL  S       LYI..THK E TEE       A    A KD F    TQ AN  Y  V   NS QA. E E   

D.discoideum     790                    G         RR       DP             A G         I   L  IPVYQRG SII K  RV  ST  MR    TI IAL  S       LYI..VIE DTP EK           S KE      YQ  D  Y  R   DS KS. Q Q   

T.nigroviridis   789                    G         RR       DP             A G         IPV I SIPVFQRG SIIPK  RV  SS  M     TL VAL  Q       IYI..SLY   T S              KL      AC EH  Y  Y   SN KT. E E   

D.rerio          763                    G         RR       DP             A G         IPV M SIPVFQRG SII R  RV  SS  M     TL VAL  QG      LYI..SLY   T S            C KE      SC EN  Y  Y   NS  F. E E   

I.punctatus      787                    G         RR       DP             A G         IPV M SIPVFQRG SII R  RI  SS  M     TL IAL  QG      LYI..NLH   T S            S KD      SC EN  Y  Y   SA  T. E E   

X.laevis         780                    G         RR       DP             A G         LPV M SIPVYQRG SIIPR  R   TS  M     TL VAL  QG      LFL..TFY   T N              KD P    DC QD  F  Y   NL  E. R E   

M.domestica      812                    G         RR       DP             A G         LPV   SIPVFQRG TIIPR  RV  SS  MK    TL VAL  QG      LYL..TLY   TFS              WE      DC  D  I  Y   SP  T. E E   

M.musculus       790                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SP  T. Q E   

C.jacchus        799                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SP  T. Q E   

P.abelii         812                    G         RR       DP             A G         LPV L SIPVFQRG TVVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      EC  D  I  F   SP  T. Q E   

H.sapiens        790                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      EC  D  I  F   SP  T. Q E   

M.fascicularis   790                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      EC  D  I  F   SP  T. E E   

S.scrofa         790                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SP  T. Q E   

B.taurus         808                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SL  T. Q E   

O.aries          778                    G         RR       DP             A G         LPV L SIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SL  T. Q E   

E.caballus       812                    G         RR       DP             A G         LPV L TIPVFQRG TIVPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      EC  D  I  F   SP  T. Q E   

C.familiaris     812                    G         RR       DP             A G         LPV L SIPVFQRG TIIPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SP  T. Q E   

F.catus          812                    G         RR       DP             A G         LPV L SIPVFQRG TIIPR  RV  SS  MK    TL VAL  QG      LFL..TLY   T S              WM      DC  D  I  F   SP  T. Q E   

L.hesperus       753                    G         RR       DP             A G         V A I  IPVF RG  IIPR  RV  SS  MK    TL IAL  N       LYI..TTN A D TK    Y   H    KM      PL  N  Y  Y   DA DQ. S Y   

A.glabripennis   755                    G         RR       DP             A G         LPA L    AF RG SIIPR  R       MH    SL VAL          LYL..VYN   S DKNI  Y        KD P  AASL  N  F  Y   DSKKS. S T   

A.mellifera      770                    G         RR       DP             A G         IPV L  IPVFQRG SII R  RI  ST  MK    TL VI    G      LYI..LVN   T HK           S KM      VA  N  Y  I  TDSA K. N T   

B.cucurbitae     762                    G         RR       DP             A G         IPV   TIPVFQRG TIIPK  RI   S  MK    TL I L   G      LYV..YES   ESD              KE    A TL  N  Y  V C NRE K. E T   

C.capitata       760                    G         RR       DP             A G         LPV   TIPVFQRG TIIPK  RI      MK    TL V L   G      LYI..YES   DSR              KE    AATL  N  Y  V C DRA K. Q T   

S.cerevisiae     787                    G         RR       DP             A G         I A L  IPLF  G  II    K   SS  MK     I IA    G      LYVLIEKN S P DK    IE  H  TMKD Y    ML  N  YV V  PDTE R. V D   

S.pombe          772                    G         RR       DP             A G         VPA L  VPV  RG NIL    RI       R    TL IAV   G      LYL..HQV   P GR   LL      ITRE    AAELT N  F  T   SKI KN S F   

A.oryzae         798                    G         RR       DP             A G         VPA L  VPV   G  VIPR  R   SS  MK    TL VVL  NG      LYV..RHE   P EK   LMQ  H    KD P    GL  W  Y  V   DK  E. D T   

N.fumigata       799                    G         RR       DP             A G         VP  I  VPL   G  IIPR  RA  SS  MR    TL IVL  NG      LYV..RHT  SP EK   LMQ  H    KD      GL  W  Y  V   DK  K. E T   

K.pastoris       743                    G         RR       DP             A G         L V L TIPV  RG SII    R   SS  MK    TL V L   G      LYI..IHE E D T    LA      TQKL Y    QL  H  Y  M F DSE T. K K   

A.thaliana       816 DD                                                            G SF F      YI RRF F    L S  L              S   IDRIILLG     K  E RRG..S  H   V SKGV T TN APPE...ARL...S QCL        HS

G.soja           784 DD                                                            G SF F      YI RRF F    L S  L         Y    S AFIERIILLG     S  N LQG..G  H   I SNGK T ID APASGSKGR ...P D          HA

D.discoideum     847 DD                                                              SF Y      FL R F F  N L    A         Y      V IEKIVILG    EH  D KKG..K  Y Q T KD V SFSD SNKSS..TS ...KPN T        VQ

T.nigroviridis   846 DD                                                            G TF Y      FI RR     N I S  L         F    T  WIERIVIIG     Y  N EK..KE  H  ISLAN V S IN APD....AH ...T PS         AT

D.rerio          820 DD                                                              TF Y      FI RR  F  N L S  L         F    T  WIERIVVIG    FH  N QKS.KQ  H  LS SN S T RN APD....AQ ...S ES         GS

I.punctatus      844 DD                                                              TF F      FI RR  F  N L S  L         F    T AWIEKVVIIG    FH  N EKE.KQ  H  LH FD V T SN APD....SK ...T A          AT

X.laevis         837 DD                                                            G SF Y      FL R F Y    L    L         F    T  WIERIVIIG     H  N E.Q.NE  F E N SQGK TASS DPS....GV ...K PS         AT

M.domestica      869 DD                                                            G TF Y      FL RKF F  N L S  A         F    T IWIERVVILG     H  N ETQ.NE  F   T SG T T SS DPR....GH ...E P          AG

M.musculus       847 DD                                                            G TF Y      FL RRF F  S L S  A              T IWIERVVIMG     H  N QTR.HE  L   S SG T V SS DPK....GHL...E P          AG

C.jacchus        856 DD                                                            G TF Y      FL RRF F  N L S  V              T A V R    G     H  N QTR.QE  L   S SG T V SS PGD..........P P A G QGRF DG

P.abelii         869 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N QTR.QE  L   S SG T V SS DPA....GH ...E P          AG

H.sapiens        847 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N QTR.QE  L   S SG T V SS DPE....GH ...E P          AG

M.fascicularis   847 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N ETR.QE  L   L SG T V SS DPE....GH ...E P          AG

S.scrofa         847 DD                                                            G TF Y      FL RRF F  N L S  A         F    T VWIERVVIIG     H  N QTG.HE  L   S SG T V SS DSK....GH ...E P          AG

B.taurus         865 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N QTR.HE  L   S SG T V SS DPK....GH ...E P          AG

O.aries          835 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N QTR.HE  L   S SG T V SS DPK....GH ...E P          AG

E.caballus       869 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  S QTH.NE  L   S SG T V SS DPK....GH ...E P          AG

C.familiaris     869 DD                                                            G TF Y      FL RRF F  N L S  A         F    T VWIERVVIIG     H  N QTH.HE  L   S SG T V SS DPK....GY ...E P          AG

F.catus          869 DD                                                            G TF Y      FL RRF F  N L S  A         F    T IWIERVVIIG     H  N QTR.HE  L   S SG T V SS DPR....GH ...E P          AG

L.hesperus       810 DD                                                            G TF Y       A  KY F  N L S  A         F    S VWLEKVVIMG     E  R HLRQDSS YI  K AE M S DF SNK.....R ...D P          VK

A.glabripennis   812 DD                                                              SF Y      YL  HF F  N L S  I         Y    T  WIERVVILG    YQ  E KNN.KK  YI  D KE T T KL DKT.....D ...P KE         PP

A.mellifera      827 DD                                                              SF Y      YL   F F  N L S  I         Y    T  WLERV IA     EV  E RHG..K  YLS N EE T T TF DKL....SS ...Q ES     D  NPP

B.cucurbitae     819 DD                                                              SF Y          KF F  N L    I         Y    T AWIERVVIAG    EK  D RNG..IHNYI  N EN K DVNP GKL.....K ...K P          LE

C.capitata       817 DD                                                              SY Y      F    F F    L              F    T AWIERVVIAG    EK  A RKG..E NYLL E ENGQ NVNFKSKP.....N ...K T          LD

S.cerevisiae     846 DD                                                            G TF Y      YV   F F  N L N                     IEKIIIA      E  G QRG..E  ETQ I EN T K VRSHIPENLTGIHHNTLRNTN       KNN

S.pombe          830 DD                                                            G TF Y      YL RHF Y    L              Y      L VERI I G     V  N KKG..E  I   S ENGI TMKDSHSNPPVSPK SSSQKH K    N Y EQ

A.oryzae         855 DD                                                            G TF Y      YI RRF F  S L S  I         Y      V VERVVVI      E  D ERG..A  H   H HD T S ED GTKGPKTAE LKAMAS R       DPP

N.fumigata       856 DD                                                            G SF Y      YI RRF F  S L S  I         Y    T V V KVVVV      E  N QQG..A  H   K EK T L ED GTKGSKTAE LKSM N R Q     DAP

K.pastoris       800 DD                                                            G SF Y      FL   F Y  N L S            F      V VERVIIIG     T  N RLG..H  EIS Q SN I S ELKTN...IARK QDSLDD L        LP

A.thaliana       868           A V                           L IRKP V V  DWTV I  SGPK.....S L EPLNQKAEIEMGPLRMGGLVASSGTKV T    G R DQ    K L.

G.soja           839           A I                L            IRRP V V  DWTI V  PSSK.....N L EPSNQKVDIELGPLWV R...ARAPAVTT    N R AE    T I.

D.discoideum     900 K         I     G            L          L IRKP L V  DF I L   .PH.....S TCNIT .........KEK SFEYDSTLSK T    D L DT  I K N.

T.nigroviridis   897 K         V L   G            L          L LRKP VNA  DWTI L   .PS.....K T KAA .......GLESQ DFEFDPSVSV T    G   GE    T K.

D.rerio          872 R         V L                L          L VRKP VSA  DWTV L   .PS.....S S INAD.......GVESA EFEFSSNPAV T    S   AA    V R.

I.punctatus      896 R         V V                V          L LHKP VNA  DWTV L   .PS.....S S KTAD.......GAESA EFDFDSAVSV T    G   GT    T Q.

X.laevis         888 K         I L   G            L          I VRKP VNI  DFTV L   .PS.....S T SLQ .......GSESS EFEYDQSTSV T    G   AS    S R.

M.domestica      921 K         V L   G            L          L LRKP V V  DWSI L   .PA.....S L ETE .......IPETI TFHHNAETSV T    E H ST    H R.

M.musculus       899 K         V L   G            L          L LRKP VSV  DWSI L   .PA.....A V QTK .......SPESR SFQHDPETSV I    G   AS    H R.

C.jacchus        905             L   G            L          L LRKP INV  DWSI L  L.AP.....LFF PPP .......SPESR SFQHDPETSV V    G   AS    H R.

P.abelii         921 K         V L   G            L          L LRKP VNV  DWSI L   .PA.....A V QTK .......SPESR SFQHDPETSV V    G   AS    H R.

H.sapiens        899 K         V L   G            L          L LRKP INV  DWSI L   .PA.....A V QTK .......SPESR SFQHDPETSV V    G   AS    H R.

M.fascicularis   899 K         V L   G            L          L LRKP INV  DWSI L   .PA.....A V QTK .......SPESR SFQHDPETSV V    G   AS    H R.

S.scrofa         899 K         V L   G            L          L LRKP VNV  DWSI L   .PA.....T V QTK .......SPESR SFQHDPETSV I    G   AS    H R.

B.taurus         917 K         V L   G            L          L LRKP VNV  DWTI L   .PA.....T V QTK .......SPESR SFQHDPETSV I    G   AS    H R.

O.aries          887 K         V L   G            L          L LRKP VNV  DWTI L   .PA.....T V QTK .......SPESR SFQHDPETSV I    G   AS    H R.

E.caballus       921 K         V L   G            L          L LRKP VNV  DWSI L   .PA.....A V QTK .......SPETR SFQHDPETSV I    G   AS    H Q.

C.familiaris     921 K         V L   G            L          L LRKP VNV  DWSI L   .PA.....A I QTK .......SPETR SFQHDPETSV I    G   AS    H R.

F.catus          921 K         V L   G            L          L LRKP INV  DWSI L   .PA.....A V QTK .......SPESR SFQHDPETSV I    G   AS    H R.

L.hesperus       862                              L          L IRKP V I   W I I  SGRQ.....YKASLFKD.......NTESP EAKHDSTTNT T    G P AAK I K K.

A.glabripennis   863           A L                L          L VRKP VSV   FSI L  SGIK.....G K TSKS.......LGTVE ETSYDGEERT T    G   REP   K Y.

A.mellifera      878 K         A L                L          L IRKP VNM  EWTI L   GVK.....S V NSRS.......LTKIT ETKYNPNNNV T    S   GE    E IH

B.cucurbitae     869 R         A L   G                       I IRKP VSV   YNI L   APK.....S T IID ..........ISKELEVLPHGEA A    G   QQI   R NF

C.capitata       867 R         A L   G                       V IRKP ISV   FTI L   TPK.....S T IVG ..........VSQDLEVLPHEEG A    G   LEL   R NF

S.cerevisiae     904           I V   G                       I I    L I  DW V    LQHNITLKDS K KKN E..ESSLPTRSSY.....ENDNK T LNLS D TE  E IF..

S.pombe          888             I                             IR P L L          TRKS..IKIRK. IDS.........EVTEWDVSVD...DSGC  N Q F V.........

A.oryzae         913 K         V V   G                       A VK P VSI   W I     GWQ..EKST T IED A..KTASTAAMEYHAQPNGKAPY V  N T   GKT R EF..

N.fumigata       914 K         V V   G                       A VKKP V I   W I     EWQ..GRTS T IED A..KMASTAPLEYHAQQAGKAAY V    D G GKT K EF..

K.pastoris       855                 G                       L VK P VSI   W I I  DDFT..SVKAKV..TQ .........EKTWISNWTKENGY V  N R   SQS E N EV
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O.sativa          ............................................................

T.cacao               1 .....................................MK.......LT.LSFIS......

A.thaliana            1 .....................................MR......VVVISSFVS......

G.arboreum            1 ................................................MRSY........

G.soja                1                                                   I         .....................................MK......LLRLR L........

M.truncatula          1                                                   I         ......................................M......KLQLR F........

H.saltator            1                                                   V         ...................................MTFPDRSREKMDRYA WL.......

L.hesperus            1                                                   M         .....................................MRERC.RLLTAPA YIE......

A.aquasalis           1                                                   M         .....................................SRNGSKPVIEPRK FTR.QIHGT

C.quinquefasciatus    1                                                   M         .................................................. WSP...RGK

B.dorsalis            1                                                   M         .................................................. Y.....QLG

M.domestica           1                                                   M         .................................................. LTSKKLCGI

A.suum                1                                                   L         .....................................MQ.RITFVLFVVS WLE......

C.milii               1 .....................................MA.A...................

M.musculus        ............................................................

B.taurus          ............................................................

H.sapiens         ............................................................

S.pombe               1                                                   M         .................................................. K.......F

U.maydis              1                                                   M         .................................................. VRL...NLA

A.otae                1 ...................................................MNR...GSL

A.dermatitidis        1                                                   M         .................................................. KHS...GNL

T.marneffei           1                                                   M         .................................................. RST...ANV

P.digitatum           1                                                   M         .................................................. RLP...KSF

P.expansum            1                                                   M         .................................................. RLP...QSL

B.spectabili          1                                                   M         .................................................. RHS...GSF

A.clavatus            1                                                   M         MTKTPGPVPPDRVDPKWALSTAGQKLSPHSPGPIVFGHNTGLARKLNAFI ILS...QGA

A.oryzae              1                                                   M         .................................................. ILP...QGS

E.dermatitidis        1                                                   M         .................................................. ILR...SEL

G.lozoyensis          1                                                   M         .................................................. KRV...EAL

M.brunnea             1                                                   M         .........................MS.....PV.......HCENSTYPA RGV...NVI

S.brasiliensis        1                                                   M         .................................................. RQT...RAL

T.reesei              1                                                   M         .................................................. QRP...ASL

M.album               1                                                   M         .................................................. QHP...PSL

F.oxysporum           1                                                   M         .................................................. QHP...NSL

G.moniliformis        1                                                   M         .................................................. QHP...NSL

C.higginsianum        1                                                   M         .................................................. RQS...YSL

N.crassa              1                                                   M         .................................................. RRT...AAL

N.tetrasperma         1                                                   M         .................................................. RRT...TAL

O.sativa              1                               G                     C              LL L                    I      YF                G   ..MGLHT  L LLLRISASAAASRPPLDTL  PPQDEA  RG......GVIR RD. SGR

T.cacao              10                               G                     C                 I                    I      YF                G   ..LSLTISSL I...PSHASSSSLPSNSFL  APQDED  KG......EIIK KN. SKT

A.thaliana           12                               G                     C                 L                    I      YY                G   ..VSLQLSFL LLASA.IRSSSSPPNDPFL  SPQDEK  KS.....SSEIK KD. SKK

G.arboreum            5                               G                     C              LL                      I      YY                G   ...SIFI  LFCIASFIRSSSSSAPKHTFL  SPQDED  KSS....SDSIK KD. SKK

G.soja               10                               G                     C              LL L                    V      YY                G   ...LIAL  M CA....PFSSSSKPKDPFL  APEDDD  KS.....SDVIR KD. SGK

M.truncatula          9                               G                     C              LL                      I      YY                G   ...LIPL  VFLA....PLSSSSKPKDPFL  APQDEK  KS.....SDVIR KD. SAN

H.saltator           19                               G                     C              LA                    R V       Y          F  L  G   LVWGSLL  .....HTSHV....AGSTTI   PLAMRSL SPN....REL E  D. SML

L.hesperus           17                               G                     C              L  L                 PR V      FY          F     G   HV...YI FM S..LSVDC....VNYDF    RPNVAT  DP.....SKD V FD. LVT

A.aquasalis          23                               G                     C              AA V                 PR V       Y          F  L  G   AGWLLLM  T GHFGWVAR....TEIPR    SISQAIL EDR..AGSGQ V  D. RKV

C.quinquefasciatus    8                               G                     C              VL L                 PR V       Y          F  L  G   ESGRLLL  V CSFGILVL....TELPR    SISRASL P....AGGGK V  D. KRT

B.dorsalis            6                               G                     C              LL L                 P  V       Y          W  L      LKSLQLQ  L AIIVTLSV....ADVPR V  PLYKASL APR..S.DKS V  D.SKKT

M.domestica          11                               G                     C              L  L                 P  V       Y          W  L      LPSGFLC CV TTLTDLSL....AEVPR I  SLTKATL RPN..S.DNT K  D.ESKT

A.suum               17                               G                     C              LL                   PR V       Y          F     G   ADPTSLG  KKTSKEPKPS....GYGMR    PFIHGGL AT.....GVN S FT. SKI

C.milii               4                               G                     C              LL A                 PR V      FY          F  L  G   ..P..LG  L ALLTLGTA....VEVKR    SLTNRQ  EE.....TKP T  D. SKT

M.musculus            1                               G                     C              LL L                 PR V      FY          F  L  G   .....ML  L LLLPLCWA....VEVKR    SLSNHH  EE.....SKP T  D. TAT

B.taurus              1                               G                     C              LL L                 PR V      FY          F  L  G   ......M  L LLLPMCWA....VEVRR    SLTNHH  DE.....SKP T  D. SAS

H.sapiens             1                               G                     C              L  L                 PR V      FY          F  L  G   .....ML PL LLLPMCWA....VEVKR    SLTNHH  DE.....SKP T  D. SAT

S.pombe               4                               G                     C               A L                  R V       Y          W  L      SQWYTL.T P LISSLY....TVNAANDL   ASDKSDL KPD...AKGN K  G.SDKL

U.maydis              8                               G                     C              AA A                  R L      Y           W  L  G   VV..AL.  G LSASAS....ASSSATPL   LTDAAK QPTKDAQSQLR K  D. SKE

A.otae                7                               G                     C              L                    PR V      FY          F  I  P   LL..... FT.AAVGPTLCVAAGEKGSR    GPEFAK  KD.....TDS T  SN TIK

A.dermatitidis        8                               G                     C              AL V                 PR V      YY          F  I  P   FV.....  G TICSAIGV.VGSDASAR    GPEFAK  KD.....TST A  SN SVQ

T.marneffei           8                               G                     C              LL I                 PR V      FY          F  I  P   FV.....  G STCKSVFA.ASSEASAR    GPEFAK  KD.....TTT T  SH DIK

P.digitatum           8                               G                     C              LA A                 PR L      FY          F  I  P   LL.....  A ....GSVAQASSDKPAR    GPEFAK  QD.....STT T  SN SIK

P.expansum            8                               G                     C              LA A                 PR L      FY          F  I  P   LL.....  A ....GSVAQASSDKPAR    GPEFAK  QD.....STT T  SN SVQ

B.spectabili          8                               G                     C               L I                 PR V      FY          F  I  P   LA.....F G ATCSTAWAA..ANDASR    SPEFAK  KD.....TTT T  SH AIK

A.clavatus           58                               G                     C              IA I                 PR V      FY          F  I  P   LV.....  S AACSTTVA.AASDGSAR    GPEFAK  KD.....TTT T  SN AIK

A.oryzae              8                               G                     C               V L                 PR V      FY          F  I  P   LF.....F S AACSTAVVAASNDGSAR    GPEFAK  KD.....TDT T  SH AIK

E.dermatitidis        8                               G                     C              LV                   PR V      FY          F  I  P   LLWWPV.  TSAWAAET....RASESSR    GPEFAK  KKT...PSDT T  SN SIT

G.lozoyensis          8                               G                     C              LL                   PR V      FY          F  I  P   V......  GTLSTS.I....LAAEPSR    GPDFAK  KS.....ADT T  SH EIS

M.brunnea            21                               G                     C              LL                   PR V      FY          F  V  P   V......  STLSTS.I....LATEPTR    APKFAK  QS.....VDS S  LN EIK

S.brasiliensis        8                               G                     C              LA A                 PR V      FY          F  I  P   L......  G FASS.N....VAIAASL    SPEFAK  EA.....KSK T  TN SIV

T.reesei              8                               G                     C              LL A                 PR V      YY          F  I  P   A......  G VCW..T....VAAAGSV    GPEFVS  QN.....KDS T  AN SIT

M.album               8                               G                     C              LL A                 PR V       Y          F  I      V......  G VSSL.A....AVAAGSL    GPEFASH QD.....KTE S  SDVSIT

F.oxysporum           8                               G                     C              LL A                 PR V       Y          F  I      A......  G IYAF.T....LAAAGSV    GPEFASH QG......DE S  TNAAIK

G.moniliformis        8                               G                     C              LL A                 PR V       Y          F  I      A......  G IYAF.T....LAAAGSV    GPEFASH QG......DE S  TNAAIK

C.higginsianum        8                               G                     C              LV                   PR V      FF          F  I  P   V......  GTFLCAAA....PVSATSL    GPEFAK  EA.....KET S  GH EVK

N.crassa              8                               G                     C              LL                   PR V      FY          F  I  P   V......  STIAPTGT....IAATESV    GPEFAK  AN.....KET T  SN SIV

N.tetrasperma         8                               G                     C              LL                   PR V      FY          F  I  P   V......  STIAPTGT....VAATESV    GPEFAK  AN.....KET T  SN SIV
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O.sativa             52       ND  CDC D  DEPGT AC                                C N     L  DF     GT                                    G FY   FARDK        P        S  PE.......................... K   Q 

T.cacao              58       ND  CDC D  DEPGT AC                                C N     L  DF     GT                                    G FY   FTKTQ        S        S  PQ.......................... K   R 

A.thaliana           63       ND  CDC D  DEPGT AC                                C N     L  DF     GT                                    G FY   FTKAQ        S        S  PT.......................... K   R 

G.arboreum           57       ND  CDC D  DEPGT AC                                C N     L  DF     GT                                      FY   FTKSQ        P        S  PT..........................AK   R 

G.soja               57       ND  CDC D  DEPGT AC                                C N        DF     GT                                    G FY   FTKAQF       A        S  PG.......................... K   R 

M.truncatula         56       ND  CDC D  DEPGT AC                                C N     L  DF     GT                                    G FY   FNKDQ        P        S  PR.......................... K   R 

H.saltator           65       ND  CDC D  DEPGT AC                                C NI    V   Y      S                                    G F     PFSN   N    A A      P  GN.......................... M H E 

L.hesperus           62       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     PFSQ        N        S  SN.......................... W H M 

A.aquasalis          76       ND  CDC D  DEPGT AC                                C NI    I  DF     GS                                      F     HREQ        D        A  PQ..........................AT H T 

C.quinquefasciatus   59       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     RWEQ        A        A  PN.......................... V H T 

B.dorsalis           58       ND  CDC D  DEPGT AC                                C NI    I  DF     GS                                      F     RHTQ        E        S  PN..........................AV N E 

M.domestica          63       ND  CDC D  DEPGT AC                                C NL    I  DY     GS                                    G F     KFLQ        P        S  PH.......................... V H V 

A.suum               67       ND  CDC D  DEPGT AC                                C NI    V   Y     GS                                      F     PFSY   G    P        S  PN..........................AK H L 

C.milii              50       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     PFDR        R        S  PN.......................... N H T 

M.musculus           46       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     PFDQ        K        A  PN.......................... S H T 

B.taurus             45       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     PFDQ        K        A  PN.......................... S H T 

H.sapiens            46       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G F     PFDQ        K        A  PN.......................... S H T 

S.pombe              55       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    G FF    SFNQ        P        S  HN.......................... K   K 

U.maydis             60       ND  CDC D  DEPGT AC                                C NL    V  DY     GS                                      FY    SWSA        P        S  PN..........................SS   H 

A.otae               56       ND  CDC D  DEPGT AC                                C NI    V  EY     GS                                    P FY    PFSA        P        S  SFITPLSPSYA.SNPR..SDKANNTLAL G   K 

A.dermatitidis       57       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFST        P        S  AYISNFSPSGLRDD......GANRAPAL G   I 

T.marneffei          57       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFSA        P        S  SYLSRLSPSTSADHPG..TDGVDLTPAL G   K 

P.digitatum          54       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFSA        P        S  AHISRNSPLTVADRPG..NSGLDTALAL G   K 

P.expansum           54       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFSA        P        S  AHISRNSPLTVADRPG..NSDLDTALAL G   K 

B.spectabili         56       ND  CDC D  DEPGT AC                                C NV    V  DY     GS                                    P FY    PFSS        P        S  AHLSKHSPSTPSDHPW..DTDLDLTPAL G   K 

A.clavatus          107       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFSA        P        S  SYLSRNFPLTVADRPG..NSDLELTLAL G   K 

A.oryzae             58       ND  CDC D  DEPGT AC                                C NI    V  DY     GS                                    P FY    PFSA        P        S  AHLSRNSPLTVADRPG..SNDLDLTLSL G   K 

E.dermatitidis       60       ND  CDC D  DEPGT AC                                C NI    V  DF     GS                                    P FY    PFSR        P        A  SYLSQLSPPQYHPGPDTAAVAINTTLAL G   K 

G.lozoyensis         52       ND  CDC D  DEPGT AC                                C NL    I  EY     GS                                    P YY    SPSQ        P        A  TYLSSLSPPQPLAGS......ENTSLAL G   K 

M.brunnea            65       ND  CDC D  DEPGT AC                                C NL    V  DY     GT                                      FY    SLSQ        P        A  SYISPLSPSQPAPAN......AHVFFALAG   Y 

S.brasiliensis       52       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    DIAQ   GS   P        A  AYLDPLSPPQPLPGSP..SGTTNTTPAL G   E 

T.reesei             51       ND  CDC D  DEPGT AC                                C NI    V         GS                                    P FW    PWDR   NT   P        A  AFIDPLSPEQPLIGSP..SGTTNATRSL G   Q 

M.album              52       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    SSDR   NT   P        A  AHIDPLSPPQPLPGSG..SVSAKAQPVL G   E 

F.oxysporum          51       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    SLDR   NT   P        A  ANLDPLSPEQPLVGSI..SGTTNTTNAL G   E 

G.moniliformis       51       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    SLDR   NT   P        A  ANLDPLSPEQPLAGSI..SGTTNTTNAL G   E 

C.higginsianum       53       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    SIKQ   NS   P        A  AYLDPLSPPQPFAGSL..TGTTNTTNAL G   A 

N.crassa             53       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    KSSQ   NS   P        S  SHLDPLSPEQPLPGSV..TGTTNTTRAL G   E 

N.tetrasperma        53       ND  CDC D  DEPGT AC                                C NL    V         GS                                    P FW    KSSQ   NS   P        S  SHLDPLSPEQPLPGSV..TGTTNTTRAL G   E 

O.sativa             86  G            D  CD   CCD   E           C   C                 H P  I  S VN GI        GSD Y            N   EAGK  R     K A  S IT FS R       ...        ..DSN...VT K T W    AA DKLKK V

T.cacao              92  G            D  CD   CCD   E           C   C                 H    L  S VN GI        GSD Y         K  N   EAGK  R     K A  SSSL FS R       ...        ..DGK...V  P T W    VA DKLKK I

A.thaliana           97  G            D  CD   CCD   E           C   C                 H P  L  S VN GI        GSD Y            N   EAGK  R     K A  S VI FS R       ...        ..DGH...VS Q T W    AA ENLKK I

G.arboreum           91  G            D  CD   CCD   E           C   C                 H   FL  S VN GI        GSD Y         K  N   EAGK  R     K A  VSL  FS R       ...        ..DGR...V  P T W    VA DRLVK I

G.soja               91  G            D  CD   CCD   E           C   C                 H P YL  S VN GI        GTD Y         K  N   EAGK  R     K A  S V  FS R       ...        ..DGQ...V  P T W    VA DRLKK I

M.truncatula         90  G            D  CD   CCD   E           C   C                 H P YL  S VN GI        GSD Y         K  N   EAGK  R     K A  S L  FS R       ...        ..DGK...A  S T W    AA EKLRK I

H.saltator           99  G            D  CD   CCD   E           C   C                 H P YI  S VN GV         SD Y         K  N    L K  K       A  Q H  PS W       ...   A    ..DYSSLEH  Q T HI A EA LVQQKAE

L.hesperus           96  G            D  CD   CCD   E           C   C                      I  S VN GI        GSD Y            N    L    R     R S YLETQ QT R       ...        ..VSN....Q Q T SL NEMA ARAEA A

A.aquasalis         110  G            D  CD   CCD   E           C   C                      I  S VN GI         SD Y            N   ELGK  R     R A YKSLN PS R       ...   A    ..ASQ...AN V S S    ED LREKQ G

C.quinquefasciatus   93  G            D  CD   CCD   E           C   C                   P  L  S VN GI         SD Y            N   ELGK  R     R A YK RN PS R       ...   A    ..ASA...AS V T S    ED LREKQ T

B.dorsalis           92  G            D  CD   CCD   E           C   C                      I  S VN GI        GSD W         K  N   ELGR          V FRQQD QS R       ...        ..EDG..GN  A T L    AEEEIKRSLA

M.domestica          97  G            D  CD   CCD   E           C   C                 H    L  S VN GI        GSD Y            N   ELGR  R       Q  RSQD PS R       ...        ..QTG....Q S S D    AE EQRKSQA

A.suum              101  G            D  CD   CCD   E           C   C                      I    VN  I        GSD W            N   EMG   R     R R YKAVD PSGR   Q   ...        ..DSA...VE P I E   SKW EEIQR A

C.milii              84  G            D  CD   CCD   E           C   C                   P YI  S VN GI         TD Y            N   E GR  K       A FR R  PA R       ...   A    ..NSG...IV D T K Q  KE ETLQQMA

M.musculus           80  G            D  CD   CCD   E           C   C                   P YI  S VN GV        GTD Y            N   E GR  K       T YK L  LS R       ...        ..NSG...TV E T R K  KE ESLQQLA

B.taurus             79  G            D  CD   CCD   E           C   C                     YI    VN GV        GTD Y            N   E GR  R       T YKAL  SSRW       ...        ..NSG...IV E T K K  KE ETLQQMA

H.sapiens            80  G            D  CD   CCD   E           C   C                   P YI  N VN GV        GTD Y            N   E GR  R       T YK L  PS R       ...        ..NSG...VI E T K K  KE ESLQQMA

S.pombe              89  G            D  CD   CCD   E           C   C                     YI  N V   V        GSD           K  N      R        H T YISS  PS R D T   ...       S....L...I  P T AQKA EYLATLEE N

U.maydis             94  G            D  CD   CCD   E           C   C                 H P YI  S V  GI        GSD           R  N    VGK  R       T  M A  RS R D     PE.       S..DGK...I  P R EK   EY KKLAELD

A.otae              113  G            D  CD   CCD   E           C   C                 H P YV  Q VN GV        GSD W         K      EIGK  K     K K  T L  SF R       YDI        AHVGG...L  EDR K    QW KTEEE D

A.dermatitidis      111  G            D  CD   CCD   E           C   C                 H P FI  Q VN GV        GSD W         K  N   EIGK  R     R K  R S  SF R       YDV        ARVGG...V  E R K    EW KNEEK Q

T.marneffei         115  G            D  CD   CCD   E           C   C                 H P YI  Q VN GV        GSD W         K      EIGK  R     R K  N A  PF R       YEI        AHPGG...T  EDR K    AW KSEEA Q

P.digitatum         112  G            D  CD   CCD   E           C   C                 H P YV  Q IN GI        GSD W         K      EIGK  R       K  R S  PF R       YEQ        AHVGG...T  EDR K    QR KQEEQTQ

P.expansum          112  G            D  CD   CCD   E           C   C                 H P YV  Q IN GI        GSD W         K      EIGK  R       K  R S  PF R       YEQ        ARVGG...T  EDR K    QW KQEEQSQ

B.spectabili        114  G            D  CD   CCD   E           C   C                 H P YV  Q VN GV        GSD W         K      EIGK  R     R K  K S  PF R       YEA        AHVGG...T  EDR K    EW KQEEK Q

A.clavatus          165  G            D  CD   CCD   E           C   C                 H P YI  Q VN GI        GSD W         K      EIGK  R     R K  K S  PF R       YEL        ARVGG...T  EDK K    EW KKEEK Q

A.oryzae            116  G            D  CD   CCD   E           C   C                 H P YV  Q VN GI        GSD W         K      EIGK  R     R K  K S  PF R       YDL        ARVGG...T  EDK K    EW KKEEK Q

E.dermatitidis      120  G            D  CD   CCD   E           C   C                 H P YL    VN G         GSD W         K      EIGK  R     R K  I A  RFES    K  YDV        EHVGG...L  EDR K    EY KHEEI Q

G.lozoyensis        106  G            D  CD   CCD   E           C   C                 H P YI    VN GV        GSD W         K      EIGK  R     R K  I G  PHMY       YEL        AGVGG...T  EDK K    EW RLDDI T

M.brunnea           119  G            D  CD   CCD   E           C   C                 H   YI    VN GV        GTD           K      EIG   R     R K  IAS  PHIH       YEL       NAGVGG...V  EDK K   EEW KADEI S

S.brasiliensis      110  G            D  CD   CCD   E           C   C                 H G YV  S VN GI        GSE Y         K  N    IGK  R     R A  V A  PF Y       YEL        AHKGG...V  A K AA   AF KAEQE Q

T.reesei            109  G            D  CD   CCD   E           C   C                 H G YI  S VN GV        GTD           K  N    IGK  R     R K  I A  PF Y       YDV       HNHPTG...I  E R GP   EH RLADE K

M.album             110  G            D  CD   CCD   E           C   C                 H G YV    VN GV        GSE Y         K  N   EAGK  K     K K  I S  PFLY       YDL        GHVGG...V  E R V    EY RLAAE K

F.oxysporum         109  G            D  CD   CCD   E           C   C                 H G YV    VN GV        GSE Y         K  N   EIGK  R     K K  I M  PFLY       YEL        GGVGG...V  E K A    EY RLEDE K

G.moniliformis      109  G            D  CD   CCD   E           C   C                 H G YV    VN GV        GSE Y         K  N   EIGK  R     K K  I M  PFLY       YEL        GSVGG...V  E K A    EY RLEDE K

C.higginsianum      111  G            D  CD   CCD   E           C   C                 H G YV  T VN G         GTE Y         K  N   EIGK  R     R G  I A  PF F    H  YDV        SGVGG...V  E K A    EY RIEAA T

N.crassa            111  G            D  CD   CCD   E           C   C                 H G YI    VN GV        GTD           K  N    IGK  R     R K  I A  PFMY       HEL       ALHVGG...T  E R AS   EY RLQEE R

N.tetrasperma       111  G            D  CD   CCD   E           C   C                 H G YI    VN GV        GTD           K  N    IGK  R     R K  I A  PFMY       HEL       ALHVGG...T  E R AS   EY RLQEE R
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O.sativa            138       V  R   I     A       L  L      L      L      IE  E    ATYKSG VI NQE QKAKV FAKDEAE AK KGEEKI QGLVDK TEQKKL  KA EEER

T.cacao             144       V  R         A       L  L      LE     L          E    EMYHKG AL REENKQAKQ IARDREE LA ENEKDV  NLVKQ EGQI...QKL QEEH

A.thaliana          149       L  R   I             L  L      L      L      IE  E    ETYNQG VI RQE EQAKVGLEKDAAE KK KSEQKI KGLVDQ KDRKEQ  KV EKER

G.arboreum          143       V  R   I     A       L  L      L      L      IE  E    NTYKEG TL TKE EQAKI IAKDEAE TK QNEEKL KGIVEE KERKEQ  KA EKER

G.soja              143       V  R   I     A       L  L      L      L      ID  E    ATYQEG KL KQE EQAKV MEKDEAE SK KKEESI KGIVKQ KDHKEQ  KA EEER

M.truncatula        142       V  R  AI     A       L  L      L      L      ID  E    ATYQEG KV KQ  EHAHL LEKDEAE SK KKEESI KGVVKQ KDHKEQ  KA EKER

H.saltator          154          R  LV     L       L  V      AE            AE  E    QQARDGNKL LE  SKGKT KAEYRSQ AK RANYEE  LTRKEKEVLKAQ  ER RL..

L.hesperus          147          R  LI     I       L  L      AE     A      AE  E    KILREGNDM LK  QQAKQ RLQKEER KK EDERVE  KLKDS ESQKRF  EV DA..

A.aquasalis         162          R  MA     L       L  L      AE            AE  E    EMLRTGNAL LE  QRGRG KDEQRVR AE EKSRAE  ALRDEKASLKSE  EL NA..

C.quinquefasciatus  145          R  M      L          L      AE            AE  E    EMAKMGQQM AE SQRGKS KEEQRLRFAE EKSKVE  AIRDEKASIKSD  AL SV..

B.dorsalis          145          R  LI     M          L       E            AE  E    DLHKRGSEK AE  SKGKQ RTEREARHKV QQRRNEQ AIKAEKEQLKKN  AA AE..

M.domestica         148       A  R  MV     L          L       E            AE  E    EMLKKG AK SE  ARGQQ KAERESRRRE EQRRQEQ ALKKEKEELKKQ  SL SE..

A.suum              153          R  LA     I       I  L      L      A      AE  E    AVAQKGYAK LE  QEGAK KAEKEKG DA RKERDE SPKKEE EAKKKE  EK TE..

C.milii             136          K  LI             L  L       E     L      AE  E    EVAKEGFRV QQ  EEAKRSREDKQKK EE AKSKTTW SQVEL KAEKDA  KP KE..

M.musculus          132          K  LI     A       L  L      LE     L      AE  E    EVTREGFRL KI  EEWKT REEKQSK LE QAGKKS  DQVET RAAKEE  RP KE..

B.taurus            131          K  LI     A       L  L      LE     L      AE  E    EVTREGFRL KI  EDWKK REEKQKK IE QAGKKS  DQVEV RTLKEE  KP EA..

H.sapiens           132          K  LI     A       L  L      LE     L      AE  E    EVTREGFRL KI  EDWKK REEKQKK IE QAGKKS  DQVEM RTVKEE  KP RE..

S.pombe             139       L  R   A                I      V      L      M        RLVKNG KI EQW LESAKKTDEVKARYKE SDSLVA SAEKTQ SEKVEK KRST....

U.maydis            148       A  R   I             I  L      A             AE  D    NLRRAG KV DKY AEGRKQKELLHAE AK EIEVQV TENEARFKAELTR  TS KALI

A.otae              170       L  R  LV             V  L      LE     L      A        KSYSAA RK KE  AQASKTEKDMQDR LV EKEAQG  ISVKD EAQLEI RANNRGKS

A.dermatitidis      168       V  R  LV     L       I  L       E     L      V   E    KSLTAA RK GE  KAAAR RKEVEDR SD EVEIKAS MKVQN KDALEA RAK RGKV

T.marneffei         172       L  K  LI     L       I  L       E     M      LE  E    RSLNAA KK KE  AESGR TKEIEDR VD EVEAKAK IKIQS EIELEK  RE RGKV

P.digitatum         169       L  K  LL             V  L      AE     L      A   D    KSMTAA KK RD  VDASRQKQEIEDH AA EAEVQG  LKEQN EADLKL QEQ SKVV

P.expansum          169       L  K  LL             I  L      AE     L      A   D    KSMTAA RK KD  VDAGRQQKEIEDH AA EAEVQG  LKEQN EADLKL QEQ SKVV

B.spectabili        171       M  K  LV     L       I  L       E     L      VE  E    KSFTSA KK KE  TEASR RKEIEDH ND ETEIKAE IKIQG EAELHR  KA RGKV

A.clavatus          222       L  K  LL             I  L       E     M      L   E    KSMTAA KK RD  VDSGRQEKEIEDH KR EAEIQAQ IKVKN EVDLEE QKR QSKV

A.oryzae            173       L  K  LL             I  L       E     L      IE  E    KSMTTA KK KE  TDAGRQQKEVEEN NR EIQIQGQ IKLKD EADLEE  KQ RSKV

E.dermatitidis      177       L  K  LA     L       I  L             A      VE  E    KAYQAA KR KS  ADAAR QREVELR HD ETNLEAFRVKVKD AENLKE  RR KLKV

G.lozoyensis        163       L  K  LL             I  L      LE     L      VE  E    KSLRNA KR DA  KDAGEKRAGLETS SN ESEIRV  HREQD KKVYED  RR RGRV

M.brunnea           176       A  R  LV     L       I  L      LE     L      VE  E    KSAKAA KE IN  NEAQA RAGVEIS RN EAEVTV  QKAEE KKKYEE  RK RGRM

S.brasiliensis      167       L  R  LV     L       I         LE     L       E  E    QGQERA KQ RA  QEARQ RNQVVER AKFRSEIVG  KTRDR QRELSET RA RGKV

T.reesei            166       I  K  MI     L       I  L      L      L      V   E    KNVARA VK QE  KEAKG LRLAEAR TA EKDIKD SAQKEE QRKYDQ QSE QGKL

M.album             167       I  R  LL     L       I  L      LD     L      A   D    QKMQRA KQ NA  SEAQQ RQKAEAK VQ NAEIKS  AKKAE QKKYAA QLQ RGRV

F.oxysporum         166       A  R  MV     L       A  L      LE     L      AE  D    KALQKA MK GA  SEAKD RQKVEKK ED KKEIAA  VKKEE AQKHRD  QQ KGKV

G.moniliformis      166       A  R  MV     L       V  L      LE     L      AE  D    KALQKA MK GK  SEAKD RQKVEKK ED KKEIAA  VKKEE AQKHRD  QQ KGKV

C.higginsianum      168       A  R  MA     L       V  L      LE     L      IE  E    DAIDKA KR KT  KESRE RRRVEAK NT KDEVKD  TRKDE EQKLHE  RS KGKV

N.crassa            168       A  R  LV     L       V  L      LE     L      VE  E    QSKERS KQ RT  KEASE RRRVESK AS KEEIAN  VQKAE QKKYDE  RA RGKV

N.tetrasperma       168       A  R  LV     L       V  L      LE     L      VE  E    QSKERS KQ RT  KEASE RQRVESK AS KEEIAN  VQKAE QKKYGE  RA RGKV

O.sativa            198                        K             H                      LRKEKEE.KRMKEEAEKQAADEK ASDASQEVDSQEN ETV.........QEDESKVAE.

T.cacao             201 LEKEEKM.KE..ASNEKVEKEKSET.EE..KVDSQ.........KEPL.......KT...

A.thaliana          209              A LA                   V                       LQKEKEE.KEKKE E  AQQGKGDAEEK..TDDSEK EESSHDEGTPAVSQHDETTH...

G.arboreum          203              A  A                   V                       LQKEKEE.NEKQK EE LRENEKAEEEG..KVENEK EQEANSEDKPKENTDDDDKFGN.

G.soja              203                        K             R                      LQKEKEE.KQKRESEEKANEAKD A.DE..DT...EH .............NEAEKHSD.

M.truncatula        202              A         K            I                       LQKEKEE.KQKKE EEKANEKQV TNEE..DT...G E.............NEAEKHSD.

H.saltator          212                VV                   I               L      L.ALEKYK.TETEPEQ  EEESSLSSETR.....MLL DPE............ EKCFRI 

L.hesperus          205              A IA      K            A               A      L.GLQVYR.AQEEK R  ...... LEKE.....KEE WKE............ HDAFVN 

A.aquasalis         220              A  L      K             R              A       .ALKVYR.DREEE KR ...... EEAA.....AHSN DE............ METFQKF

C.quinquefasciatus  203              A  V      K             R              A       .ALKVYR.DREED RR ...... QEQE.....AMSN EE............ EETFRKY

B.dorsalis          203                AA      K            MR                      .ALEIYK.EQQREKD  AAEAA. SQED.....SQT  YE............SEAAFIKY

M.domestica         206                A                    L               A       .AIAYFK.ELHKETE Q.......QKED.....DLQ PNE............ ADKFMHY

A.suum              211                                                     I      L.AKDRHR.KAWEEERDR..................KKQIK............ VALFGM 

C.milii             194              I AL                    K              A      L.AKDKHH.KMWEE K  R.........N.....LEKE LR............ AEAFQE 

M.musculus          190                AA                                   A      L.AKDQHR.KLWEEQQ  A.........K.....ARREQER............ ASAFQE 

B.taurus            189                AI                    R              A      L.AKDQHR.RLWEEQQ  S.........K.....EQRE EL............ ASAFQE 

H.sapiens           190                AA                                   A      L.AKEQHQ.KLWEEQL  A.........K.....AQQEQEL............ ADAFKE 

S.pombe             195              L A                    LR              M      L............D G .EAVLPLDF.........QD  VALL..SLVDERNE QERLDI 

U.maydis            208                        K                            L      LDAKV........KT.....PLYT L.........VDYQNAIR..ALHVKNAA KAELQT 

A.otae              230              A  L      R            LR              V      AASGQ.....KQGK YE AQLAKT T.........ET  TVLA..EVHKQRDQ ITLLRE 

A.dermatitidis      228              V VL      R            LR                     LVKGQ.....KKGK N  AGLAKE V.........EE  GALV..EVLRERDENLARVNQ 

T.marneffei         232              L LL      R            LR                     LVKGA.....KKGK G  VGLART I.........NE  EALD..EVRQQRDESRARVEE 

P.digitatum         229              V AL      R            LR              A      LRTGK.....GKGK N  SNLAKA V.........DE  NALV..DVRRQRNE RERVKE 

P.expansum          229              V AL      R            LR              A      LRTGK.....GKGK A  SNLAKV V.........DE  NALV..DVRRQRDE RERVKE 

B.spectabili        231              V VL      R            LR                     LVKGK.....KKGK N  AGLAKS V.........EE  NALV..DVRDQRDEYHSRVKE 

A.clavatus          282              V IL      R            LR              A      VVRGK.....KTGK N  ASLAKG V.........EE  DALV..EVRRERDE RSRLKE 

A.oryzae            233              V VL      R            LR                     LVMGK.....KAGK N  AQVAKG V.........EE  TALA..EVRKERDETRSRIKE 

E.dermatitidis      237              L VL      R            LR              M      LVRGQAAG.KGAGQ G  VGLAKS V.........NE  AQLE..KTKKQRDA LERVTE 

G.lozoyensis        223              V VL      R            LR              L      LVGGSTT..GKVSK T  AGLAKA V.........EE  STLL..GVVEKRNK KEKVAE 

M.brunnea           236              V VL      R            LR              M      LVTS..T..GKGSK T  AGLAKA V.........NE  EALI..NVVDKRDK KERLEE 

S.brasiliensis      227              L LL      R            LR              L      LVKNGGSGPKKGSK S  VSLAKQ V.........DE  ETLD..KVLDHRDD QDKVDE 

T.reesei            226              L VL      R            LR              L      LVKSEGG...AGGK G  VGLAKE V.........EE  EALR..LVTEDREV RGKRDE 

M.album             227              L VL      R            LR              L      LVKSQ.G...AGGK G  VGVAKP V.........NE  NTLD..KVLGQRNN RSRVEE 

F.oxysporum         226              L VL      R            LR              L      LVREG.P...GSGK G  VGLAKT V.........NE  DTLD..KVVTQRDA KERVGE 

G.moniliformis      226              L VL      R            LR              L      LVREG.P...GTGK G  VGLAKT V.........NE  DTLD..KVVTQRDA KERVGE 

C.higginsianum      228              L  L      R            LR              L      LVKGE.G...SGGK GT LSLAKT V.........TE  ETLE..DVVAHRDE QNKVKE 

N.crassa            228              L VL      R            LR              L      LVKAP.G...EGGK G  VGLAKK V.........DE  DTLD..KVLDQRDD QDRVDQ 

N.tetrasperma       228              L VL      R            LR              L      LVKAP.G...EGGK G  VGLAKK V.........DE  DTLD..KVLDQRDD QDRVNQ 
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O.sativa            247 ..HHDGHATS.HDN.....HTPESE........SSV....................EQHD

T.cacao             236 .........SDEEKM.............................................

A.thaliana          263 ...........HDEIGNYKDYPSDEEPAAEGEPTSI................LDEATHTN

G.arboreum          259                                                           F ..IEDSFVNE.DPKVDENEGEPTSKV....................ETSDSSETEAVP N

G.soja              242 ..IEDNTLENNHDKIENLEGSPADQDEAGDKLADVLDDDDDDDDDDEASDSHGSEGSLHN

M.truncatula        242                                                           F ..IEDNFAASIHEKIEVKEDSPVDQDEAGEKLADTLENFD......KATDTSESEGSL D

H.saltator          253 D                                                            DDSDGTLTLHEVEE....RIL................SSKDMTE...TGVTVQDSKHIL

L.hesperus          240 D                                                         F  SNQNNILDLEEIQV....KQT................FDQNKD....GQVSNDEINW L

A.aquasalis         255 D                                                         F  SNQNNLLELVELQT....RIV................FDRNRD....GAVTEDEARF L

C.quinquefasciatus  238 D                                                         F  SNQNQLLEIVELQT....RIA................FDRNRD....GAVTVEEAKY L

B.dorsalis          243 D                                                         F  TNKDGFVEVTELMV....DMT................LDRDRN....GIVTVEEAKY L

M.domestica         240 D                                                         F  TNKDGFVEIIELQV....DIN................LDKDRN....GAVSVEEAKY L

A.suum              239 D                                                         Y  ANSDQKITLDEVKA....FKE................FDSDNN....GEVSDDEAKD L

C.milii             226 D                                                            DDQDGTVTAAEIQT....HVE................LDSDAD....GAVSEQEGETLL

M.musculus          222 D                                                            DNMDGMVSLAELQT....HPE................LDTDGD....GALSEEEAQALL

B.taurus            221 D                                                            DDMDGAVSVAELQT....HPE................LDTDGD....GALSEGEAQTLL

H.sapiens           222 D                                                            DDMDGTVSVTELQT....HPE................LDTDGD....GALSEAEAQALL

S.pombe             231 TNLLDELTLLYE............................................TDKF

U.maydis            244                                                           Y TLLLDDLAKGYN............................................PN Q

A.otae              274 E                                                         F  GILSKFKEEYN............................................PN N

A.dermatitidis      272 E                                                         F  AILSKFKEEYN............................................PN N

T.marneffei         276 E                                                         F  QILSTFKEEYN............................................PN N

P.digitatum         273 E                                                         F  DILAKFKVEYN............................................PN N

P.expansum          273 E                                                         F  DILAKFKVEYN............................................PN N

B.spectabili        275 E                                                         F  EILSKFKVEYN............................................PN N

A.clavatus          326 E                                                         F  DILSTFKVEYN............................................PN N

A.oryzae            277 E                                                         F  EILSKFKVEYN............................................PN N

E.dermatitidis      285 E                                                         F  GLLSALKEEYN............................................PN N

G.lozoyensis        270 E                                                         F  GILAKFKEERN............................................PN N

M.brunnea           281 E                                                         F  KIMATFKEEYN............................................PN N

S.brasiliensis      276 E                                                         F  TILRNFKEQYN............................................PN N

T.reesei            272 E                                                            AILKQLKDGHN............................................PDIK

M.album             272 E                                                         F  SILRKFKDEYN............................................PN N

F.oxysporum         271 E                                                         F  ELLTKFKTDYN............................................PN N

G.moniliformis      271 E                                                         F  ELLTKFKTDYN............................................PN N

C.higginsianum      273 E                                                         F  GILSRFKEEYN............................................PN N

N.crassa            273 E                                                         F  DILSKLKEEYN............................................PN N

N.tetrasperma       273 E                                                         F  DILSKLKEEYN............................................PN N

O.sativa            271                                                            EPES.QDDISI.........KAAPADES......PPEETSAAPTKEQESTPADSEGLSRE 

T.cacao             242                                                            E...............................GLSWKS...PSNQNEKDEFQSTEGLSRE 

A.thaliana          296                                                            EPAD.EHVVERKEESTSSEDSSSPTDESQND.GSAEKEESDEVKKVEDFVTEKKEELSKE 

G.arboreum          296                                                            EKEE.DHAVKNKHESASHRHNDDSTVSTEIDQDAGSKVSPDEDKKAESDTSETTEGLSRE 

G.soja              300                                                            EKVE.EN.........AKEAEEEPIVKSETDIKVRNKESSDEIINKGNDASENTEGLSRE 

M.truncatula        294                                                            EKVE.EN.........AKEAEREPTVESETDLTTGKTESSDEAIDTGKEASENTDGLSKE 

H.saltator          290 FGQ....................................................L.SAT

L.hesperus          276 DLK....................................................DVEVN

A.aquasalis         291                                                            DDER....................................................D.QV 

C.quinquefasciatus  274                                                            DDEH....................................................D.QV 

B.dorsalis          279                                                            DDER....................................................D.RI 

M.domestica         276                                                            DDER....................................................E.RV 

A.suum              275                                                            DSGA....................................................E.ES 

C.milii             262                                                            DGGA....................................................S.QV 

M.musculus          258                                                            DSGD....................................................T.QT 

B.taurus            257                                                            DGGD....................................................A.QM 

H.sapiens           258                                                            DSGD....................................................T.QT 

S.pombe             247                                                            DDETMKEAILSFEDLKEQEIRRKV.................................SSD 

U.maydis            260 DMAVKGAVVAYKEWRGIASAAAAAT....ATGEV...................KEEGENN

A.otae              290                                                            DDEGVKRAVRSWEDYIARKEEGDGD........L......................FGDA 

A.dermatitidis      288                                                            DDEGVKRAVRAWEDYAARDDKG..S........HG...................DETLNR 

T.marneffei         292                                                            DDEGVKRAVRSWEEYAARGTAGDA.........SA...................DSARDR 

P.digitatum         289                                                            DDEGVKRAVRSYEDYAAREQGT..E........VA...................NGAVDR 

P.expansum          289                                                            DDEGVKRAVRSYEDYAAREQGT..D........GA...................NGAVDR 

B.spectabili        291                                                            DDEGVKRAVRSWEEYAAKGTAADGI........SG...................QAAKDR 

A.clavatus          342                                                            DDEGVKRAVRSWEEYAAREDVG..N........LG...................NSARDR 

A.oryzae            293                                                            DDEGVKRAVRSWEEYAARGTSE..G........LE...................NAARDR 

E.dermatitidis      301                                                            DDEGVKRAVRGWEDYAARETDDHW..............................SEAEDR 

G.lozoyensis        286                                                            DDEGVKRAVQAWEDYAANRQGGE...............................DDASER 

M.brunnea           297                                                            DDEGVKRAVHAWEDYAAQKLISRE.........EA...................ESAEDR 

S.brasiliensis      292                                                            DDEGVKSAVHAWEDYAAKTAGEQK..............................TELSDV 

T.reesei            288                                                            DDEGVKAAVQAYEDYAAREASADQ..............................LEFLES 

M.album             288                                                            DDEGVKSAVKSWEDYAAREADTVH..............................EQVVDS 

F.oxysporum         287                                                            DDEGVKAAIRSFEDYSARRAESKE..............................EVVSDE 

G.moniliformis      287                                                            DDEGVKAAIRSFEDYSARRAESKE..............................EVVSDE 

C.higginsianum      289                                                            DDEGVKRAVKGWEDYAANLANEAL..............................PDGLEA 

N.crassa            289                                                            DDEGVKAAVQGYENYAAGKSTEKK..............................SEVVDA 

N.tetrasperma       289                                                            DDEGVKAAIQGYENYAAGKSTEKK..............................SEVVDA 
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O.sativa            315 L   V                                                        GRL ASRWTGEKVDEVSKDDKNEHEAEHDMPEHSEETHEDESDVPESAEDSYAGYHSEV

T.cacao             268 L   V                                                        GRL ASRWTGKKTEDQVEEIDTAKRDY........VGNREKEESAHDEHSIN.......

A.thaliana          354 L   V                                                        GRL ASRWTGEKSDKPTEADDIPKADD........QENHEHTPITAHEADEDDGFVSDG

G.arboreum          355 L   V                                                        GRL ASRWTGEETS.............................................

G.soja              350 L   V                                                        GRL ASRWTGENTDKPSAEPDTTLDNE...........DREDP.KGKNNEEYEGYASET

M.truncatula        344 L   V                                                        GRL ASRWTGEDVGKKSVEANTALDNE...........DQEDILHGTNNEENEGYASET

H.saltator          297     L                                                       WDEF NMAREKEHHEVKLAV..EKIKAIAGYP...ARE.LP........DDEG.......

L.hesperus          284 EEVFHNSVWPHVKPLYMIEKGLFLPPEP...H...QDE.PLQNENLETPAEEN..LE...

A.aquasalis         298     V                                                       FETF TLCWPRVKPFLMMDSGLFKPPAP...A...GEE.TE.QAELQS..EDG.GYELEG

C.quinquefasciatus  281 L   I                                                        ETF SLCWPKIKPFLMMDSGLFKPPSD...V...DEL.NQEEAELQNEEDDR.RYELDS

B.dorsalis          286 L                                                            DSFYDLSWPRIKPLKMLAEGIFKPPTV...E...DVE.HPEEDEGEEEGQTG.PTGS..

M.domestica         283 L   I                                                        DAF TLSWPRIKPMLMVGQGIFKPPQL...P...NEN.NDGDDAGKEKQGK...SEA..

A.suum              282 L                                                            EHFKTNVYETIKMLFPDPDEEEKEK....K....SEV.KESENLEALLSEERHKPESES

C.milii             269 V                                                            TSFQETVWAGIKDKYKFEQVSPETPAPPDVP...AEE.KTE.NRPESRREEWKKNAGDD

M.musculus          265 TTSFYDRVWAAIRDKYRSEVPPTDIP....VP...EET.EPKEEKPPVLP.....PTE..

B.taurus            264 A                                                            AFFYDRVWAAIRDKYRSEVLPTEYPPSPPAP...DVM.EPKEEQPPMPS.....PPT..

H.sapiens           265 A                                                            TSFYDRVWAAIRDKYRSEALPTDLP.APSAP...DLT.EPKEEQPPVPS.....SPT..

S.pombe             274 V   L                                                        HNY ..............E................SC.N..........NHL.SMLTG.

U.maydis            297 V   A                                                        DQI ..............G................EN.TKLNELLDEGDWPWAKLSTLL

A.otae              320 L   L                                                        FDA ..............K................SE.H......DEPFNNPEQWAEE.

A.dermatitidis      319 L                                                            DEIC..............K................PD.S......ENSGINWDHWENEQ

T.marneffei         324 L   A                                                        DEI ..............K................AD.S......DSAGIDWVHWENQN

P.digitatum         320 L   A                                                        DEI ..............K................VD.D......EDSGINWEHWESEE

P.expansum          320 L   A                                                        DEI ..............K................AD.G......EDSGVNWEHWENEE

B.spectabili        324 L                                                            DEIS..............K................PD.S......DSSGINWEQWENEE

A.clavatus          373 L   A                                                        DEI ..............K................AD.S......DESGVNWEQWEAEE

A.oryzae            324 L   V                                                        DEI ..............K................PD.D......DKSGVNWEQWENEE

E.dermatitidis      331 L   L                                                        AAI ..............Q................ED.N......EANGINWEEFENAP

G.lozoyensis        315 V                                                            EAVS..............K................ED.S......ESEGINWKEWETEE

M.brunnea           329     M                                                       FAEI ..............K................ED.S......ESEGINWAEWETEE

S.brasiliensis      322 V   L                                                        HAV ..............K................ED.S......EENGVNWKAFETD.

T.reesei            318 I   L                                                        REI ..............K................ED.D......ETNGVNWKAFDEL.

M.album             318 V   L                                                        DEI ..............K................ED.S......ESSGINWAEFEGGE

F.oxysporum         317 V   L                                                        LSV ..............K................ED.G......ENGGVNWSEFEEG.

G.moniliformis      317 V   L                                                        LSV ..............K................ED.G......ENAGVNWSEFEEG.

C.higginsianum      319 I   L                                                        KEV ..............V................ED.S......ETSGINWKEFEED.

N.crassa            319 V   L                                                        LEV ..............K................ED.G......PDSGINWAEFQEE.

N.tetrasperma       319 V   L                                                        LEV ..............K................ED.G......PDSGINWAEFQEE.

O.sativa            375                                            E                EDDRHKYDDEDFSH.......E..........SDDEYVD.DHD HVASYKSDDDQKGDDH

T.cacao             313 ..NALQFNENTQKH.......H.EKGR..NDAGDEESVADDVGSSSTHYNIRLEDHE.NS

A.thaliana          406                                            D                DEDTS....DDGKY.......SD......HEPEDDSYEEEYRH SSSSYKSDADDD...V

G.arboreum        ............................................................

G.soja              398                                            D                DDDNNKYDDDSHKY.......DDE......DEVDDEYREDEHD LSSSYKSDSDNE...P

M.truncatula        393                                            D                DDDTSKYDDDTGKY.......DDDTGKYDEDINDEEFQEDEHE LSSSYKSDVESE...P

H.saltator          336                                            E                ......EEDEGDA.......SD.....REEEEAEAEAEAEAEA AEA.............

L.hesperus          332                                            E                KEDDSHYEEEPDT........L........DKQDDDDEEGNLG QEA..DGGQTGEGEVT

A.aquasalis         347                                            E                SEADLREGNVDDD...EGQ..L...D....EELDDEEEEDDVG GEIERTEYDRDEQR..

C.quinquefasciatus  333 SEPAHHYNEEEEE............G....TELEHEEEEDDEGLDEPEV..GEGQVQT..

B.dorsalis          336 DQLPIEE...GRE..QEGA.....YG..EEDLYEDEEGEADVG............VGS..

M.domestica         331 DDMITEYNERGEEIHRPQT..YPEDG..EEEEEAYEDDEADVG............EGT..

A.suum              333                                            E                VR.SEQLNELGEM..KPGEPQDDALSELEELEKLDAGETHKED QHF........DGM.P

C.milii             324 REEDEEEDDDDDD..DEGDDGDDEGGGAEEEDDEDEEDSDDEGGRER........YKD.P

M.musculus          310                                            E                EEEEEEEEPE..................EEEE.........EE EEE........EAP.P

B.taurus            313                                            E                EEEDEDEEDE..................ETEEDEDEEDEDSQG QPK........DAP.P

H.sapiens           313                                            E                EEEEEEEEEE..................EEEAEEEEEE..... DSE........EAP.P

S.pombe             291 ..........................................PSEDITF...........

U.maydis            326                                            D                SDDPLDLMDR.......GL......G....GALDDKRVYASET GGLLFRI.........

A.otae              342                                            E                ..........................................A VGLVYKL.........

A.dermatitidis      342 .......................................DGESKISLLYKV.........

T.marneffei         347                                            E                .......................................E..S IDLVYKL.........

P.digitatum         343                                            D                .......................................DGCN SDLVYKL.........

P.expansum          343                                            D                .......................................DGCN SDLVYKL.........

B.spectabili        347                                            E                .......................................ERET IDLIYKL.........

A.clavatus          396                                            D                .......................................D.SS TDAVYKL.........

A.oryzae            347                                            E                .......................................D.GC ANLVYQL.........

E.dermatitidis      354                                            D                ......................................EEPES VAALYQF.........

G.lozoyensis        338                                            D                ........................................EES VEAIYKF.........

M.brunnea           352                                            D                .........................................ES VEALYKF.........

S.brasiliensis      344                                            D                ........................................DAR TDVLYSF.........

T.reesei            340                                            D                .........................................HD TDILYNF.........

M.album             341                                            D                ........................................EGS TDILYKF.........

F.oxysporum         339                                            D                ........................................EGS TDILYNF.........

G.moniliformis      339                                            D                ........................................EGS TDILYNF.........

C.higginsianum      341                                            D                ........................................EVS TDILYNF.........

N.crassa            341                                            D                ........................................ESS ADIVYNL.........

N.tetrasperma       341                                            D                ........................................ESS ADIVYNL.........
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O.sativa            417                       L        T                 A  VR     ASDFTASGQASWLDKIQQTVQNV RTFNFFK. P...........VDLSE SR  KEYDD 

T.cacao             360                       L        T                 A  VR      SDIATPSHQSWLVKIQETAQNI QSVNFYP. P...........VPNLD NQ  NEYNNY

A.thaliana          446                       L        T                 A  VR      DFSETTSNPTWLEKIQKTVKNI LAVNLFQT P...........VDKSE DR  KEYDES

G.arboreum          370                       L        T                 A  VR      .P...SSDPSWFEKIQKTVKNV DAVNIFK. P...........VNISD AH  KEYDES

G.soja              442                                                  A  VR      DL...SDNPSWLEKIQRTVRNIFQVVNLFQ.AP...........VNQTD AR  KEYDES

M.truncatula        443                       I        T                 A  IR      DL...SDDPSWLEKIQKSVWNI QVVNIFQ. P...........VNQSD AR  KEYDES

H.saltator          365                                T                 A  AR     V......EAETGI......EKEAESTIQYDEE Q...........VLIDE NN  ERLQE 

L.hesperus          374                                T                 A  AR     APE...HK..............ESTEPVYDAF T...........RLIEE NE  TQFNS 

A.aquasalis         393                                T                 A  AR     ASA...PA..............PPPPVQYDPE Q...........ELINK NE  NQYSE 

C.quinquefasciatus  373                       A        T                 A  AR     AEQ...PE..............E PKVEYDPD A...........ELIRK NE  NHHSE 

B.dorsalis          370                                T                 A  AR     AVA...DA..............THPEPDYDPE K...........HLIDL NE  NAYSE 

M.domestica         373                                T                 A  AR     VVQ...DT..............NPPTLEYDAE Q...........RIINM ND  NSFAE 

A.suum              381                                T                 A  AR     VPP...PTLPPPT......LRLEDAMPDYDDE K...........KLMAE DE  KALTE 

C.milii             373                                T                 A   R     AED...RYQPPKK......EVVDEQMPPYEEQ Q...........ELIDA DRT SAFSE 

M.musculus          334                                T                 A  AR     VPL...QPPQPPS......PTEDEKMPPYDEE Q...........AIIDA QE  SKFEE 

B.taurus            346                                T                 A  AR     APA...PAPQTAS......PTEEDRMPPYDEQ Q...........AFINA QE  NKFEE 

H.sapiens           341                                T                 A  AR     APL...SPPQPAS......PAEEDKMPPYDEQ Q...........AFIDA QE  NKFEE 

S.pombe             298                       L        S                           AS.SLIKDIKKILNSLVWNIKLS INFGILSP ASSTPLT..........DSESYRRFEA 

U.maydis            360                       L                          V  AR     AHEYLPDGIVPYFEAMVDTLLDV MKANVITDVKRMRPKSSVGSESEPET SV  RAHTD 

A.otae              351                       L        N                 V  AR     AASFLPAGIVNSIEDGIASFRSA VSNGLLAD SV....DSD..SNEPRE KD  DRVFD 

A.dermatitidis      354                       L        T                 V  AR      AAYFPDSLVNYLEDKALQLRSI VSNGIVAD SS....DSD..ATEPRA TE  NAVSAE

T.marneffei         357                       L                          V  AK      LAYFPPVVVEFLEDKYNSIKKF VENNIIPGADS....E.T..ETESKA TE  NALQSE

P.digitatum         355                       L                          V  AR     AAAYLPPSLVSFIEDRIVFAKGF EEKGILPKADE....N.S..SSESKA TQ  EALKA 

P.expansum          355                       L                          V  AR     AAAYLPPSLVSFIEGKVVSVKGY EEKGILPKADE....N.S..SSESKA TR  DALKA 

B.spectabili        359                       L                          V  AR     AAAYLPPSLVDYLEDKLSSFKSF VSNGVLTEAEV....T.S..SSESKA TE  DALNA 

A.clavatus          407                       L                          V  AR     AAAFLPPSFVSLIEDKLISIRGF EDNGILPKKDE....V.T..TTESKA SE  DALEA 

A.oryzae            358                       L                          V  AR     VAAYLPPSLVNFIEDKALAIRGF EQNGILPTKDE....G.S..ASESKA TE  DAVDA 

E.dermatitidis      367                       L                          V  AK     ASAYLPDGFKLWLDEKIASLRQF IESGVLAGRSN....DPAAAAAESKA QE  KALSE 

G.lozoyensis        349                       L        N                 V  AR     VEEYLPEGVRTWVHQKIIDMRIM VENGILAD AN......SGS..ESKA SD  ASYQS 

M.brunnea           362                       L                          V  AR     VEEYLPEPIREWVHQRIIDVRIM IENGILADHAN......SGS..ESKT SD  SALQA 

S.brasiliensis      355                       L        N                 L  AR     AEAYLPPSVRLYLHDKLAALRVW VESGLLAD SD......ASN..ESQA KN  GALQS 

T.reesei            350                       L                          A  AR     ADAYIPPFIRGVIHDKIRVIRKW MDNGMIADEAK......TGS..ESSA RA  EAVEA 

M.album             352                       L        N                 V  AR     AEAYLPGFLHGFVHDTATAVRLW IQNGVLAD SP......SGA..ESQV KA  EAAEA 

F.oxysporum         350                       A        N                 V  AR     AEAYLPPPVRAFIHNSLDNLRVW ITNGILAD SS......PGK..ESTL RA  EAVDA 

G.moniliformis      350                       A        N                 V  AR     AEAYLPPPVRAFIHNSLDNLRVW ITNGILAD SS......PGK..ESTL RA  EAVDA 

C.higginsianum      352                       M        N                 V  AR     AEAYLPDAVREFVHGKLLSLRVW IENGLIAD NQ......AGA..ESRL KA  EAFNS 

N.crassa            352                       L        N                 V  AR     AEAYLPPSVRPFIHSKISSLKVW IENGVLAD PT......TGGPTESKL KA  DALEA 

N.tetrasperma       352                       L        N                 V  AR     AEAYLPPSVRSFIHSKISSLKVW IENGVLAD PT......TGGPTESKL KA  DALEA 

O.sativa            465                                                  Y Y           L         L          L  DFG    F      C           VC     SSK SKIQSRIST TDK....... KH   KEKE YYFYDQ FESKEGK V K  PFKKA

T.cacao             408                                                  Y Y           L         L          V  DFG    F      C           VC     TTR HDIESRISS TEK....... KY   IDNE YLFYDR FESKQDK V K  PFKHA

A.thaliana          495                                                  Y Y           L         L          L  DFG    F      C           VC     SSK NKIQSRISS EKK....... KQ   PEKE YSFHGR FESKQGK T K  AYKEA

G.arboreum          414                                                  Y Y           L         L          L  DFG    F      C           VC     SAK SKIQSRISS TQK....... KH   LEKE YAFYDR FEIKQNK V K  PYKQA

G.soja              487                                                  Y Y           L         L          L  DFG    F      C           VC     SAK SKIQSRISS KQK....... KH   PAKE YSFYDH FEGKENK T K  PYKQA

M.truncatula        488                                                  Y Y           L         L             DFG    F      C           VC     SAK SKIQSRISS TQK.......QKL   PAKE YSFYDR FESKQNK I K  PYKQA

H.saltator          402                                                  Y Y           V         L          L   YG    F  L   C      E    LC     EKA SELQAEISQ EVK....... RHN  PDDE AS YGE FEYTDM  I K  LYDRA

L.hesperus          406                                                  Y Y           L         I          L  DYG    Y  L   C      E    LC     QEA QNIEREMQQ KEK....... DM   PEDE SP DGQ FTFTDR  T K  PFNQV

A.aquasalis         425                                                  Y Y           V         I          L  DYG    F  L   C      E    LC     ERH REMDQEMRN KEL....... DK   REEE AP NGE FNFEDR  V K  PFDKA

C.quinquefasciatus  405                                                  Y Y           V         I          L  DYG    F  L   C      E    LC     DRH REIDQEMRN EDA....... NK   RDEE AP NGE INYEDR  V K  PFDKA

B.dorsalis          402                                                  Y Y           V         I             DYG    Y  L   C      E     C     EQK REIENEIRD QDQ.......TSK   LNEE AA DGE FTFEDR  L TF PFERA

M.domestica         405                                                  Y Y           I         I             DYG    Y  L   C      E    LC     ERT REIDQEIRD DDQ.......NSK   PHDE AI EGE YKFEDR  V T  PFERA

A.suum              421                                                  Y Y           I         A          L  DFG    W  L               LC     SNR VELDSSIRD ESY....... NG   VDSA AP KGKWLELDDSQ T K  LFERA

C.milii             413                                                  Y Y           L         I          L  DFG    F  L   C      E    LC     EKS KDLEDSIRS EKE....... TI   PYGE AY FSQ YEMNTN  V R  PFNKV

M.musculus          374                                                  Y Y           L         L          I  DFG    F  L   C      E    LC     ERS KEMEESIRS EQE....... SF   PSGE AY YSQ YELTTN  V R  PFKLV

B.taurus            386                                                  Y Y           L         L          I  DFG    F  L   C      E    LC     ERS KDMEESIRN EQE....... SF   PNGE AY YSQ YELTTN  V R  PFKLV

H.sapiens           381                                                  Y Y           L         L          I  DFG    F  L   C      E    LC     ERS KDMEESIRN EQE....... SF   PNGE AY YSQ YELTTN  V R  PFKLV

S.pombe             347                                                  Y Y           L         L          L         Y  I               V      QRD DAAEENEKS EKEHTKLMHE EYHH.GWDL RA KGMETKREIGG T K VFYENV

U.maydis            420                                                  Y Y           L         L              YG    F  L   C      E     C     AAH SRTTHELSS KQK....LSEFSTR  RSAE KA ENK FSKDMG  T EY FFGRA

A.otae              405                                                  Y Y           L         I          L  DFG    F  L   C      E    LC     QSS NSKKS...E TQL....KGD EQ   VDSV RA KGA VSRDSG  T E  WMEQT

A.dermatitidis      408                                                  Y Y           L         L          L  DYG    F  M   C      E    LC     ESS NNIRS...Q DDH....KLD DK   RDSV RS KGS ISKDSG  T E  WLEKT

T.marneffei         410                                                  Y Y           L         I          L   YG    F  L   C      E     C     KYS ENTLR...S KDH....QSD EKY  PDGI RP KDV IQKDSG  T EH FLAQT

P.digitatum         408                                                  Y Y           V         L          L  DYG    F  L   C      E     C     QES TSLKN...K RDQ....RAD EQ   PSSI RA KGV ITQDAG  T EH FLDST

P.expansum          408                                                  Y Y           V         L          L  DYG    F  L   C      E     C     QDS SSLKN...K RDQ....RAD EQ   PSSI RA RGV ITQDAG  T EH FLEST

B.spectabili        412                                                  Y Y           L         L          L  DYG    F  L   C      E     C     KSS TGDQN...R RDH....RQD EK   PEDI RP KGR ISRDAG  T EH FLEGT

A.clavatus          460                                                  Y Y           L         L          L  DYG    F  L   C      E     C     KTE AQSYT...E KNH....QAD ET   KAGV RA KGV ISKDSG  T EH FWDQT

A.oryzae            411                                                  Y Y           I         V          L  DYG    F  L   C      E     C     RKS EDLKN...Q KDH....KED DT   VGSI RA KGV IQKDAG  T EH FLDQT

E.dermatitidis      423                                                  Y Y           V         L          L  DYG    F  L   C      E    LC     ERD LNTEN...D RRH....RED EK   PDGI RA KDT ISKDSG  E E  FMGQT

G.lozoyensis        401                                                  Y Y           L         L          L  DYG    F  L   C      E    LC     SDD NAKRV...T GES....QTD TK   PNDI RA KNV ISKDSG  E E  WMENT

M.brunnea           414                                                  Y Y           V         V          L  DYG    F  L   C      E    LC     SDE STKSS...K GEL....RRD EK   ADDI RA KDK ISKDSG  E E  WMGNT

S.brasiliensis      407                                                  Y Y           L         L          L  DYG    F  L   C      E    VC     END SSRQN...S RED....EAD TK   ADEI RA KDK TTTEVG  D E  WLGQA

T.reesei            402                                                  Y Y           L         L          L  DYG    F  L   C      E    LC     DQE GNKER...E QQE....KTD DK   PSGI RS KGK AEIDAG  T E  WLDKT

M.album             404                                                  Y Y           L                    L  DYG       I   C      E    LC     ERE QDKIR...DRDSE....TED EK   PSDILRG KGK ISIDAG  E E  YLDKT

F.oxysporum         402                                                  Y Y           L         L          L  DYG    F  L   C      E     C     KRD SDKKS...T DVE....QAD DF   PDDI RA KDK VTLEAG  T EQ WLGST

G.moniliformis      402                                                  Y Y           L         L          L  DYG    F  L   C      E     C     NRD SDKKS...T SVE....QAD DF   PDDI RA KDK VTLEAG  T EQ WLGST

C.higginsianum      404                                                  Y Y           L         L          L  DYG    F  L   C      E    LC     NSD LDKKR...Q EAE....EKD EK   IDDI RV KNK VSTELG  E E  WMDKT

N.crassa            406                                                  Y Y                     L          L  DYG    F  L   C      E    LC     RAEHTTKTS...Q ADE....ERD AK   PDDI RA KGQ VSADVG  E E  WFDRT

N.tetrasperma       406                                                  Y Y                     L          L  DYG    F  L   C      E    LC     RAEHTTKTS...Q ADE....ERD AK   PDDI RA KGQ VSADVG  E E  WFDRT
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O.sativa            518  Q            G                                 G  CW GP R         G   T L  W                          M F       N    S S V...E HST S  R DKFEE.................SYRV Q SN DR     D  L

T.cacao             461  Q            G                                 G  CW GP R         G   T L NW                          M F       N    S I E...E RSE R    EKFGS.................SYRM L SN DG     D  L

A.thaliana          548  Q            G                                 G  CW GP R         G   T L  W                          M Y       N    S T E...E YSK R  E DKFEN.................SYQF S TN EK     D  L

G.arboreum          467  Q            G                                 G  CW GP R         G   T L  W                          M F       N    S S E...E HMT R  R DKFED.................AYKM V SN DK     D  M

G.soja              540  Q            G                                 G  CW GP R         G   T L SW                          M F       N    S S E...E YSN R    DKFED.................SYRV V SN DK     D  L

M.truncatula        541  Q            G                                 G  CW GP R         G   T L  W                          M F       N    S S E...E HST R  R DKFED.................SYKV V SN DH     D  L

H.saltator          455  Q            G                                 G  CW GP R      K  G     L QF                          M Y       N    STT RS SH GSEVN    NRFVGPT.............GNRFSS E DK LT     P   

L.hesperus          459  Q            G                                 G  CW GP R      K  G   T L SW                          M Y   Q   N    STT AP .S GSE R    SSWSTAG.............D..GPA I DK  S     Q   

A.aquasalis         478  Q            G                                 G  CW GP R      R  G   T L TW                          M Y       N    S V QP .S GAE R    EKWGHKG.............D..YST H TN AP     H  A

C.quinquefasciatus  458  Q            G                                 G  CW GP R      K  G   T L TW                          M Y       N    S I QP .N GSE R    DRWEN.A.............D..YTA R SN AT     A  V

B.dorsalis          455  Q            G                                 G  CW GP R      R      T L SY                            Y   T   N     TS KQ .SSGHE N    EQWIGEG.............DKKYQKQK AH  A     Q L 

M.domestica         458  Q            G                                 G  CW GP R      R  G   T L  W                            Y       N    S S QG .S GAE T  R DQWLHDG.............EHKYAKQK AH AS     Q  A

A.suum              474  Q            G                                 G  CW GP R      K  G   T L  W                            Y   Q   N    STV KE .N HME N  Y REWSGGE.............NYKYKEQK DK  G     E   

C.milii             466  Q            G                                 G  CW GP R      K  G   T L QW                          M Y   T   Q    STV RP .H GTE S    GLWSGPE.............GSKFSA R EH  A     S   

M.musculus          427  Q            G                                 G  CW GP R      K  G   T L TW                          M Y   T   Q    STS KP .H GSP S    GSWAGPD.............HDKFSA K EQ  G     N   

B.taurus            439  Q            G                                 G  CW GP R      K  G   T L TW                          M Y   T   Q    STS KP .L GSP S    GSWAGPD.............HDKFSA K EQ  G     N   

H.sapiens           434  Q            G                                 G  CW GP R      K  G   T L TW                          M Y   T   Q    STS KP .L GSP S    GSWIGPD.............HDKFSA K EQ  G     N   

S.pombe             406  Q            G                                 G  CW GP R               L NF                          L Y   Q   N    S F DS.......IL    A...................SQEGNV K EN  S     H  A

U.maydis            476  Q            G                                 G  CW GP R         G     L TF                            Y   Q   N    S T IPN.N GAQIS    TNFNPKHDKSAD.......EDAYWLQQI AR  K     E  A

A.otae              458  Q            G                                 G  CW GP R      K  G   T M  F                          L Y   Q   N    STK KS .K RGD T  R EKISSIVVDEVTPS..GQIVQKTKVT L TN  T     S   

A.dermatitidis      461  Q            G                                 G  CW GP R      K  G   T M TF                          L Y   Q   N    STK IP .K GSY T    SAFTTVTVDEQNAA..GKVVPQEKIA E TN  T     A   

T.marneffei         463  Q            G                                 G  CW GP R      K  G     M NF                          L Y   Q   N    STK IP .K GATVT    DAISSITVDDANTA..GEIRQIEKLA E TS  K     S   

P.digitatum         461  Q            G                                 G  CW GP R      R  G     M  F                          I Y   Q   N    STK NQ .K GNSVS  K SHVGTTSVEEVNAA..GEVVNVEKMT E NR  S     N   

P.expansum          461  Q            G                                 G  CW GP R      R  G     M  F                          I Y   Q   N    STK NQ .K GSSVS  K SNVGTTSVEEVNAA..GEVVNVEKMT E NR  S     N   

B.spectabili        465  Q            G                                 G  CW GP R      K  G     M NF                          L Y   Q   N    STK IP .K GSRVG    VRFGSVTLDEINNY..GELIPVEMMT E AN  S     N   

A.clavatus          513  Q            G                                 G  CW GP R      K  G     M QF                          L Y   Q   N    STK IP .K GASVR    VRIGSVTVDELNEA..GEMVPEERVS V AN  T     A   

A.oryzae            464  Q            G                                 G  CW GP R      K  G     M NF                          L Y   Q   N    STK IP .K GSTAR    VRIGSVTIDQLNES..GEIVPEERIS E AK  T     A   

E.dermatitidis      476  Q            G                                 G  CW GP R      K  G   S M NF                          M Y   Q   N    STK KP .K GAH N    VGFDVEYVDEGVSLDGKGLGTGDRIV K EN  G     Q   

G.lozoyensis        454  Q            G                                 G  CW GP R      K  G   T M NF                          M Y   Q   N    QTK KS .K GGS G    VRFDKAVYDEEVGADGKGVGKGERVT S EN  H     N   

M.brunnea           467  Q            G                                 G  CW GP R      K  G   T M NF                          L Y   Q   N    QTK KS .K GSH G    VKFDKMVVNEEISADGKGLGRGERIV S EN  N     N   

S.brasiliensis      460  Q            G                                 G  CW GP R      K  G   T L  F                          L Y       N     TT KS .K HGN S  R ERVDTEVADEEERTDGKSLGKGPRTV R EN LH     N R 

T.reesei            455  Q            G                                 G  CW GP R      K  G   T M NF                          L Y   Q   N     TM KS .K HAA N    ERIEIAMADEDERVDGKSLGSGPRMV R EN  T     Q K 

M.album             457  Q            G                                 G  CW GP R      K  G   T M NF                          L Y   Q   N    STM KS .K HGH N    VRIDWQLADDEERLDGKSLGKGERMV K ED  Q     R   

F.oxysporum         455  Q            G                                 G  CW GP R      K  G   S M NF                          L Y   Q   N     TK KS .K HGQ N    KRIDREMADEEDRIDGKSLGRGERMV R ED  Q     Q R 

G.moniliformis      455  Q            G                                 G  CW GP R      K  G   S M NF                          L Y   Q   N     TK KS .K HGQ N    KRIDREMADEEDRIDGKSLGRGERMV R ED  Q     Q R 

C.higginsianum      457  Q            G                                 G  CW GP R      K  G   T M NF                          L Y   Q   N     TN KS .K GGN N    VRIDKEMADDEERIDGKSLGQGLRMV R EN  G     Q R 

N.crassa            459  Q            G                                 G  CW GP R      K  G   T M NF                          L F   Q   N     TT KS .K HGN N    ERITTEIADEEDRVDGKGLGKGPRMV R EN  G     Q R 

N.tetrasperma       459  Q            G                                 G  CW GP R      K  G   T M NF                          L F   Q   N     TT KS .K HGN N    ERITTEIADEEDRVDGKGLGKGPRMV R EN  G     Q R 

O.sativa            558      C          E   C Y         C                            V L       L  V    R    A L TPAL                            K R R GLNNE NG D PS  E V V S     DEQKLKE...........LEQKLEASS

T.cacao             501      C          E   C Y         C                            V L       L  V    R    A M TPAL                            E K R GLKTE TS D PS  E V L Y     LEEKLKE...........LKQKLE.SM

A.thaliana          588      C          E   C Y         C                            V L       L  V    R    A L TPA                             K K R GLKNE MD D PS  E A I S   R LEDKLKE...........LQQKLEKLM

G.arboreum          507      C          E   C Y         C                            V L       L  V    R    A L TPAV                            K K R GLKNE TD D PS  E V L A     LEDKLKE...........LQHKLD.LL

G.soja              580      C          E   C Y         C                            V L       I  V    R    A L TP L                            K K R GLKNE TD D PS  E V V S  T  QEERLKE...........LQLKLD.LL

M.truncatula        581      C          E   C Y         C                            V L       I  V    R    A L TPAL                            K K K GLTNE TD D PS  E V L A     QEEKLKE...........LQHKLD.LL

H.saltator          502      C          E   C Y         C                            V L       L  V    R    M L TPAL                            L T S GTENK IS A PS  E A E T     RTDSIEGADTHDAQQAPDAQQTLDGQQ

L.hesperus          503      C          E   C Y         C                            V V       L  V    K    M   TPAA                            K F E GSENV YN V PN  E Q HFK     KLATDED....................

A.aquasalis         522      C          E   C Y         C                            V L       V  V    R      M TPAA                            I H E GLDTR LA T PN  E EYR Q     ILQDDQ.SK..................

C.quinquefasciatus  501      C          E   C Y         C                            V L       I  V    R      V TPA                             L H E GLDTR LS S PN  E EYR Q   S NLNADT.GK..................

B.dorsalis          501      C          E   C Y         C                            V         I  V    R        TPAA                            I DFK GLENA KS A PN  E NYVFE     DGVVADD....................

M.domestica         504      C          E   C Y         C                            V L       I  V    R        TPAA                            I H K ALETR TS S PN  E FFDFE     DEEAFHAEE..................

A.suum              520      C          E   C Y         C                            V V       L  A    K      V SPAA                            R I E GEETE VE T PA  E RFV R     PDPATITDV..................

C.milii             512      C          E   C Y         C                            V L       V       R    M   TPA                             L K T GKDTA LSTS PS  E L EFT   F QEPSEEDHT..................

M.musculus          473      C          E   C Y         C                            V L       V       R    M L TPAA                            T R L GKETV TSTT PS  E L E M     PEPPPEAPS..................

B.taurus            485      C          E   C Y         C                            V L       V       R    M L TPAA                            T R L GKETV TSTT PS  E L E M     PEPPPEYPV..................

H.sapiens           480      C          E   C Y         C                            V L       V       R    M L TPAA                            T R L GKETM TSTT PS  E L E M     PEPPPEAPT..................

S.pombe             440      C          E   C Y         C                            V V       I  V    K    I M SPAA                            I T E GVENE VS L AQ  E L K K     SPDQLKQSLLNTQN..SANENAVN..G

U.maydis            528      C          E   C Y         C                            V L       V  V    K    I V TPAV                            I D E STENK LD F AE  I S K A     FPPQQQQAQQTQQD..G..........

A.otae              515      C          E   C Y         C                            V L       L  V    K    M V TPAV                            T I E GENNE TK S DE  I S F T     DSLGKNGQ..E..S.............

A.dermatitidis      518      C          E   C Y         C                            I L       I  V    K    M V TPAA                            K V E GEQDE LK T DE  V S F T     EGPSRNGN..NVRD.............

T.marneffei         520      C          E   C Y         C                            V L       I  I    K    M V SPAA                            T I E GEENE LK M DE  I S I T     GEATKEKV..K..N.............

P.digitatum         518      C          E   C Y         C                            V L       I       K    M V SPAV                            K I E GEENK LKTA EE  V S L T     AGGEEAGN..A.AP.............

P.expansum          518      C          E   C Y         C                            V L       I       K    M V SPAA                            K I E GEENK LKTA EE  V S L T     AGGEEAGN..G.AP.............

B.spectabili        522      C          E   C Y         C                            V L       I  V    K    M V TPVA                            T V Q GEEEE LK A DE  V S I T     TGSGSGSD..S.KK.............

A.clavatus          570      C          E   C Y         C                            V L       I  V    K    M A TPAV                            T I E GEENE LK M DE  V S V T     PGGEEEGD..V.AP.............

A.oryzae            521      C          E   C Y         C                            V L       I  I    K    M V TPAV                            S V Q GEENE LK A DE  V S L N     PGGEEDVH..A.AS.............

E.dermatitidis      535      C          E   C Y         C                            V L       I  V    K    M V T AV                            R Y A AEKEE WK S TE  V R E G A   EPQQSKDKKEEEDR.............

G.lozoyensis        513      C          E   C Y         C                            V L       I  V    K    M V TPAV                            L V A AEKDE WR V QE  M R D G     ERGGSG.GNGGEKG.............

M.brunnea           526      C          E   C Y         C                            V L       I  V    K    M V TPAA                            T V A AEKDE WK V EE  M K E G     EATEEK.KPEGKKD.............

S.brasiliensis      519      C          E   C Y         C                            V L       I  V    K    M V TPAA                            D W G AETEE WR T AE  V K E G     KESPKA....ADTG.............

T.reesei            514      C          E   C Y         C                            V L       I  V    K    M V TPAA                            N W G AEKEE WR T AE  V K E G     EDEEPAAP....KD.............

M.album             516      C          E   C Y         C                            V L       L  V    K    M V TPAA                            E W G ADKEE WR S AE  V K E G     DGREPR......Q..............

F.oxysporum         514      C          E   C Y         C                            V L       L  V    K    M I TPAA                            D W G AETEE WR S SE  V R E G     DFSRWDVGSQPKKP.............

G.moniliformis      514      C          E   C Y         C                            V L       L  V    K    M I TPAA                            D W G AETEE WR S SE  V R E G     DFSRWDVGSQPKKP.............

C.higginsianum      516      C          E   C Y         C                            V L       L  V    K    M V TPAA                            D W A SETEE WK S SE  V K E G     DEL....LEPPKA..............

N.crassa            518      C          E   C Y         C                            V L       L  V    K    M V TPAA                            D W A AEKDE WR S SE  V R E G     EDV....GEPGAGT.............

N.tetrasperma       518      C          E   C Y         C                            V L       L  V    K    M V TPAA                            D W A AEKDE WR S SE  V R E G     GDV....GEPGVGT.............
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O.sativa            607          EL                                                        HD                                                   NQ...RD    .                                                

T.cacao             549          EL                                                        HD                                                   NREQPWS    .                                                

A.thaliana          637          EL                                                        HD                                                   NQDKPQN    .                                                

G.arboreum          555          EL                                                        HD                                                   NKEQPQE    .                                                

G.soja              628          EL                                                        HD                                                   NSEIPAN    .                                                

M.truncatula        629          EL                                                        RD                                                   NSEQPES    .                                                

H.saltator          562          EL                                                        HD                                                   TSDEQHA    L                                                

L.hesperus          543          EL                                                        HD                                                   ....KLG    .                                                

A.aquasalis         563          EL                                                        HD                                                   ....DRA    .                                                

C.quinquefasciatus  542          EL                                                        HD                                                   ....DQQ    .                                                

B.dorsalis          541          EL                                                        RD                                                   ....TRQ    .                                                

M.domestica         546          EL                                                        KD                                                   ....QRF    .                                                

A.suum              562          EL                                                        HE                                                   .......    .                                                

C.milii             554          EL                                                        HD                                                   ......D    .                                                

M.musculus          515          EL                                                        HD                                                   ....DGD    .                                                

B.taurus            527          EL                                                        HD                                                   ....EGD    .                                                

H.sapiens           522          EL                                                        HD                                                   ....EDD    .                                                

S.pombe             496          EL                                                         D                                                   MEDKESSV   .                                                

U.maydis            576          EL                                                        KD                                                   ...GHQV    .                                                

A.otae              558          EL                                                        KD                                                   .....GG    .                                                

A.dermatitidis      563          EL                                                        KD                                                   .....GR    .                                                

T.marneffei         563          EL                                                        KD                                                   .....AG    .                                                

P.digitatum         562          EL                                                        KD                                                   .....RS    .                                                

P.expansum          562          EL                                                        KD                                                   .....RS    .                                                

B.spectabili        566          EL                                                        KD                                                   .....G.    .                                                

A.clavatus          614          EL                                                        KD                                                   .....RR    .                                                

A.oryzae            565          EL                                                        KD                                                   .....GR    .                                                

E.dermatitidis      582          EL                                                        KD                                                   .....VK    .                                                

G.lozoyensis        559          EL                                                        KD                                                   .....KG    .                                                

M.brunnea           572          EL                                                 .........  .                                                

S.brasiliensis      562          EL                                                        KD                                                   .....SG    .                                                

T.reesei            557          EL                                                        KD                                                   .....SG    .                                                

M.album             556          EL                                                        KD                                                   .....EK    .                                                

F.oxysporum         561          EL                                                        RD                                                   .....RS    .                                                

G.moniliformis      561          EL                                                        RD                                                   .....RS    .                                                

C.higginsianum      558          EL                                                        KD                                                   .....KG    .                                                

N.crassa            561          EL                                                        HD                                                   .....KG    .                                                

N.tetrasperma       561          EL                                                        HD                                                   .....KG    .                                                
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Appendix C
Table C.1: Key to species abbreviations on multiple sequence alignments.

UniProt Accession No.
Abbreviation Species GluI (MOGS) GluII↵ (GANAB) GluII� (PRKCSH)

A.aquasalis Anopheles aquasalis T1DJN6
A.carolinensis Anolis carolinensis H9G3X3
A.clavatus Aspergillus clavatus A1CD98
A.dermatitidis Ajellomyces dermatitidis F2T5U5
A.glabripennis Anoplophora glabripennis V5GYU2
A.mellifera Apis mellifera A0A088A7S9
A.oryzae Aspergillus oryzae Q2UA37 I8TZE5
A.otae Arthroderma otae C5FC10
A.suum Ascaris suum U1MAR3
A.thaliana Arabidopsis thaliana F4HTM3 Q9FN05 Q9FM96
B.cucurbitae Bactrocera cucurbitae A0A0A1WIR
B.dorsalis Bactrocera dorsalis A0A034WM66
B.spectabili Byssochlamys spectabili V5FB10
B.taurus Bos taurus A6QNJ8 Q28034
C.capitata Ceratitis capitata W8C608
C.elegans Caenorhabditis elegans Q19426
C.familiaris Canis familiaris E2R8C9 E2R729
C.higginsianum Colletotrichum higginsianum H1UX51
C.jacchus Callithrix jacchus F7E1L8 F7I173
C.milii Callorhynchus milii V9KPP4
C.orthopsilosis Candida orthopsilosis H8WZK5
C. porcellus Cavia porcellus H0WBE6
C.quinquefasciatus Culex quinquefasciatus B0WS45
D.discoideum Dictyostelium discoideum Q94502
D.melanogaster Drosophila melanogaster Q9VZ04
D.rerio Danio rerio A1L1S8 B3DIZ3
E.caballus Equus caballus F7C4H8
E.dermatitidis Exophiala dermatitidis H6C5T8
F.catus Felis catus M3XE28 M3WAD1
F.oxysporum Fusarium oxysporum W9LWD1
G.arboreum Gossypium arboreum A0A0B0MLL6
G.lozoyensis Glarea lozoyensis H0EE25
G.moniliformis Gibberella moniliformis W7LG94
G.soja Glycine soja A0A0B2R9G7 A0A0B2QL92
H.saltator Harpegnathos saltator E2BWI6
H.sapiens Homo sapiens Q13724 Q14697 P14314
I.punctatus Ictalurus punctatus W5UIZ1 W5UAR6
K.pastoris Komagataella pastoris F2QS03
L.hesperus Lygus hesperus A0A0A9X6S5 A0A0A9YLH4
M.album Metarhizium album A0A0B2X7T2
M.brunnea Marssonina brunnea K1X5K7
M.domestica Musca domestica T1PEB3
M.domestica Monodelphis domestica F7EBB3
M.fascicularis Macaca fascicularis Q4R4N7
M.mulatta Macaca mulatta I0FIG4
M.musculus Mus musculus Q80UM7 Q8BHN3 O08795
M.truncatula Medicago truncatula G7JHL0
N.crassa Neurospora crassa Q7S6V9
N.fumigata Neosartorya fumigata Q4WEM1
N.tetrasperma Neurospora tetrasperma G4UZP1
O.aries Ovis aries W5PT15 W5Q305
O.sativa Oryza sativa A2WNF5
P.abelii Pongo abelii H2ND53
P.digitatum Penicillium digitatum K9FX08
P.expansum Penicillium expansum A0A0A2J619
P.troglodytes Pan troglodytes H2QI63
R.norvegicus Rattus norvegicus O88941
S.brasiliensis Sporothrix brasiliensis A0A0C2J676
S.cerevisiae Saccharomyces cerevisiae P53008 P38138
S.pombe Schizosaccharomyces pombe O14255 Q9US55 Q9USH8
S.scrofa Sus scrofa P79403
T.cacao Theobroma cacao A0A061F039
T.marne↵ei Talaromyces marne↵ei A0A093VHJ8
T.nigroviridis Tetraodon nigroviridis H3DHB5
T.reesei Trichoderma reesei A0A024SB06
U.maydis Ustilago maydis P0CT24
X.laevis Xenopus laevis B1WBB6 A1L3J7
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M., Ledvinová, J., and Hřeb́ıček, M. Bioinformatic and biochemical studies
point to AAGR-1 as the ortholog of human acid ↵-glucosidase in
Caenorhabditis elegans. Molecular and Cellular Biochemistry, 341(1-2):51–63,
March 2010.

[199] Vieira, J. and Messing, J. The pUC plasmids, an M13mp7-derived system for
insertion mutagenesis and sequencing with synthetic universal primers. Gene,
19(3):259–268, October 1982.

[200] Sreerama, N. and Woody, R. W. Computation and analysis of protein circular
dichroism spectra. Methods in enzymology, 383:318–351, 2004.

[201] Holzwarth, G. and Doty, P. The Ultraviolet Circular Dichroism of
Polypeptides. J Am Chem Soc, 87(2):218–228, January 1965.

[202] Greenfield, N. J. and Fasman, G. D. Computed circular dichroism spectra for
the evaluation of protein conformation. Biochemistry, 8(10):4108–4116,
October 1969.

[203] Saxena, S., Shailubhai, K., Dong-Yu, B., and Vijay, I. K. Purification and
characterization of glucosidase II involved in N-linked glycoprotein processing
in bovine mammary gland. The Biochemical journal, 247(3):563–570,
November 1987.

[204] Alonso, J. M., Santa-Cecilia, A., and Calvo, P. E↵ect of bromoconduritol on
glucosidase II from rat liver. A new kinetic model for the binding and
hydrolysis of the substrate. European journal of biochemistry / FEBS, 215(1):
37–42, July 1993.

[205] Wilkinson, B. M., Purswani, J., and Stirling, C. J. Yeast GTB1 encodes a
subunit of glucosidase II required for glycoprotein processing in the
endoplasmic reticulum. Journal of Biological Chemistry, 281(10):6325–6333,
March 2006.

[206] Quinn, R. P., Mahoney, S. J., Wilkinson, B. M., Thornton, D. J., and Stirling,
C. J. A novel role for Gtb1p in glucose trimming of N-linked glycans.
Glycobiology, 19(12):1408–1416, December 2009.

[207] Totani, K., Ihara, Y., Matsuo, I., and Ito, Y. E↵ects of Macromolecular
Crowding on Glycoprotein Processing Enzymes. J Am Chem Soc, 130(6):
2101–2107, February 2008.

[208] Stigliano, I. D., Alculumbre, S. G., Labriola, C. A., Parodi, A. J., and
D’Alessio, C. Glucosidase II and N-glycan mannose content regulate the
half-lives of monoglucosylated species in vivo. Molecular biology of the cell, 22
(11):1810–1823, June 2011.

211



BIBLIOGRAPHY

[209] Watanabe, T., Totani, K., Matsuo, I., Maruyama, J. i., Kitamoto, K., and Ito,
Y. Genetic analysis of glucosidase II -subunit in trimming of
high-mannose-type glycans. Glycobiology, 19(8):834–840, July 2009.

[210] Kang, M.-S., Okuyama, M., Mori, H., and Kimura, A. The first
↵-1,3-glucosidase from bacterial origin belonging to glycoside hydrolase family
31. Biochimie, 91(11-12):1434–1442, November 2009.

[211] Song, K.-M., Okuyama, M., Nishimura, M., Tagami, T., Mori, H., and
Kimura, A. Aromatic residue on �↵ loop 1 in the catalytic domain is
important to the transglycosylation specificity of glycoside hydrolase family 31
↵-glucosidase. Bioscience, biotechnology, and biochemistry, 77(8):1759–1765,
2013.

[212] Saburi, W., Okuyama, M., Kumagai, Y., Kimura, A., and Mori, H.
Biochemical properties and substrate recognition mechanism of GH31
a-glucosidase from Bacillus sp. AHU 2001 with broad substrate specificity .
Biochimie, 108(C):140–148, January 2015.

[213] Tan, A., Van den Broek, L., Van Boeckel, S., Ploegh, H., and Bolscher, J.
Chemical modification of the glucosidase inhibitor 1-deoxynojirimycin.
Structure-activity relationships. Journal of Biological Chemistry, 266, number
= 22, pages = 14504–14510,, 1991.

[214] Rawlings, A. J., Lomas, H., Pilling, A. W., Lee, M. J. R., Alonzi, D. S.,
Rountree, J. S. S., Jenkinson, S. F., Fleet, G. W. J., Dwek, R. A., Jones,
J. H., and Butters, T. D. Synthesis and Biological Characterisation of Novel
N-Alkyl-Deoxynojirimycin ↵-Glucosidase Inhibitors. ChemBioChem, 10(6):
1101–1105, April 2009.

[215] Yung-Chi, C. and Pruso↵, W. H. Relationship between the inhibition constant
( K I) and the concentration of inhibitor which causes 50 per cent inhibition (
I 50) of an enzymatic reaction. Biochemical Pharmacology, 22(23):3099–3108,
1973.

[216] Lohse, A., Hardlei, T., Jensen, A., Plesner, I. W., and Bols, M. Investigation
of the slow inhibition of almond beta-glucosidase and yeast isomaltase by
1-azasugar inhibitors: evidence for the ’direct binding’ model. The
Biochemical journal, 349(Pt 1):211–215, July 2000.

[217] Zechel, D. L., Boraston, A. B., Gloster, T., Boraston, C. M., Macdonald,
J. M., Tilbrook, D. M. G., Stick, R. V., and Davies, G. J. Iminosugar
Glycosidase Inhibitors: Structural and Thermodynamic Dissection of the
Binding of Isofagomine and 1-Deoxynojirimycin to �-Glucosidases. J Am
Chem Soc, 125(47):14313–14323, November 2003.

[218] Gorrec, F. The MORPHEUS protein crystallization screen. Journal of
Applied Crystallography, 42(6):1035–1042, November 2009.

212



BIBLIOGRAPHY

[219] Diederichs, K. and Karplus, P. A. Improved R-factors for di↵raction data
analysis in macromolecular crystallography. Nature structural biology, 4(4):
269–275, 1997.

[220] van Driel, I. R., Goldstein, J. L., Südhof, T. C., and Brown, M. S. First
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