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Abstract

ER a-glucosidases 1 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 a-
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 a-glucosidases. Presented in this thesis is the work toward
the structural and biochemical characterisation of both a-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
diffracting crystals to 5 A. This work enables future optimisation toward
an atomic resolution structure of glucosidase 1.

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.

0 Galactose (Gal)
O N-Acetylgalactosamine (GalNAc) 1
O Glucose (Glo)

Bl N-Acetylglucosamine (GIcNAc)
© Mannose (Man)

* N-Acetylneuraminic acid (Neu5Ac)

---- alinkage 1
—— B Linkage

Figure 1: Key to glycan nomenclature.
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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.



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.



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
(GleNAc) (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 (Gle-
NAc) or GDP (Man) conjugated donors (Figure 1.2 left-hand side). At this point,
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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 a-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 MangGlcNAcy 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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Figure 1.2: Biosynthesis of the lipid-linked oligosaccharide on the ER membrane. Figure
courtesy of Dr J. L. Kiappes.
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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 (Glul and Glull). 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]).
Glull 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 trafficking 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 a-mannosidase

I (Manl) which allows recognition by ER degradation-enhancing a-mannosidase-like
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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].

Binding of CNX
to Glc;Man,GIcNAc,

e
-

l CNX-mediated
to Golgi for a-Glull interactions with
futher processing chaperones
Q. o
oo )
o ¢ om
oo CXC3
° °
° °
o e
correctly incorrectly
folded folded
ER a—Manli

EDEM-association
and ERAD

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
trafficking 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].



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 GlciMangGleNAcs 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 Glc;Mans
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 Glce-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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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 a-glucosidases

The two exo-glucosidases that enable entry of the glycoprotein into the calnexin cycle
share similar names but differ both in structure and mechanism. A classification
system for glycosyl hydrolases (GH) has been established that groups the different
hydrolases, now containing 134 different 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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1.3.1 Glucosidase 1

Glul is a ~90 kDa protein encoded by the mannosyl-oligosaccharide glucosidase
(MOGS) gene and is a member of the glycosyl hydrolase 63 family (GH63). Glul
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]. Glul 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 GlcsMangGlcNAcs-protein substrate. R
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Figure 1.5: Schematic of the Glul domain architecture. The protein is organised into three
domains with a signal sequence (SS) that targets translocation into the ER lumen.

10



1.3. Endoplasmic reticulum a-glucosidases

1.3.1.1 Structure

The first reported crystal structure of a GH63 family enzyme is that of YgjK from F.
coli that folds as (a/a)g barrel. However, this enzyme has a(1,3) regiospecificity [60].
More recently the first crystal structure of a Glul has been solved, comprising of the
lumenal portion of the S. cerevisiae (ScGlul) enzyme [61]. It contains the same fold as
YgjK in the catalytic domain with an additional 13-strand S-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 affinity tag from an adjacent molecule in the crystal (Figure 1.6B).
As a result, the authors carried out in silico docking of different molecules in the active
site including Glcs, 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 Glull. Overall, the crystal structure of ScGlul is currently the best surrogate for
understanding the mammalian Glul. 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 11

Glull catalyses the sequential cleavage of the two inner glucose residues of the N-
linked glycan, GlcoMangGlecNAcso-protein and Gle;MangGleNAcs-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

11
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Figure 1.6: Structure of ScGlul. (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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initiating the range of molecular events described above. Thus, even though both
bonds specifically cleaved by Glull are «(1,3) glycosidic bonds [63], there must be a
molecular basis for the discrimination between these two substrates that results in
the measurable differences in kinetics between the two cleavages [64-66]. The enzyme
consists of two subunits, the a-subunit which carries the catalytic activity and the
[B-subunit which plays a regulatory role for subcellular localisation of the complex

and assists in substrate recognition [67].

The a-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 a-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 a-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 effected by the

aspartate on the WXGD consensus sequence [69, 73|. Using the same mechanism,

13
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transglycosylation (the formation of a glycosidic bond) can also be carried out and

has been observed in some GH31 family members [74].
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Figure 1.7: Schematic of the Glull domain architecture. (A) Sequence annotation by Pfam
of the a-subunit into three domains. (B) Proposed domain architecture using structurally
characterised GH31 members. (C) Domain architecture of the S-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 S-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 affecting 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 differently (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 Glull 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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Figure 1.8: Retaining mechanism of hydrolysis of the Glcy /1 MangGlcNAca-protein substrate.

R = MangGlcNAcs-protein, Ry = OH and Ry = H when the substrate is GlcaMangGlecNAcs-

protein. R = MangGlcNAco-protein, Ry = H and Ry = OH when the substrate is

Glcy MangGleNAcs-protein.
soluble Glull complex in the ER lumen, though a noteworthy exception to this is the
absence of this motif in the S-subunit of S. cerevisiae [67, 82]. The ability of Glull
to cleave its substrates is essentially abolished in vivo when the S-subunit is removed
(82, 83]. The MRH domain on the S-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 a-subunit catalytically inactive as it can still

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

p-subunit that bind to the a-subunit [86]. Analysis of the heterodimer in solution
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indicates that it forms an extended structure [87]. Furthermore, an extra level of
complexity has been suggested whereby Glull 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 Glull
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 differing substrate specificities and in-
clude a-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 different due to a change
in the consensus WXDMNE to WXDMNYV, 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 Glull is necessary to determine

the basis of its specificity.

The only high-resolution structural characterisation available of a portion
of Glull is of the MRH domain from S. pombe, by both NMR spetroscopy and X-
ray crystallography [93, 94]. This domain adopts a flattened f-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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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 Glull (of either subunit) upon
binding mannose that may have an allosteric role in the catalytic function of Glull

[94].

Figure 1.9: Structure of the S. pombe S-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
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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 a-glucosidases [96, 97]. Later
on, another a-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 Manl and the Golgi a-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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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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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 Glull with these intestinal enzymes which bind some iminosugars equally well.
This homology leads to the off-target side-effects 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 a-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 Glul and Glull 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 a-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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Iminosugars have been successfully utilised for this in the clinic [113]. An alternative
approach for these diseases has been proposed that uses iminosugars as scaffolds for
the [-glucosidase folding-defective mutants. The principle is to use iminosugars to
chaperone the enzyme throughout the post-translational processing in order to traffic

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

1.4.2 Use as antivirals

Inhibition of Glul and Glull 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 pK, 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 a-glucosidases affects 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 affecting glycolipid processing causing an
antiviral effect for certain viruses [Zitamann, unpublished results]. Thus iminosugar
treatment has complex consequences and can affect other viral or cellular pathways,
eliciting the antiviral effect. Inhibition of the ER a-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, Paramyzoviridae, 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 effects 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 (N9-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 a-

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 efficacious and selec-
tive antiviral compounds, to be rationally designed using the structural information

gathered.

A mammalian Glul structure would aid drug design. An added benefit of
the endeavour to clone, express, and purify mammalian Glul 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 Glull 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 Glull, 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 Glull would contribute to a better understand-
ing of its function. A crystal structure of a fragment of Glull comprising the a-subunit
bound to a domain of the S-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 S-subunit N-terminal
interface with the a-subunit which in turn has implications on the positioning and

recruitment of the glycan substrate.
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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 MQcm 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.ibep.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 ul of sample were mixed with 2 nl 5X loading buffer (0.25 % w/v bro-
mophenol blue, 30 % v/v glycerol). A gel composed of 1.6 % w/v agarose dissolved
in TBE buffer (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 Dpnl digestion was performed to prevent template DNA
from contaminating the newly assembled product. 5 pl of CutSmart buffer containing
10 U Dpnl 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 ul 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 pl 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 ul of 10 mm Tris pH 8.0.

Table 2.2: High-throughput cloning PCR mixture

Component Volume (pl)
2X Phusion Flash Master Mix 25
Water 17
Forward Primer (10 pm) 3
Reverse Primer (10 pM) 3
Template (1 ng/pl) 2

Table 2.3: PCR reaction conditions

Temperature (°C) Time (s)

98 10

98 1

60 5 30 Cycles
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 pl of the linearised OPPF
vector with 5 pl of the purified PCR product. The mixture was made up to 10 nl
total volume and added to lyophilised In-Fusion HD EcoDry enzyme mix (Clontech)
and incubated for 30 min at 42 °C. 40 ul of TE (10 mm Tris pH 8.0, 1 mm EDTA)
were added to stop the reaction and 3 nl of the mix were added to 50 pl 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 pl 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 pl and 25 pl of each construct were plated
onto Blue-White Lysogeny Broth (LB) Agar containing 100 pg/ml carbenicillin, 0.02%
5-bromo-4-chloro-3-indolyl-8-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 pg/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 a-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 a-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 Xhol site on the forward primers and
a Ncol 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 T, and the genes in the pOPIN
vectors as templates. The correctly sized products and the Litmus28i were digested by
the restriction endonucleases Xhol and Ncol 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
NEB5a 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 a-glucosidase genes into Litmus28i.

Primer Name Sequence (5-3) T, (°C) T, (°C)
mogs_F ATATCTCGAGTGGGTGCTGGCGTGGCTC 72 -
mogs_R TATCCATGGTTTTTCGAACTGCGGGTGGCTC 71
ganab_F TATACTCGAGGCTGTGGATAGAAGCAACTTTAAGACC 73
prkcsh _F ATATCTCGAGGGCGCTGTAGAAGTTAAGAGACC 73 68
Hisg-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, (°C) T, (°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
DG640N_F GTGGACAGGGAACAACACTGCCG 68 69
D640N_R ACAGCTCCAAAGCGCTGG 66
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2.3. FExpression screening and large-scale expression

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 Agel/Kpnl ends of the digested vector.
Standard PCR (see 2.2.1.1) was performed using the T, 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, (°C)
ganab_F GGTTCCGTAGCTGAAACCCGGTGCTGTGGATAGAAGCAACTTTAAGAC

ganab_R GATGGTGGTGCTTGGTACCCTCGAACTGGGGGTGGCT 62
prkesh_F GGTTGCGTAGCTGAAACCGGTGGCGCTGTAGAAGTTAAGAGAC

prkesh R GATGGTCCTGCTTGGTACCTTATTAGTCCCCATCACTGGGTGC 66

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 PO and P1 stock of baculovirus in Sf9 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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2.3. FExpression screening and large-scale expression

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% CO, environment. 1.5 X 10°
cells/ml were added to each well of a 24-well culture plate and left to grow overnight.
2 ul of Geneluice transfection reagent (Novagen) were diluted in 60 pl of serum-free
DMEM per construct. 1 pg 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% CO, environment and shaking at 135 rpm. Stock cultures
were always split to 1 X 10° cells/ml and not allowed to exceed 3 X 10° 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 pm mixed cellulose ester (MCE)
filter. Cells were transfected at a density of 1 X 10° 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 pg of plasmid DNA was diluted
into a total volume of 1 ml OptiPRO SFM in a 50 ml conical tube. 62.5 pl 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 pm MCE filter (Millipore) placed under a 2.7 pm glass microfibre filter

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

2.4.2 Immobilised metal affinity chromatography

Buffers used for Immobilised Metal Affinity Chromatography (IMAC) were made
by mixing Buffer A (PBS, 5 % (w/v) glycerol) with appropriate volumes of Buffer B

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

2.4.2.1 Mus musculus Glul

The clarified supernatant was passed through a 5 ml HisTrap excel column (GE
Lifesciences) once and washed with 20 mM imidazole (4 % Buffer B) for 10 column
volumes (c¢V). A 10 ¢V step elution at 400 mM imidazole (80 % Buffer B) was used
to elute the target glucosidase. The buffer was exchanged by dialysing the pooled
eluate in 10 kDa MWCO SnakeSkin dialysis tubing (Thermo Scientific) against 1 1 of

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

2.4.2.2 Mus musculus Glull

The clarified supernatant was passed through a 5 ml HisTrap excel column once and
washed with 40 mM imidazole (8 % Buffer B) for 10 ¢V. A 10 ¢V step elution at 400
mM imidazole (80 % Buffer B) was used to elute the target glucosidase. The buffer
was exchanged by dialysing the pooled eluate in 10 kDa MWCO SnakeSkin dialysis
tubing (Thermo Scientific) against 1 1 of Strep Wash Buffer (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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2.4.3 Strepll-tag affinity chromatography of Mus musculus
Glull

The Strepll-tag on the a-subunit was used to isolate the heterodimer of MmGlull
from excess 3 -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 buffer concentrates from the same manufacturer. The
dialysis eluate from the IMAC step was passed over the resin followed by 3 ¢V wash
with Strep Wash Buffer taking 1 ¢V fractions. Elution of the glucosidase was achieved
with 3 ¢V of Strep Elution Buffer (Strep Wash Buffer with 2.5 mM D-desthiobiotin)
collected in 0.5 ¢V fractions. As the MmGlull had a weak affinity 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 musculusGlull

The concentrated Strepll-tag purification pool was treated with 1/100" of the mass
of MmGlull of sequencing grade modified trypsin (Promega) supplemented with 2
mM CaCl, for 4 h at room temperature. The reaction was stopped by the addition

of 1 mMm phenylmethylsulfonyl fluoride (PMSF).

2.4.5 Gel filtration chromatography

The final step for the purification of both ER a-glucosidases was by gel filtration
(GF) on a Superdex 200 16/600 column (GE Lifesciences). The buffer for MmGlul
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was 20 mMm HEPES pH 7.5, 100 mMm NaCl, 0.1 mMm TCEP. The buffer for MmGlull
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 buffer according to the manufacturer’s protocol. Briefly,
up to 20 pl of samples were added to 7.5 pl of 4X LDS sample buffer and 3 pl 10X
NuPAGE reducing agent, adding water to a total of 30 nl. 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 buffers, 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 buffered 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 a-Glucosidase II assay
2.6.1.1 4-Methylumbelliferone detection

Cleavage of 4-methylumbelliferyl a-D-glucopyranoside (4AMUG) by MmGlull was mea-
sured mixing a 50 pul sample with 50 pl 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 pl of 0.5 M NayCOj3 (pH ~11.5) and fluorescence was
measured at Ao of 355 nm and A, of 460 nm on a SpectraMax M5 (Molecular De-
vices) with 40 scans per well, low photomultiplier tube sensitivity and a emission

cut-off filter of 455 nm.

2.6.1.2 Glucose detection assay

Cleavage of glucobiose disaccharides of different glycosidic linkages was performed by
mixing 30 pl of MmGlull at 60 nM and 30 pl 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 ul of the
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previous reaction. Measurements were subtracted from disaccharide only containing

wells.

2.6.2 Continuous a-Glucosidase 11 assay

A quantitative method for measuring the rates of AMUG 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 pl and 25 pl of inhibitor was added. A MmGlull concentra-
tion of 20 nM provided the best signal over the course of the assay. 100 mM potassium
phosphate buffer 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]Vax/ (K +[S])) was
fit to the graph of initial velocity versus substrate concentration in order to obtain

the values of V ax, K,, and kg

2.6.3 Determination of inhibition constants

25 ul amounts of each dilution of inhibitors were added to each column of the assay
plate along with 25 pl of 80 nM MmGlull 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 (K,,ons = K, (1 + [I]/K;)) was fit to the points were
K,.obs is determined for each concentration of inhibitor, thus allowing the K; to be

determined.
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2.6.4 Determination of IC;, values

Serial dilution of inhibitors was carried out in half-log steps in the assay plate. 25
ul of 80 nM MmGlull was added to the 50 pl of inhibitor and the enzyme/inhibitor
mix was incubated at 37°C for 5 min. 25 pl of 1 mMm 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 IC5q 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 nl 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 Agx =360 nm and Ag, =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 pm 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 MmGlul

Pure MmGlul at 4 mg/ml was crystallised by vapour diffusion 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 MmGlully.ypein

Pure MmGlullyypsn at 5.6 mg/ml was crystallised by vapour diffusion in conditions

detailed in Table 2.7. A ratio of 3:1 protein:precipitant yielded the largest crystals.
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2.7. Crystallisation and structure determination

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 2°¢ 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 buffer 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

Diffraction 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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2.7. Crystallisation and structure determination

Table 2.7: Crystallisation conditions for MmGlulltyypsin

Protein: Concentra-
.. Precip- tion of
Crystal form Precipitant itant soaked
ratio molecule
30 % Morpheus Glycerol/PEG 4000 Mix, 0.12
Trigonal apo M Morpheus alcohols mix, 0.1 M Morpheus 1:1 -
Buffer system 1 pH 6.5
32 % Morpheus ethylene glycol/PEG 8000
Monoclinic apo mix, 0.1 M Morpheus carboxylic acids mix, 0.1 1:1 -
M Morpheus buffer system 1 pH 6.25
32 % Morpheus ethylene glycol/PEG 8000
Orthorhombic apo mix, 0.1 M Morpheus ethylene glycols mix, 0.1 1:1 -
M Morpheus buffer system 2 pH 7.25
30 % Morpheus ethylene glycol/PEG 8000
Glucal soak mix, 0.1 M Morpheus carboxylic acids mix, 0.1  3:1 15 % w/v
M Morpheus buffer system 1 pH 6.25
33 % Morpheus ethylene glycol/PEG 8000
Glucose soak mix, 0.05 M Morpheus carboxylic acids mix, 2:1 30 % w/v
0.1 M Morpheus buffer system 1 pH 6.25
31 % Morpheus ethylene glycol/PEG 8000
Mannose soak mix, 0.05 M Morpheus carboxylic acids mix, 3:1 30 % w/v
0.1 M Morpheus buffer system 1 pH 6.25
32 % Morpheus ethylene glycol/PEG 8000
27d Orthorhombic apo  mix, 0.05 M Morpheus carboxylic acids mix, 3:1 -
0.1 M Morpheus buffer system 1 pH 6.25
32 % Morpheus ethylene glycol/PEG 8000
Castanospermine soak mix, 0.05 M Morpheus carboxylic acids mix, 3:1 10 mM
0.1 M Morpheus buffer system 1 pH 6.25
32 % Morpheus ethylene glycol/PEG 8000
DNJ soak mix, 0.05 M Morpheus carboxylic acids mix, 3:1 50 mM
0.1 M Morpheus buffer system 1 pH 6.25
32 % Morpheus ethylene glycol/PEG 8000
NB-DNJ soak mix, 0.05 M Morpheus carboxylic acids mix, 3:1 10 mm

0.1 M Morpheus buffer system 1 pH 6.25
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2.7. Crystallisation and structure determination

Table 2.8: Data collection parameters of MmGlul crystals

Beamline
Detector
Wavelength (A)
Osc per image (°)
Number of images
Exposure (s)
Beam Size (pm)
Transmission (% )

DLS 104-1

Pilatus P2M

0.9173
0.5

360

0.5

50 x 50
47.0

Table 2.9: Data collection parameters of MmGlullyypein crystals

Trigonal apo  Monoclinic apo Orthorhombic  Orthorhombic # 2 Glucal

Beamline DLS 103 DLS 103 DLS 103 ESRF ID30A-1  DLS 102
Detector (Pilatus type) P3 6M P3 6M P3 6M P3 2M P6M-F
Wavelength (A) 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 (um) 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 102 DLS 102 DLS 104 DLS 104 DLS 104
Detector (Pilatus type) P6M-F P6M-F P6M-F P6M-F P6M-F
Wavelength (A) 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 (um) 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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2.8. Mass spectrometry

[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 mMm DTT for 10 min
before diluting to 500 pl 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 pl,
the sample was diluted to 500 pl and concentrated again. This process was repeated
five times to ensure any salts were at or below the pMm 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 pl/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 Biophysical assays

2.9.1 Protein concentration measurements

Protein concentrations were determined by measuring absorbance at 280 nm (Assg)
on a NanoDrop 1000 (ThermoFisher). All measurements were made against a buffer
blank of the same composition. The extinction coefficients (€sg9) shown in Table 2.10
were estimated using the ProteinCalculator v3.4! which calculates the eyg 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 coefficients of recombinant proteins with not post-translational modi-
fications

Construct M (g/mol) € (1/Mcm)
MmGlul 88011 167850
MmGlull-« 107940 18741
MmGlull-3 57987 54300
MmGIlull heterodimer 165927 241710
MmGlulltyypsin 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

Program  authored by C. D. Putnam, The  Scripps Research  Institute:
http://protealc.sourceforge.net/
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2.9. Biophysical assays

bandwidth, 20 nm/min scanning speed, and 3 accumulations. Buffer 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 DICHROWERB 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 Differential scanning fluorimetry

Differential 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 pl in white,
polypropylene, non-skirted PCR plates (Stralab) sealed with optically-clear Ther-
malSeal RT?2 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 Aey of 494 nm and A, of 602
nm. Buffer screening was set up in a similar manner, however, a 10X protein/SYPRO
Orange mix was prepared and diluted with 45 pl amount of each of the buffer condi-
tions tested Table 2.11. The buffer 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 MmGlul 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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2.9. Biophysical assays

Table 2.11: DSF buffer screening conditions

Condition Number Buffer Salt Additive

1 20 mM NaOAc pH 4.5 150 mMm NaCl -

2 20 mM NaOAc pH 5.0 150 mMm NaCl -

3 20 mm MES pH 5.5 150 mMm NaCl -

4 20 mMm MES pH 6.0 150 mm NaCl -

) 20 mm MES pH 6.5 150 mM NaCl -

6 20 mMm MOPS pH 7.0 150 mMm NaCl -

7 20 mM HEPES pH 7.5 150 mM NaCl -

8 20 mm Tris pH 8.0 150 mM NaCl -

9 20 mM Na;COg pH 8.5 150 mMm NaCl -

10 20 mM NapCO3 pH 9.0 150 mm NaCl -

11 20 mM Nap;COs pH 9.5 150 mMm NaCl -

12 20 mMm HEPES pH 7.5 - -

13 20 mM HEPES pH 7.5 50 mMm NaCl -

14 20 mm HEPES pH 7.5 100 mMm NaCl -

15 20 mm HEPES pH 7.5 500 mMm NaCl -

16 20 mm HEPES pH 7.5 150 mMm NaCl 10 mm CaCls
17 20 mMm HEPES pH 7.5 150 mMm NaCl 5 mMm CaCl,

18 20 mM HEPES pH 7.5 150 mM NaCl 10 mm MgCls
19 20 mMm HEPES pH 7.5 150 mMm NaCl 5 mwMm MgCl,
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 mMm HEPES pH 7.5 150 mMm 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. Biophysical assays

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 ¢V in order to collect
enough buffer to use for subsequent subtraction steps. Immediately prior to data
collection, the samples were filtered through a 0.22 pm 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 pl of each sample was flowed through a quartz capillary taking taking 10
X 1 s images. The wavelength was set at 0.992 A 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 buffer 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].

48



Structural, biophysical, and biochemical
characterisation of Mus musculus

Endoplasmic Reticulum a-Glucosidase I

The biochemical characterisation of tissue-derived, purified glucosidase I (Glul) has
been carried out for a number of different mammalian organisms [52, 63, 168-173].
The isolation of Glul 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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3.1. Construct design

spite its good purity. The production of Glul from a number of different 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 Glul (ScGlul) whose crystal
structure has been determined. However, at present, there is no method of producing
large amounts of any mammalian Glul. 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

Glul 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 ScGlul
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 Glul (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 Glul in this institute and
biochemical studies of ScGlul [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 wvitro that correspond to

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

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

quence are available but due to practical limitations, our campaign was limited to
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3.1. Construct design
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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 different species. Human and §. cerevisiae Glul 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
S. cerevisiae 32 33

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
Species

Affinity tags
Expression locations

Expression systems

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

H. sapiens, M. musculus, C. elegans, S. cerevisiae
Hexahistidine, Strepll, FLAG, HALO7
Intracellular, Secreted

Insect cells (Sf9), Mammalian cells (HEK 293-T
and HEK 293-F), P.pastoris

Table 3.2: Glucosidase I expression constructs

Construct
Construct boundary (aa
Species reference Vector numbering)
pOPINE-3C-HALO7 61-797
131-797
C. elegans 61-797
pOPINE-FLAG 131-797
pOPINE-3C-HALO7 62-837
. 138-837
H. sapiens 62-837
pOPINE-FLAG 138837
A2 60-835
[ B2 pOPINE-3C-HALO7 137-835
’ C2 60-835
D2 pOPINE-FLAG 137-835
pOPINE-3C-HALO7 50534
S. cerevisiae 01-834
' 35-834
pOPINE-FLAG 01834
. 62-837
H. sapiens - pOPINGS 138837
C3 60-835
M. musculus D3 pOPINGS 137-835
61-797
C. elegans - pOPINGS 131-797
. 35-834
S. cerevisiae - pOPINGS 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.

3 kb
2 kb
1.5 kb
1 kb

3 kb
2 kb
1.5 kb
1 kb

3 kb
2 kb
1.5 kb
1 kb

M A1 B1 C1 D1 E1 F1 G1 H1

M A3 B3 C3 D3 E3 F3 G3 H3

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. FExpression 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 Sf9 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 ScGlul 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 Glul from the supernatant of HEK 293-F cells. This
construct, henceforth termed MmGlul, was carried forward for large-scale expression,

biochemical, and structural characterisation.

3.4 Expression and purification of MmGlul

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

proved to be highly effective in producing MmGlul. A typical transfection of 800 ml
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3.4. FExpression and purification of MmGlul
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3.4. Fxpression and purification of MmGlul

A3 C3  E3 G3

120 kDa —
100kDa =—

80 kDa —

60 kDa —

Figure 3.3: Expression of secreted Glul in HEK 293-F cells. Western blot analysis of secreted

samples probed with an a-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 mMm 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 AKTA 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
MmGlul is about 2 mg/1 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 MmGlul. (A) IMAC chromatogram of purification on a 5 ml
HisTrap excel column from 800 ml of cell supernatant where buffer 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 ¢V 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 MmGlul was correctly folded and if it resembled the
ScGlul structure in secondary structure content, the CD spectrum of MmGlul 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 a-helical proteins. A more detailed analysis
using the CDSSTR secondary structure matching algorithm gives a quantitative de-
convolution of the proportions of different secondary structural elements (Table 3.4).
A comparison of these values to those from the crystal structure of ScGlul shows a

high degree of similarity particularly for a-helices and -strands.

] ] 1
200 220 240 260
Wavelength (nm)

[6] (degrees.cmZ.dmol.residue)

Figure 3.5: CD spectrum of MmGlul 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 MmGlul using the CDSSTR method on the
DICHROWERB server expressed as percentages of total protein secondary structural elements

Sample Helix Strand Turn Disordered NRMSD?
MmGlul 34 20 19 27 0.019
ScGlul (PDB: 4J5T)> 361 182 23.1 22.5 N/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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3.5.2 Differential scanning fluorimetry

A DSF assay (also called ThermoFluor) for determining the melting temperature (T,,)
is a rapid and scalable method that can determine relative T,,s of a protein in multiple
buffer/ligand conditions. DSF has advantages over other more precise techniques like
differential scanning calorimetry or circular dichroism in measuring T,,, as it allows a
much greater throughput for measuring different 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 T,, 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 MmGlul 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 T,
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 T,, of MmGlul 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: Differential scanning fluorimetry of MmGlul. (A) Determination of the T,, of
MmGIlul based on a sigmoidal fit of the normalised fluorescence. (B) Plot of T,, 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 purifying MmGlul 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 MmGlul, 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 MmGlul. 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 difficult 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 difference observed may be
the result of beginning each run with differences 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-labelled N-glycans

The only reliable assay for measuring activity of Glul 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 GlesMangGlcNAc, to use as a substrate is very labour intensive;

an easier method of obtaining the similar GlcsMan;GlcNAcy or GlegMansGleNAc,
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Figure 3.7: SEC-MALS analysis of MmGlul 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 GlesMan;GlcNAco-2AA substrate was used to assess if the pu-
rified MmGlul 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 ng/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, MmGlul 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 MmGlul. Normal phase HLPC traces
of GlesMan;GlcNAcy-2A A glycan before and after an overnight treatment with MmGlul. 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 GlcsMan;GlcNAcs-2AA

glycan over three hours with 5 ng/ml MmGlul. 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 diffraction measurements (Figure 3.10C).

3.8 X-ray diffraction and data processing

Crystals were screened for diffraction at the 104-1 beamline at DLS with the most
promising crystal to date showing diffraction to ~5 A. 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 A 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 diffraction and data processing

Figure 3.10: Photographs of MmGlul 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 104-1 at DLS. Scale bar indicates 100 pm.
dataset (CCj/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 Rycas 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 Ry;,. However, the resolution cut-off can
be justified by the CC,/, 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 diffraction that may hamper phasing

and/or model building efforts.
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Table 3.5: Diffraction data processing statistics

Resolution range (A)  119.7-5.06 (5.33-5.06)
Cell dimensions:

a, b, ¢ (A) 240.2, 104.7, 136.2
a, B, (°) 90, 94.6, 90
Spacegroup C2
Total reflections 48223 (7097)
Unique reflections 14254 (2047)
Rineas® 0.42 (1.21)
Rpim” 0. 29 (0 84)
(W/oD) 8 (1.4)
Completeness 99. 8 (99 7)
Multiplicity 5 (3.4)
CCy 0. 956 (0.598)

Values in parentheses represent the high-
resolution data shell

a Rmeas = Zh21| \ nh/(nh - 1)|Ih7, -

(Ih>|EhE Iy,

Rpim = ZpXi|\/1/(np — )| Ipi — (Tn) | Zp i1
3.9 Phasing

To guess the number of copies of MmGlul in the asymmetric unit (asu), the calcula-
tion of the Matthew’s coefficient (V ), 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. MmGlul has a
sequence identity to the yeast enzyme of 33% which indicates a likelihood of structural
homology. Thus the model for ScGlul (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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3.9. Phasing

to obtain better diffraction.

Table 3.6: Calculated Matthew’s coefficients based on the number of molecules in the asym-
metric subunit.

Molecules/asu Vs (A3/Da) % solvent  Probability

2 4.85 74.65 0.01

3 3.23 61.98 0.20

4 2.42 49.31 0.65
Chi = 180.0

QRO et

A
(&

RFmax = 0.1368E+05

Figure 3.11: Self-rotation function of MmGlul dataset at k=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 MmGlul sequence which
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3.10. Discussion

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 differences 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 ScGlul template shows a good agreement of the active site lining residues but a

key difference in a loop proximal to the active site (Figure 3.12 right panel).

¥,

Su,/’ \

Figure 3.12: Homology modelling of the MmGlul 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 difference 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 Glul 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 Glul.

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 Glul 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, MmGlul 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 Glul by
western blotting is due to it not being able to transfer efficiently to either nitrocellu-
lose or PVDF membranes. In conclusion, the screening effort 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 efficient and scalable orthogonal assay like that
described in the following chapter for MmGlull was not available; an activity assay

may have identified other suitable MmGlul constructs in other expression systems.

The purification of MmGlul 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 MmGlul 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 Glul purified from bovine mammary glands to only a monomer for ScGlul
[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

69
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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 MmGlul 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 MmGlul comes as no
surprise. Indeed the effect of inhibitors on the change in T,, of enzymes has been well
characterised [190, 191]. However, in order to determine accurate K4 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 buffer screen to ascertain if the current buffer conditions can be optimised,
as a greater success in crystallising proteins has been correlated to a buffer-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 effect 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 MmGlul 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 MmGlul 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 MmGlul 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 diffraction
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 ScGlul 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 differences is at E707 (ScGlul

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 differences in these loops is difficult to comment on
in otherwise very similar active sites. If the differences 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 differences between the ScGlul 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 ScGlul 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 a-glucopyranoside and 4-methylubelliferyl a-
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 Glul enzymes, too. A mammalian Glul 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.
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characterisation of Endoplasmic Reticulum

a-Glucosidase 11

Very few studies have been published describing the recombinant production of glu-
cosidase II (Glull), 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 Glull 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

Glull 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, affinity tags, expression
location, and expression systems. A combination of four species, three affinity tags
and both intra- and extracellular expression was chosen. The choice at OPPF was
between expression in mammalian cells, insect cells, or F. 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 different 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 a- and [S-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 S-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

S. cerevisiae 27 26

As the a/f interface has been associated with two distinct regions of the
[-subunit [86], but not anywhere specific for the a-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 a-subunit, but more so for the f-subunit (Figure 4.1). A region central to the
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[S-subunit appears likely to be disordered and corresponds to a large stretch of acidic
residues. Nevertheless, the full-length S-subunit was pursued, in case the binding to

the a-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 affinity tags,
but as the aim was to obtain a heterodimer, the a-subunit constructs also contained
an extra affinity 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 different secretion signals were attempted, the
p-phosphatase (in the pOPING and pOPINGS vectors) and the haemagglutinin se-
quences (in the pPOPINHA 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
Affinity tag Hexahistidine, Strepll, 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.
Construct
Construct boundary (aa
Species Gene reference Vector numbering)
pOPINE-3C-HALO7 2-925
pOPINHA-FLAG 22-925
C. elegans
pOPINE 2-508
PRKCSH E4 pOPING 23-504
pOPINHA 23-504
pOPINE-3C-HALO7 2-967
pOPINGS 33-967
. pOPINHA-FLAG 33-967
H. sapiens
B5 pOPINE 2-529
PRKCSH C5 pOPING 15-525
D5 pOPINHA 15-525
E5 pOPINE-3C-HALO7 2-967
GANAB F5 pOPINGS 33-967
G5 pOPINHA-FLAG 33-967
M. musculus
H5 pOPINE 2-522
PRKCSH A6 pOPING 15-518
B6 pOPINHA 15-518
pOPINE-3C-HALO7 2-955
. pOPINHA-FLAG 23-955
S. cerevisiae
F6 pOPINE 2-703
PRKCSH G6 pOPING 24-703
H6 pOPINHA 24-703
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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.

MA4 B4 C4 D4 E4 F4 G4 H4

3 kb
2 kb
1.5 kb
1 kb

3 kb
2 kb
1.5 kb
1 kb

3 kb
2 kb
1.5 kb
1 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 staff 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 a-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 affinity tags, primarily against the C-terminal hexahis-
tidine tag present on all constructs. Glull 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 S-subunit and for the S. cerevisiae
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Figure 4.3: Capillary electrophoretograms of dye-terminator Sanger sequencing of MmGlull
a-subunit point mutants compared to the wild-type sequencing. Red boxes indicate the intro-
duced mutations.
a-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 Sf9 cells with glucosidase II constructs. Western
blot analysis using an anti-Hisg-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 a-subunit in the high-throughput
campaign in Sf9 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-Hisg-HRP antibody of (A) single or (B) co-infections.
successfully expressing constructs, a fluorescence-based activity assay for the cleavage
of AMUG was included in the analysis. Similarly to all the previous screens, the (-
subunit expresses well as does the S. cerevisiae a-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 AMUG. 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 a-subunit has been the more challenging
subunit to express. The western blot of this experiment shows only a slightly visible
band corresponding to the a-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 Glull. A multitude of different S-subunit constructs readily
expressed. The expression trials in P. pastoris are not presented in detail in this
thesis because they could not produce secreted a-subunit. The C. elegans a-subunit
produced was similar to that seen in Figure 4.6A for construct C4 which was heavily
proteolysed and difficult to access as it only expressed intracellularly. Moving for-
ward, the prioritised construct was of the murine glucosidase II (MmGlull) using the

constructs F5 () and A6 (5).

4.4 Expression and purification

4.4.1 Expression optimisation of MmGlull constructs

The initial results from the expression of MmGlull indicated that the ratios of F5
and A6 that were transfected had an effect on the amount of secreted MmGlull.
An experiment was designed to assay the optimal ratio of the two constructs test-
ing four different 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 MmGlull 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-Hiss-HRP antibody of (A) single or (B) co-infections.
Orange boxes highlight weak bands for a-subunit expression. Cleavage of 4AMUG 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 « : 5 DNAs that were transfected.
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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 effective, 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 effective. As hypothesised the lower amount of DNA caused a larger amount of
MmGIull to be produced (Figure 4.7B) with little difference from the contribution

of the amount of transfection reagent for these two conditions.

4.4.2 Purification of full-length MmGlull

The optimised transfection conditions are a scalable method of expressing MmGlull
in larger quantities. Utilising the two affinity tags, the hexahistidine and Strepll
tags, allowed the quick and efficient purification of the heterodimer. Automated
purification on an AKTA design chromatography system allowed a bulk separation of
MmGIull from the other proteins in the cell culture medium by IMAC (Figure 4.8A).
As both subunits contain hexahistidine tags, a second affinity purification using the
Strepll tag on the a-subunit was necessary to ensure that an excess of the S-subunit
was avoided. Unfortunately, the affinity of the Strepll tag to the StrepTactin resin
was relatively low and the MmGlull 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 MmGlull 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 4AMUG substrate
and analysed by a discontinuous fluorescence measurement. (A) Optimisation of the molar
ratios of the o : 8 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 a-subunit being observed (Figure 4.8C). Typical final yield of purified MmGlull
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 a-subunit and two on

the S-subunit which may have an effect on function or future crystallisation attempts.
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Figure 4.8: Purification of MmGIull. (A) IMAC chromatogram of a purification on a 5 ml
HisTrap excel column from 800 ml of cell supernatant where buffer 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 ¢V and 0.5 ¢V for the
wash and elution, respectively.

4.4.3 Purification of full-length MmGlull point mutants

The point mutants were designed based on the biochemical and structural precedents
established for Glull 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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highly conserved DsgsMNEs547 sequence could indicate two acidic residues with the
requisite ~5.5 A distance between these two residues. The advent of the series of
GH31 family member crystal structures indicated that the GDgyoNTA 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 S-subunit allowed a more straight-forward one-step IMAC purification. A typical
purification yielded pure MmGlull (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 buffer, 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 MmGlulltypsin, a shortened form of MmGlull 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 a-helical double
minimum at 208 and 222 nm, all S-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 MmGlull 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 MmGlulltyypsin 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 a-helices
and turns. The confidence in these results allows some conclusions from the spectra
of the full-length heterodimer and the S-subunit to be drawn. The RONN analy-

sis of the B-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 f-subunit that exists in solution hinting at likely difficul-
ties in crystallisation attempts of both samples. As isolation of the a-subunit could
not be achieved, it is difficult to precisely assign the secondary structure contribu-
tions of a and S subunits alone. However, the averaging of the f-subunit and the
MmGlullyyypan structure, which only contains 20% of the S-subunit sequence, gives

a convincing representation of the values observed for the heterodimer.
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Figure 4.10: CD spectra of MmGlull. (A) Spectra of wild-type heterodimeric MmGlull, -
subunit only and trypsinsed MmGlull (MmGlulltyypsin, see Chap. 5). (B) Spectra of various
point mutants of MmGlull. 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 MmGlul using CDSSTR method on DICHROWEB

server expressed as percentages of total protein secondary structural elements. MmGlulltyypsin
is discussed further in Chapter 5.

Sample Helix Strand Turn Disordered NRMSD?
MmGlull heterodimer 10 29 22 40 0.02
MmGIull S-subunit 6 33 18 41 0.019
MmGlulltyypsin 25 24 20 31 0.015
MmGlullyypsin structure®?  18.3 26.4 25 30.4 N/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 Differential scanning fluorimetry

A DSF study was conducted to determine the optimal buffer conditions for MmGlull.
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 different
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
T,, 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 MmGlull. (A) Plots of fluorescence versus temperature in
preliminary experiments to determine a suitable concentration of MmGlull to be used in buffer
screening. (B)Buffer screening showing T, relative to MmGlull 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,, of point mutants relative to MmGlull in 20 mMm HEPES pH 7.5, 150 mM
NaCl with the protein concentration of 0.05 mg/ml. All samples are statistically significantly
different 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 MmGlull
relative to the condition used in the final step of the purification. Apart from the
spurious results in NaOAc buffer 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 T, 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 MmGIlull 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 MmGlull 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 MmGlull 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 Glull
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 MmGlull. 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 different 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 off 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 (Dpax)-

SAXS from MmGlullrypsin 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 S-subunit in isolation has a different Kratky plot (Figure 4.13B green
line) characteristic of unfolded or flexible proteins. This is also reflected in the radius
of gyration (R,). The pair distribution function (Figure 4.13C green line) yields the
largest Dy,ax 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 S-subunit in isolation and
MmGlullyypsin in HEPES buffered 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, (A) Ip Dumax (A)

MmGIull heterodimer 55.1  156.75 192.7
MmGIull S-subunit 61.3  77.36 214.7
MmGlulltyypsin 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 MmGlull. In this case both the mono- and di-glucosylated gly-
cans were tested. The wild-type MmGlull was compared to selected point-mutants
as well as the MmGlullryypsin fragment that is described in the following chapter (Ta-
ble 4.6). For both the wild-type and MmGlullyyypsn, there was a complete digestion
to Man;GlcNAcy for both substrates. None of the mutants appeared to digest either
of the substrates nor did any show any measurable activity against the 4AMUG 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 MmGlull, MmGlulltyypsin, and the point mutants against
different substrates.

AMUG  GleoMan;GleNAco-2AA  Gle;Man;GleNAco-2AA

Wild-type YES YES YES
MmGlullfyypsn  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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4.6.2 Enzyme activity against 4AMUG

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 Glull for almost 30 years [203]. Hydrolysis by Glull liberates
the highly fluorescent 4-methylumbelliferone (4MU), which has a greater sensitivity
than the common chromogenic substrate, 4-nitrophenyl a-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 affects the spectral properties of the molecule. The ability of AMUG 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 MmGlull so the
overall effect 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 pM (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

effect of any point mutants that remain active.
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Figure 4.14: Enzymatic assay of the cleavage of AMUG. (A) Standard curve of 4MU in assay
buffer. (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 MmGlull to cleave
disaccharides of different linkages. The 5 stereoisomers of glucobiose with a-glycosidic
linkages are: trehalose [«(1,1)], kojibiose [(1,2)], nigerose [a(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 MmGlull with a thermal denaturing step to
inactivate the MmGlull. 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 um (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 MmGlull 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 different substrates gave a clear indication of the ability
of MmGlull 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 MmGlull 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 Glull having
two adjacent substrate binding sites [204].The specificity constants (kcat /K, ) 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 MmGlull. Errors are the 95%
confidence interval from two experiments.

Vinax (nM/s) K, (mMm) Keat (1/8)  Kkeat/Km (1/sM) R?

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 MmGIlull 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 different
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 MmGlull gives two important pieces
of information. Firstly, it enables the discrimination of the type of inhibition. The
differences in the V., and K,, 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 K,, is observed

with no change in V.. 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 4AMUG substrate

is not very similar to the natural substrate that MmGlull 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 different concentrations of inhibitors and the V.« approaches the
same magnitude. Simultaneous fitting allowed for the fitting of a competitive inhibi-
tion model to determine the K; for the particular inhibitor. Fits to noncompetitive
or uncompetitive models had coefficients of determination (R?) of 0.950, and 0.929,
respectively compared to the R? 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 MmGlull 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; of a selection of DNJ derivatives against MmGlull. Errors are the 95% confidence
interval from two experiments conducted in triplicate.

Inhibitor K; (M)

DNJ 3.1£0.2
NB-DNJ 104 + 3.7
NN-DNJ  3.7+£0.3
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4.6.4.2 Measurements of IC;, 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 % (ICsp). The concentration of 4-MUG
is well above the K,,, meaning that the enzyme is approaching V... Even though
competitive inhibitors should still have the same V.., over the range measured in this
assay, this type of inhibitor would have suitably increased K,,, values to see a decrease
in the measured initial velocities. This was carried out for a number of different
inhibitors of MmGlull. 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 MmGlull than any of the DNJ based inhibitors by close to an order of

magnitude.
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Figure 4.17: 1C5( plots of multiple iminosugars against MmGlull. 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: ICsq of a panel of iminosugars against MmGlull. Errors are the 95% confidence
interval from three separate experiments.

Inhibitor IC50 (1M)
DNJ 114 + 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 4+ 37.3

4.7 Discussion

This is not the first report of the recombinant expression of heterodimeric Glull
(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 g-subunit to the two previously
identified binding domains [86]. The disorder prediction alone indicates that dividing
up the S-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 Glul in which the quick and efficient 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 f-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 efficiency of the a-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 4AMUG cleavage provided
a solution to the initial shortcomings of the screening effort. As a result, produc-
tion of MmGlull was achieved in excess of 8 mg/1 of culture. ScGlull has not been
fully pursued yet but it remains an interesting target as it may be different 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 ScGlull S-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 Glull is questionable, thus pursuing MmGlull

was prioritised.

Establishing a protocol for the purification of MmGlull was relatively straight
forward with only minor hurdles due to the choice of buffer 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 MmGlull has very low affinity for the StrepTactin resin
most likely compounded by poor accessibility in the Strepll tag that has generally low
affinity to begin with. The difficulties of mutagenesis in the expression vector were
overcome and, at the same time, the affinity tags were rationalised to avoid the du-
plication that existed. Thus for the point-mutants the hexahistidine tag was removed
for the S-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 buffers 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 buffers chosen that may affect
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 buffer purely as a control and
to vary the pH range. If there is a specific buffer effect the same could be set up
for a number of buffers to determine more clearly the correct buffer 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 effect as demonstrated
by the decrease in T,, in all except D564N. Possible future mutations will be informed
by the structural efforts 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 Glull com-
plex. The results presented here show similar curve shapes to that from rat tissue
derived GlulI [207]. Comparison of the CD spectra from full-length, S-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 S-subunit. The role of the structure
of the S-subunit may be such that it forms some extended conformation around or
on the side of the a-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 different scattering experiments that were
performed. Both the SEC-MALS and the SAXS experiment point to an extended,
probably unstructured contribution due to the f-subunit. Analytical ultracentrifu-
gation on the rat Glull 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 S-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 Glull, in a trans activation-like
mechanism [88]. A rationalisation with the data above could be made whereby an
extended Glull 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
MmGlull 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 S-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 S-subunit rather than an absolute abrogation of activity.
A likely explanation could be a decreased affinity for the glycans due to the absence
of the interactions with the MRH and thus a marked difference in kinetics. It is

difficult 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 differently linked disaccharide substrates can help
formulate some hypotheses on substrate specificity at the catalytic site. An early
study on Glull isolated from pig kidneys inferred regioselectivity toward a(1,3) and
a(1,4) glycosidic bonds based on the ability of maltose but not kojibiose [«(1,2)] to
inhibit AMUG 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) affinity. The observation of substrate inhibition for
nigerose extends previous observations that there are distinct subsites in the active site
[119, 204]. Does the ability of MmGlull to cleave these differently linked disaccharides
suggest that there is a degree of plasticity that can accommodate these different
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 difference that may be marginal enough to
accommodate these different substrates but confers an overall preference for one over

the other.

The in vitro comparison of differently 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 ICsy and in the length of
alkylation, the relationship is not apparent with the K; measurements. It would
be difficult 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 Glull that is difficult to justify. The major difference
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 1Cs is higher, which likely reflects a lower affinity for MmGlull, 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-Prusoff equation which can be used to
interchange K; and ICsq 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 K; or ICsq. In the case of
the IC5y measurements, there is a pre-incubation of the enzyme and inhibitor before
initiation of the reaction. This was not the case for the K; measurements which might

explain the higher values if the equilibrium is not yet established.
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Structural characterisation of Endoplasmic

Reticulum a-Glucosidase 11

A major challenge for the structural characterisation of glucosidase II to date was pro-
ducing sufficient quantities of the enzyme as was presented and discussed in Chapter 4.
A second major challenge was the crystallisation of MmGlull which also proved to be
a fruitless exercise to date. As MmGlull 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, MmGlulltyypsin, a readily crystallisable fragment with little missing from

the a-subunit.

5.1 Limited proteolysis and purification of

MmGIuIl 1y pein

Different proteases can cleave the rat Glull with it retaining activity against AMUG/[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: MmGlull 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 S-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 a-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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MMDYTL 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 a-subunit. The ~17 kDa C-
terminally hexahistidine-tagged species observed in the western blot was assigned to
the S-subunit as it cannot be derived from the a-subunit. Together with the larger a-
subunit fragment, this 17 kDa species would add up to a mass too big for the larger
a-subunit species considering its N-terminus. Further optimisation was conducted
that found a 1:100 trypsin: MmGlull 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 MmGlull by trypsin. (A) reducing xsSDS-PAGE and (B)
anti-Hisg western blot analyses of a time-course experiment.

The production of the MmGlullyyypsn 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).

112



5.1.  Limited proteolysis and purification of Mm Glullp.ypsin,

150 :
100 ”

50

A280

0 20 40 60 80 100 120
Volume (ml)

Non-reduced central

Trypsin
fraction

Gel filtration fractions

160 kDa —

100kDa — \

80 kDa — '
— —
60 kDa —— . -

50 kDa —
40 kDa —
30 kDa —
20 kDa —
- - - - :
15 kDa — - -

Figure 5.2: Gel filtration purification of the MmGlulltyypsin fragment. (A) Chromatogram
after 4 h incubation of MmGIlull 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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5.1.1 Characterisation of MmGlulltyypsin

5.1.1.1 Comparison of kinetic behaviour of MmGlulltypsin and full-length
MmGlull

A side-by-side comparison of the kinetic constants of MmGlulltyy,sn and the full-
length heterodimer was conducted to ascertain if the trypsinolysis had affected the
properties of the enzyme. The plots of initial velocity versus 4AMUG 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 V.«
and ke; but the K,, is the same as seen in Table 5.1. The implication is that
MmGlulltypsin cannot turn over the 4MUG as efficiently 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 MmGlull and MmGlulltyypsin. Er-
ror bars represent standard deviations from three separate experiments conducted in triplicate.
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Table 5.1: Kinetic parameters of MmGlull and MmGlulltyypsin against 4AMUG. Errors rep-
resent the standard error from an experiment conducted in triplicate.

MmGIull Full-length ~ MmGlulltyypein

Viax (1M/min/nmol) 1.24 4+ 0.01 0.82 + 0.01
K (M) 10.0 £ 0.7 10.5 + 0.8
Keat (1/3) 66.1 + 3.8 46.2 + 5.0
R? 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 MmGlulltyysn 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 difficult to assign
without any additional information. Once the crystal structure of MmGlulltypsin 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 S-subunit fragment G22-K119 (theoretical MW:
10651.4 Da). The second fragment has an m/z of 12841.24 which corresponds to the
a-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 a-subunit to R185 (theorectical MW: 17584.2 Da),
with the mass difference 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 MmGlulltyypsin 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

MmGlulltyypsin 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 MmGlulltyypsin
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

MmGlulltyypsin complex is comprised of the four identified polypeptides.

5.2 X-ray crystallography

5.2.1 Crystallisation

Screening for suitable conditions to crystallise MmGlulltyypsin 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 MmGlulltyypsin. 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 diffracted well (<2.5 A) with no optimisation
necessary (Figure 5.6A-C). Two different 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 pm 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 diffraction 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
MmGlulltyypsin, a transformation of the lattice into a new orthorhombic form took

place, as a result of which diffraction was greatly improved.

117



5.2. X-ray crystallography

Figure 5.6: Photographs of the various crystal forms. Scale bars indicate 100 pm. 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 diffraction at synchrotron light sources. Diffraction images were
collected by first screening a crystal for diffraction at three different ¢ 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 Ryerge 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-off was slightly more elaborate. A general cut-off of (I/o(I)) of 1 was applied by
the script. Assessment of the resolution cut-off from the Aimless output was based

on CCyp, completeness, multiplicity, and Rieas-

The monoclinic form can readily convert to two different 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 R,,c.s values when scaled to the same resolution cut-offs.
This is due to the sensitivity of the Ryeas 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 different 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 P2;2,2,
form contains a doubling in the cell length in one direction (designated on the ¢ axis)
but still contains the same number of molecules in the same volume as the other
forms. The P2;2,2 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 P2,2,2; 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 different 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 MmGlullrypsn data. Restrained refinement with Refmac with

twinning operator k, h,[ refined a twinning of fraction of 0.59.

5.2.3 Phasing

In the first orthorhombic (P2,212;) crystal form, the Matthews coefficient for two
molecules in the asymmetric subunit (asu) was calculated to be 2.96 A%/Da with a
solvent content of 54.25 % and the probablility being 0.94. This strongly indicates
that the asu contains 2 copies of MmGlulltypsin. 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 A
axis at 0,0.5,0.01.

121



5.2. X-ray crystallography

Figure 5.7: Comparison of the monoclinic and two orthorhombic crystal forms. (A) Packing of
the MmGlullmyypein molecules in the three related crystal from when the origins of each crystal
have been translated to coincide. The P2; form is in red, the P212;2; form is in yellow, and the
P2,2,2 form is in cyan. (B) A schematic representation of the unit cells along the b-c plane.
Symmetry related copies are depicted with the orange asterisk and show the common packing
elements between the three forms. Screw (21) axes in the plane of the page are indicated by
half arrows and normal 2-folds with full arrows. Positive and negative signs indicate positions
relative to the plane of the page. Screw axes perpendicular to the page are with the standard
ellipse-like symbol.
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5.2.  X-ray crystallography

-e- Acentric observed
=== Acentric untwinned

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 3L47Z 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 a-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 a-subunit alone. The N-terminal re-
gion of the S-subunit interacts with the a-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 Ca?' 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 a-subunits up to R185
and from F30 on the S-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 A 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 MmGlulltyypsin model.

Apo
Resolution range (A) 59.09-1.74
Observations 109901
Observations in free set 5416
Rywork®(%) 14.2
Riree (%) 16.9
RMSD bond lengths (A) 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 (A?) 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

* Rwork = Znkt||Fo| — | Fell/Znit| Fol

b Calculated as Ryopk 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.

125



5.2.  X-ray crystallography

Table 5.5: Refinement statistics of substrate and product MmGlullyypsin models.

Glucal Glucose Mannose
Resolution range (A) 103.10-2.29 60.03-2.67 103.14-2.36
Observations 101524 56122 95813
Observations in free set 5023 2754 4695
Ryork®(%) 20.9 21.0 20.0
Riree (%) 23.5 24.3 22.5
RMSD bond lengths (A) 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
MolProbity score
Good rotamers (%)
Average B factor (A?)
Ligand B factor (A?)
Residues modelled

Waters modelled
Non-protein molecules

0.57 (100th)

0.83 (100th)

95.97

46.8

51.8

Chain A & C 33-183
Chain A & C 244-350
Chain A & C 371-966
Chain B & D 35-117
887

4 CA2+, 3 EDO,

20 FMT, 4 NAG,

4 BMA, 2 XG3

1.11 (100th)

0.91 (100th)

94.86

65.28

68.5

Chain A & C 33-183
Chain A & C 244-350
Chain A & C 371-966
Chain B & D 35-117
285

4 CA2+, 5 EDO,

30 FMT, 2 OXM,

4 NAG, 1 BMA,

2 GLC

1.32 (100th)

0.96 (100th)

94.98

44.96

48.0

Chain A & C 33-183
Chain A & C 244-350
Chain A & C 371-966
Chain B & D 35-117
588

4 CA2+, 2 FMT,

4 NAG, 2 BMA,

4 MAN

Values in parentheses represent the percentiles among structures in the PDB of similar resolution with

this score

* Rwork = Zakt|[Fo| — [Fel|/Znri| Fol
b Calculated as Ryopc 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: a-D-Glucose. MAN: a-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 MmGlulltyypsin models.

Castanospermine DNJ NB-DNJ
Resolution range (A) 86.95-1.81 88.90-1.92 42.00-2.10
Observations 103735 87327 61076
Observations in free set 5133 4312 2974
Ruork™(%) 16.0 16.5 19.2
Riree (%) 18.5 19.7 21.3
RMSD bond lengths (A) 0.01 0.01 0.01
RMSD bond angles (°) 1.05 1.05 1.06
Average B factor (A?) 28.55 28.38 31.73
Ligand B factor (A?) 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

Waters modelled
Non-protein molecules

Chain A 33-185
Chain A 244-350
Chain A 370-966

Chain B 30-117

886
2 CA2+, 5 PG4,

2 P6G, 6 EDO,

14 FMT, 2 NAG,
1 CST

Chain A 33-185
Chain A 244-350
Chain A 370-966

Chain B 30-117

950
2 CA2+, 3 PG4,

4 P6G, 6 EDO,

10 FMT, 2 NAG,
1 NOJ

Chain A 33-185
Chain A 244-350
Chain A 370-966

Chain B 30-117

936
2 CA2+, 3 PG4,

2 P6G, 4 EDO,

8 FMT, 2 NAG,
1 NBV

Values in parentheses represent the percentiles among structures in the PDB of similar

resolution with this score

* Rwork = Zaki||Fo| — |Fell/Znkt|Fol
b Calculated as Ryorc 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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Figure 5.9: Ramachandran plots of the apo MmGlulltyypein model generated by MolProbity.
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5.3. Model analysis

5.3 Model analysis

5.3.1 Architecture of MmGlulltyypsin

The crystal structure of MmGlulltyypsin forms a unique heterodimeric structure com-
posed of the trypsin-resistant portion of the a-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 S-subunit (Figure 5.10A). The a-subunit is not very different
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 S-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 («/f)s 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 g-sandwiches with the proximal domain containing a very short
helix-turn-helix motif N-terminal to its S-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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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 Mg?* or Nat adding confi-
dence to our interpretation of modelling calcium ions in the MmGlulltyyps, 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

W
S5

Figure 5.11: Coordination of the two Ca?* ions by the S-subunit for (A) Ca?7998 and (B)

Ca?t999

Table 5.7: Distances of calcium ions to coordinating residues and CBVS analysis.

Ligand oxygen dgg2+ o (A)
Ca’t 998 Q50 O 2.28
D53 041 2.29
Y55 O 2.32
D57 062 2.35
D63 02 2.31
E64 Oe2 2.31
CBVS? 2.38
Ca?t 999 R91 O 2.29
D94 061 2.38
V96 O 2.29
DI8 042 2.31
D104 062 2.32
E105 Oe€2 2.25
CBVS? 2.41

3 CBVS = X (exp(d§® — d;j/b)p;). Where
d§'® is the bond valence 1.967[223], d
measured from the model, b is a 'univer-
sal constant’ of 0.37 A[224], and p; is the
occupancy of the ligand which in this case

is always 1.0.

ij 18
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5.3. Model analysis

5.3.2 The «/f interface

The o/ 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 a-subunit contains an ar-
ray of basic residues (R837, R839, R840, R951 and K952) that take part in these

interactions.

Figure 5.12: The a/f interface. The network of polar interactions between the a-subunit on
the bottom (green) and the S-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 o/ 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 «/3’. There also exists
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5.3. Model analysis

an interface between two symmetry-related a-subunits that is designated a/a” (be-
tween green and red a-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 a/3
and a/a” interfaces but not the /5’ 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 «/f’ 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 a/ and the ov/a” interfaces observed in the orthorhombic/monoclinic
forms. Combined, these data strongly suggest the /[ interface is likely to represent
a genuine interface. The a/a” interface could also be a probable interface, but the
wn 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 Glull [87].

Table 5.8: Analysis of the o/ interface using PISA and EPPIC servers.

a/p afp’ a/a”

PISA results Interface area (A?) 706.9 843.8
Solvation energy gain (kcal/mol) 5.8 0.6

Binding energy (kcal/mol) -3.1 -4.2

P-value 0.g7 ot found 0.65

Number of H-bonds 13 0

Number of Salt bridges 16 13

EPPIC results Interface area (A?) 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 MmGlulltyypsin, this was calculated and plotted both onto the heterodimer
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5.8. Model analysis

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 («//3) orthologues that was generated using
Clustal Omega. It can then map the sequence conservation onto the models of two
subunits of MmGlullpypsin (Figure 5.15). Two regions on the a-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
B-subunit (Figure 5.15 dashed ellipse) regarding the interface. These results indicate

and support the identity, the likelihood, and the polar nature of the o/ interface.

5.3.3 The N-terminus and substrate specificity

A structural overlay has been performed with all of the published eukaryotic a-
glucosidases that have a GH31 domain. Represented here is the comparison of the N-
terminal portion of the human intestinal a-glucosidase, which has a specificity for long
a(1,4)-linked oligosaccharides and has been crystallised with acarbose, a substrate-
analogue inhibitor. A closer examination of the active site of MmGlullyyyps, 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 differences. As MmGlull is capable of cleaving
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5.8. Model analysis

Figure 5.14: Electrostatic potential mapping of the surface of MmGlulltyypsin 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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5.3. Model analysis

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 a(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 differences 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 differences that
can be observed proximal to the site of catalysis. The presence of a loop that bulges
out in MmGlullyypsn (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 a-glucosidases and is very conserved across eukaryotic Glull 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 MmGlulltyypsin crystals has been optimised in
such a way that it is reproducible and efficient. 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.

159



5.4. Ligand binding

.

Figure 5.16: Comparison of MmGlulltypesn to an intestinal GH31 paralogue. Structural
alignment of MmGlulltyypsin 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 MmGlullyypsin. (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 MmGlulltyypsin.
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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 «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].
eo/fo\ 0 (‘O/Q 0
‘/ HO 3 O w~
0 . @ OH :
HO HO' o. 6
L OH - “OH HO 3
HO™ —~ 0 .
OH /_\ H HO
H OH
CO (0]

S)
\E O\i HO\EO
Figure 5.17: Potential mechanism for transglycosylation of D-glucal by another D-glucal in
the MmGlullryypsin crystals.

The resulting dehydrated pseudo-disaccharide was easily apparent in the
initial difference 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 A), 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 difference 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 MmGlullyypgn crystals
that also increases the diffraction 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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5.4. Ligand binding

Figure 5.18: Carbohydrate binding in MmGlulltypsin. (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 o anomer. Map for the
mannose represent unbiased F,-F. contoured at 3 o 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, 1448 and W525.
The alkylated tail of NB-DNJ is poorly resolved and has been modelled here based
on the weak difference peaks. After modelling in the butyl chain, very little density
appeared but neither did any negative difference density appear to contradict the

model.

5.5 Discussion

The availability of the trypsinised MmGlull 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 Glull [87]. What was identified as the GH31 catalytic domain is present
with the same N-terminus in MmGlulltyypsin. 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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Figure 5.19: Iminosugar binding in MmGlullrypsn. (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,-F. contoured at 3 ¢ prior to modelling the
ligand. 2-dimensional plots generated in Maestro.
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AMUG cleavage highlighted an observation that may have otherwise been overlooked
if only the change in activity between the full-length and the MmGlulltyys, had
been quantified. The K,, is identical between the two species but there is a reduction
of the ke.t, which indicates that there is a small change in the binding site. As the
K,, 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 difficult 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 MmGlullrypsn in order to assess if any changes have affected 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 Glull as well as the adaptation of in situ
proteolysis, which was unsuccessful, but gave the impetus for further investigation
of the trypsinised fragment. The a-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 S-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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coefficients over R factors. These decisions are consistent with the current discourse
of data processing practices [230, 231]. Ryeas 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 Ryeas When processing in
both of the different 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 effects 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
difficulties that the twinning introduced, this form was abandoned in favour of the

monoclinic/orthorhombic forms.

The resulting structure of the a-subunit is remarkably similar to other mem-
bers of the GH31 family in terms of domain organisation. The bioinformatical an-
notation of the a-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 53 and a3 which are
much smaller in the eukaryotic structures and tend to be the basis of oligomerisation
in the bacterial a-glucosidases|[73|. Between the eukaryotic structures, there is very
little difference in the overall architecture across the domains with the exception of
the N-terminus where most of the differences can be seen. The two segments of the
maltase-glucoamylase both contain trefoil Type-P domains at the N-termini that are

lacking in MmGIull or the sugar beet a-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 S-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 Glull.

The observed a/f interface identified in the MmGlullpypsn structure is
likely to be genuine. The N-terminal region of the [-subunit that interacts with
the a-subunit is consistent with one of the two distinct a-subunit interacting regions
identified on the S-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 MmGlull coupled with the electrostatic mapping
indicate that this is a genuine interface. The buffer screening in the previous chapter
(4.5.2) support the type of interface. Both the pH and ionic strength have marked
affects on the overall stability of the complex that are likely linked to disruption
of the a/f interface. A concerted effort 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 Glulla-deficient Arabidopsis
thaliana line [240]. A GFP-labelled mutant of the a-subunit that removes a number of
the basic residues has been engineered. Thus if the interface is disrupted, the mutant
a-subunit should not be localised exclusively in the ER lumen. The appearance of
tetrameric Glull in vitro that is likely caused by artificially high concentrations may
be formed by the interaction of two a-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 MmGlullpypsn species does

not appear to form higher order oligomers.

With regard to the other putative region of the S-subunit at its C-terminus
that would bind to the a-subunit[86], this is likely to correspond to an interaction
of the MRH domain with some location on the a-subunit. Apart from the iden-
tified surface conservation that corresponds to the observed «/f interface in the
MmGlulltyypen structure, the only other conserved patch on the surface is around
the active site. There may be a lower affinity interface between the S-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 «/f 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]. Glull is at
the centre of a series of competing forces: the affinities 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-
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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 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 GlesMangGleNAcy, 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 Glull to be exquisitely specific for a(1,3) over a(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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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 a-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 affinity or some other mechanism

is difficult to assess without access to a structure of Glull 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 a-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-a-D-glucopyranosyl fluoride
or 5-fluoro-a-D-glucopyranosyl fluoride. These sugars readily react with the nucle-
ophile due to the efficiency 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 different 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 wvitro of the
different characterised iminosugars presented in this thesis. More specifically, the ap-
proximately 5-fold increase in potency between castanospermine and DNJ are difficult
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 effect on isolated Glull 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 differences 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 differences

between the homologous a-glucosidases can be observed.
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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 Glul 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 MmGlul could address include if there are any differences
between ScGlul and MmGlul structure, and what impact these differences have on the
enzyme’s function, as well as from a pharmacological standpoint, on further inhibitor
design efforts. The latter is of importance for minimising the off-target side-effects
of intestinal glucosidase inhibition as well as for identifying the basis of any selective

inhibitors between the two ER glucosidases.

6.2 Glucosidase 11

We have for the first time observed the «/f interface of Glull, which is key to the
localisation of the complex in the ER lumen. We are in the process of validating
it in wvitro by monitoring the changes in cellular localisation of a GFP-fusion of the
a-subunit mutated in order to abrogate its interaction with the S-subunit. A second
interface has been suggested in the literature [86], though in our hands it would

appear the affinity is not high enough to survive the trypsinolysis.
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6.2. Glucosidase 11

This first structure of the Glull active site presented here now provides
new testable hypotheses. The subtle differences 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 Glull 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 a(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 Glull 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 S-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 Glull 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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6.2. Glucosidase 11

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 effect 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 scaffold 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 different sort of inhibitor might increase the

selectivity of inhibitors as well as afford 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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Appendix A

Table A.1: Primers used for high-throughput PCR

Primer
Construct Sequence (5’-3")
name

F AGGAGATATACCATGTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG
A R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGG
F AGGAGATATACCATGTGTAATCAAGATGATCGTCTGCCTGG
ot R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG
F AGGAGATATACCATGTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG
“ R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGG
F AGGAGATATACCATGTGTAATCAAGATGATCGTCTGCCTGG
ot R CAGAACTTCCAGTTTAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG
F AGGAGATATACCATGGTGCTGGCGTGGTACCGTGC
El R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG
F AGGAGATATACCATGGAGCAGGGGGACGGTGTGG
o R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG
F AGGAGATATACCATGGTGCTGGCGTGGTACCGTGC
o R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG
F AGGAGATATACCATGGAGCAGGGGGACGGTGTGG
o R CAGAACTTCCAGTTTGTAGTCTTCAGCCATGGCCAGTAAGACAAG
F AGGAGATATACCATGTGGGTGCTGGCGTGGCTC
A2 R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
F AGGAGATATACCATGTGTGAACAGGGAGACGGCGTG
o R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
F AGGAGATATACCATGTGGGTGCTGGCGTGGCTC
2 R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
F AGGAGATATACCATGTGTGAACAGGGAGACGGCGTG
b2 R CAGAACTTCCAGTTTGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
F AGGAGATATACCATGTTCGAAGAATATCAAAAGTTCACGAATGAATC
" R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG
F AGGAGATATACCATGGCAACGCCTCAGGATAAATTGC
" R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG
F AGGAGATATACCATGTTCGAAGAATATCAAAAGTTCACGAATGAATC
“2 R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG
F AGGAGATATACCATGGCAACGCCTCAGGATAAATTGC
e R CAGAACTTCCAGTTTGAAGCGTCCAAGGATGTTGACAACAAG

Continued on next page...
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Table A.1: Primers used for high-throughput PCR

Construct

Primer
Sequence (5’-3")

name

A3

B3

C3

D3

E3

F3

G3

H3

A4

B4

C4

D4

E4

F4

G4

H4

GCGTAGCTGAAACCGGCGTGCTGGCGTGGTACCGTGC
GGTGGCTCCAGCTAGCGTAGTCTTCAGCCATGGCCAGTAAGACAAG
GCGTAGCTGAAACCGGCGAGCAGGGGGACGGTGTGG
GGTGGCTCCAGCTAGCGTAGTCTTCAGCCATGGCCAGTAAGACAAG
GCGTAGCTGAAACCGGCTGGGTGCTGGCGTGGCTC
GGTGGCTCCAGCTAGCGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
GCGTAGCTGAAACCGGCTGTGAACAGGGAGACGGCGTG
GGTGGCTCCAGCTAGCGTACTCTTCAGCCATGATCAGTAAGACAAGACTG
GCGTAGCTGAAACCGGCTTTATTCTTCTTCATCTATATCTCTACCCAAATCTTG
GGTGGCTCCAGCTAGCAGTGTCCAAGTTATCACTCATAATCAAAAGG
GCGTAGCTGAAACCGGCTGTAATCAAGATGATCGTCTGCCTGG
GGTGGCTCCAGCTAGCAGTGTCCAAGTTATCACTCATAATCAAAAGGATTAG
GCGTAGCTGAAACCGGCTTCGAAGAATATCAAAAGTTCACGAATGAATC
GGTGGCTCCAGCTAGCGAAGCGTCCAAGGATGTTGACAACAAG
GCGTAGCTGAAACCGGCGCAACGCCTCAGGATAAATTGC
GGTGGCTCCAGCTAGCGAAGCGTCCAAGGATGTTGACAACAAG
AGGAGATATACCATGGGCACCGCCGGGAGCAGTTG
CAGAACTTCCAGTTTAAATTCGATATGAACTTTGAAGCTCGACGTAAG
GCGTAGCTGAAACCGGCCAGATGGTCAAACGAGACGATTTTAAAAC
GGTGGCTCCAGCTAGCAAATTCGATATGAACTTTGAAGCTCGACG
GACGATGACGACAAGCAGATGGTCAAACGAGACGATTTTAAAAC
GTGATGGTGATGTTTAAATTCGATATGAACTTTGAAGCTCGACG
AGGAGATATACCATGGGCCTTCCAAAAATATTAATATTCCTACTGCC
GTGATGGTGATGTTTAAGTTCCTCGTGAACAACTTCCTTGTCAG
GCGTAGCTGAAACCGGCAGACAACTGAAACCAGTAAAGGGAGTTCC
GTGATGGTGATGTTTAACAACTTCCTTGTCAGGATCAGCACATG
TGCCTGGTGTTCGCGAGACAACTGAAACCAGTAAAGGGAGTTCC
GTGATGGTGATGTTTAACAACTTCCTTGTCAGGATCAGCACATG
AGGAGATATACCATGGGCGCGGCGGTAGCGGCAG
CAGAACTTCCAGTTTTCGCAGGTGAATACTCCAATCAGATG
GCGTAGCTGAAACCGGCGCTGTGGATAGAAGCAACTTTAAGACCTGTG

¥ = w ™9 w o™ ®w o™ =" =™ =™ o9 woT"9 9o" ®w o™ =% o= = 9 @wo9°9 9@9o9"9 ®Wo=™" 9% =9 =99

GGTGGCTCCAGCTAGCTCGCAGGTGAATACTCCAATCAGATGC

Continued on next page...
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Table A.1: Primers used for high-throughput PCR

Primer
Construct Sequence (5’-3")
name

F GACGATGACGACAAGGCTGTGGATAGAAGCAACTTTAAGACCTGTG
A9 R GTGATGGTGATGTTTTCGCAGGTGAATACTCCAATCAGATGC
F AGGAGATATACCATGGGCCTGTTGCCGCTGCTG
oo R GTGATGGTGATGTTTGAGTTCGTCATGGTCGTCTTCGGTG
F GCGTAGCTGAAACCGGCGCCGTGGAGGTCAAGAGGCC
05 R GTGATGGTGATGTTTGTCGTCTTCGGTGGGTGCTTCAG
F TGCCTGGTGTTCGCGGCCGTGGAGGTCAAGAGGCC
Do R GTGATGGTGATGTTTGTCGTCTTCGGTGGGTGCTTCAG
F AGGAGATATACCATGGGCGCGGCAATAGCGGC
" R CAGAACTTCCAGTTTTCGAAGATGAATACTCCAGTCGGATGC
F GCGTAGCTGAAACCGGCGCTGTGGATAGAAGCAACTTTAAGACCTGTG
" R GGTGGCTCCAGCTAGCTCGAAGATGAATACTCCAGTCGGATGC
F GACGATGACGACAAGGCTGTGGATAGAAGCAACTTTAAGACCTGTG
e R GTGATGGTGATGTTTTCGAAGATGAATACTCCAGTCGGATGC
F AGGAGATATACCATGGGCCTGCTGCTGCTGCTACTAC
e R GTGATGGTGATGTTTCAGCTCGTCATGGTCCCCATCAC
F GCGTAGCTGAAACCGGCGCTGTAGAAGTTAAGAGACCCCGGGG
A¢ R GTGATGGTGATGTTTGTCCCCATCACTGGGTGCTTCTG
F TGCCTGGTGTTCGCGGCTGTAGAAGTTAAGAGACCCCGGGG
o R GTGATGGTGATGTTTGTCCCCATCACTGGGTGCTTCTG
F AGGAGATATACCATGGGCGTCCTTTTGAAATGGCTCG
0 R CAGAACTTCCAGTTTAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG
F GCGTAGCTGAAACCGGCACCGACTATCTATTAAAGAAGTGTGCGCAATC
oo R GGTGGCTCCAGCTAGCAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG
F GACGATGACGACAAGACCGACTATCTATTAAAGAAGTGTGCGCAATC
"o R GTGATGGTGATGTTTAAAAATAACTTCCCAATCTTCAGTTATGTCAAGCG
F AGGAGATATACCATGGGCGTGAGCATGTTCTCATTATTTCTGC
e R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG
F GCGTAGCTGAAACCGGCCAAAGTCAACGGCATATAGTGGGTGTTCC
0 R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG
F TGCCTGGTGTTCGCGCAAAGTCAACGGCATATAGTGGGTGTTCC
e R GTGATGGTGATGTTTTTCACTTAAATTGAACTTAGGGGGCTCG

162



B

Ramachandran plots of all models
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erated by MolProbity.
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Figure B.5: Ramachandran plots of the DNJ soak MmGlulltyypsin model generated by Mol-
Probity.
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Figure C.1: Multiple sequence alignment of MOGS genes. Appendiz C

..... RDGRGGG...PRS

H.sapiens 1 ... MARGERRRRAV. .. .PAEGVRTAERAARG. .GPGR

C.elegans 1 MHREHEEMHQP|SRRRRPP....... oot REVER...PSATIRY....EPVAEPEPWC
A.thaliana 1 MTGASRRSAR[GRIKSS|SLSPG.SDE|GSAYP RRGKGKELVSIGA
D.melanogaster 1 MARN|TG|SSS|GSTPAASSS|G|SSAAAAAAAAAAAAAASNAKQKQRSPRFSLSSNL
M.musculus 1 GERRRRAA....AAEGARPLERARA....AGR RDGRAGG. . .ARG
R.norvegicus 1 GERRRRAA....AAEGARPLERARG . .RDGRAGG. . . ARG
O.aries 1 GERRRP|GA. .. .PAGIGARAAEG . « ¢ v v v v vttt et et et et e s
C.familiaris 1 GERRRRGA....PVD|GARTAERAARG RGGE...... ARG
F.catus 1 GERRRRGT. ...PAEGARIAERVVRG. . ..RGGA...... PRG
C.porcellus 1 GERRRRAV....PGEGARTMERAPRG. . . .RDGRGGA. .. .RS
C.jacchus 1 GIERRRRAV....PAE[GVRTAERAARG. . .RDGRGGA...PRS
M.mulatta 1 GERRRRAV....PAEGVRTVERAARG. . RDGRGGG. . .PRS
P.troglodytes 1 GERRRRAV....PAEGVRTAERAARG. . RDGRGGG. . .PRS
X.laevis 1 GRERRRHT. .. .GTD|QRPLPPP .RKA. .PP .ottt itemenennn
A.carolinensis 1 ARERRRRA....ADAGP.RA...QEK..GLLRSFAMKRTERPGA. ..TAA
D.rerio 1 GRRRKRVA....TGD|GVPSPRK.EEK. .APAP. . ....... P..... RKE
I.punctatus 1 GITLRKRNV....TAD|GEPHSQK.EEK

S.cerevisiae 1 TS P R O I

C.orthopsilosis 1 MLCNSRVNVKNKFRRITK....... . .HVSKGKDTPPTPHK
S.pombe 1 . Ll L .MVS. . ... 8 DMLG. .o vvuounn.
H.sapiens 40 T..AGGVALAVVVI|SLALGMSGR. ... ... WV[LJAWYRARRAVT LHSRAPPVI|PADS[SSPAV]
C.elegans 41 SFCSWDLILIILLVMLGAGCF|ILL.H..... LYLY....PNLEKVAPLPNI .|. .. .|.. DPE
A.thaliana 46 FKTNLK[ILV|GL|IIL|GIIVI[YFVINRLVRHGLLFDESQKPRVITPF|PAPKVMDLSMFQGEH
D.melanogaster 54 ILDKWK[TMI|GC|V..|.|..|.C[LATA.SYFGYLGYLETRV...NTPFDHQKMV.|...VHAGLE
M.musculus 38 S..ASGAALAVVVLALAFGLSGR. ... ... WV|LAWLRVRRALTLHP|AP[SRLIPPDS|SSP AV
R.norvegicus 38 S..AGGRALAV|VVLALAFGILSGR. .. .... WV|LAWLGVRRALTLHP|AP|S]ALIPPDS|SSPAY
O.aries 22 ..............].RDMGQSGG. .. .... WL|ILAWYRSRRAVMLH|SAP|PIALIPPDS|SSP TV
C.familiaris 37 F..AWRRALIGV|VVL|SLALGILSGC. .. .... WL|ILEWRRARRAVTLH|SAP|P|SLIPPDS|SSPAY
F.catus 37 A..VGRAALGVVVLSLALGILSGF . ... ... WLLAWHRARRAVTLHS|AP[SRLIPPDS|SSP AV
C.porcellus 39 A..AGGRAALAV|VVLSLALGILSGR. .. .... WALAWYRAWRAVTLHSAPPALIPPDS|SSPAY
C.jacchus 40 T..AGGVAVAI[VVLSLALGLFGR. ...... WV|LAWHRARRAVTLH|SAP|P]ALIPANS|SSPAY
M.mulatta 40 T..AGGVALAV[VVLSLALGMSGR. ...... WV|LAWHRARRAVTLH|SAP|P[VLIPADS|SSPAY
P.troglodytes 40 T..AGGVALAVVVILSLALGMSGR. ... ... WV|LAWYRARRAVTLHSAPPVLIPADS|SSPAV
X.laevis 25 . .PERDWTR|. VILLLAIV|SC[S|IGL.SAFAYSGY[IKWSLAV[RVVTLHP|SP|PIITLAPNS|SSPSI
A.carolinensis 39 SSSSWDLGRIIC|GVL|ALASGRALGC.AAFAYGLYARWWLAARTVTLHPAPRLLGPNASGPGL
D.rerio 31 KKKKTD[IGKVF|INI|S|IGLC[IFSL.IWFFYALYMRSSLARRVVTLHP|SP|RVLDANS|SSPAY
I.punctatus 30 KKGKTD|ISKIF[INI[SIGLC|IFSL.VWFFYALYMRSALAKRAVTLHP|SPRVLDANSITTAAV
S.cerevisiae 7 KMFKTFWILTS[IV.|.|..|..|.LLASATVD....|.|.... I SKLQEFEE[YQOKFT
C.orthopsilosis 33 MLLWRFWSPLI|LTS|Y|IASFVLAEQVKFD. . NNN|GITTILASK[YATIA
S . pombe 8 . .GNKRWILFGLLSFLLNCVLVS......... . . .]..C/SVED[IEKAR
H.sapiens 91 APJp HVF{FEMKTRSP|. .KPLLT[gLERJAQQGTTPGT .PKLERUT CEQGPGVGP[Y G
C.elegans 84 NP HMMFELRTRSP|. .MS[PLF[EMINYEQPNTIQR.[PHIEEWCNODPRLP|GY Y
A.thaliana 106 KE[S HVMF[EVRARTP|. .[L|S|LVA[LEQLGVKDEM. . .|Y VME®AF CENSPD|L S|T|F G
D.melanogaster 100 QP LITMF[EMKTRDE|. .|HSLVMELEYY TP|SNLGP GG|QG I):8:1W C E O GPJK|L D|S|Y G
M.musculus 89 APE HVFlEMK TRSP|. . [KP|LLT[ELIEYA QQIGATP GTPP K LIT CEQGIG|VGP|Y G
R.norvegicus 89 APPE HVMFEMKTRSP|. . [KPLLT[ELYAQQGATPGTPP K LIS T CE QGG GlP|Y G
O.aries 60 APD HVMFEMKTRSP|. .[QP|LL T[ELERAQQGTTPGT . [PKLE®AT CEQGG|VGP|Y G
C.familiaris 88 AP HVMF[EMKTRSP|. .[KPLLT[ELIEYAQQGATPGT . [P K LT CEQGWG|VGP|Y G
F.catus 88 AP HVMFlEMK TRSP|. .[KP|LLT[ELIEYAQQGATAGT . [P K LT CEQGPG|VGP|Y G
C.porcellus 90 A[PD HVMFEMKTRSP|. . [KPLLT[ELYAQQGATPGT . [P K LIS T CE QGG GP|Y G
C.jacchus 91 AP[G HVMF[EMKTRSP|. .[KP|LLT[ELERVOQGTTPGT . [P KLE®AT CEQGG|VGP|Y G
M.mulatta 91 AP HVMF[EMKTRSP|. .[KPLLT[ELIEYAQQGTTPGT . [P K LT CEQGPG|VGP|Y G
P.troglodytes 91 AP HVMFlEMK TRSP|. .[KPLLT[ELIEYAQQGTTPGT . [P K LT CEQGPG|VGP|Y G
X.laevis 81 sPN| OVMF[EMKTRSP|. .|HS[VVTELEAMSOA . . G. . AP SLEEIT CEQGPGLARYG
A.carolinensis 98 sppp OVMF[EMKTRSP|. .[RISILVT[ELERMHQLE . G. . DI RLE¥T CEQSPGLPR]Y G
D.rerio 90 SP|E OVMF[EMK TRSP|. .[RIS[VVT[ELIEYMHQFAEM . . DIGN LT CEQGWH|L LG|Y G
I.punctatus 89 sPE OVMFlEMK TRSP|. .[RIS|[VVT[ELIEAYMRO[F SAM . . GVN LT CEQGPBRLR|S|Y G
S.cerevisiae 42 NE/s NCMF[EMRPRY VHE|S|P|L IMETIANF NS|LSQDGL . |HS LI#EF A TP QPIK|L QK|Y G
C.orthopsilosis 89 DN|S ALMF[EVRPRIP|. .[K|SILLSELEAFPITDYQSI .|GKIRKIF YEQF|NRMGKAN
S.pombe 39 NpDIs NILMv[§TRPKIP|. . D/SILMT[ELIIISNVIDDYARF . |SKM)ES AE HGIYD|I GAE G
H.sapiens 148 [EFEDGL ROH[I|QP|GALR. .[LTTEFVKRP[G|.[§. QHGGDWSWRV T VIE[P|QD[S|GTSALPLV
C.elegans 141 [JYEADGR KOQN|I|S|E/AHKG . V|IIQTDWINDAN|.[d. . .FAARVKI|NM. .|.|. .APGRRY
A.thaliana 161 JREHNGR ROE|LV[ENDMV . .[IETSFVKSKGD[ELGYGGDWAVRIDVKNKG|LINDDVKR[SA
D.melanogaster 158 |JTHHDGR VOQE|I|QD|LPFE . .[LKTSFVKY|PE|.[§KQ[Y GGDWTARISVRNTT|RA . . WDK|S I
M.musculus 147 JEF[HDGR ROH|I|HD|GALR. .[LTTEFVKRP|G|.[8. QHGGDWSWRV T V[E[P|QA|S|GTP SFPLV
R.norvegicus 147 EFHDGL RO[H|I|Y[D|GALR. .[LTTEFVKR|S|G|.[d. HHGGDWSWRV T V[E[P|QA|S|GTP SFP[LV
O.aries 117 |YEFHDGV ROH|I|QD|GALR . .[LTTEFVKRP|G|.[§. QHGGDWSWRV T V[E[P|QA|S|GTSALPLV
C.familiaris 145 QEFHDGL RO[H[I|QD|GALK. .[LTTEFVKRP|G|.[8. QHGGDWSWRV T VE[P|QA|S|GT SALPLV
F.catus 145 QEFHDGL ROH|I|QD|GALR. .[LTTEFVKRP|G|.[8. QHGGDWSWRV T V[E[P|QA|S|DTSALP[LV
C.porcellus 147 QEFHDGL RO[H|I|QDIGALW . .[LTTEFVKRP|G|.[8. QHGGEWSWRV T V|A[S|QA|S|STSALP[LV
C.jacchus 148 |YEFHDGL ROH|I|QD|GALW. .[LTTEFVKRP|G|.[§. QHGGDWSWRV T VE[P|QA|SNTSALPLV
M.mulatta 148 WEFHDGL ROH|I|QD|GALK. .[LTTEFVKRP|G|.[8. QHGGDWSWRV T V[E[P|QA|S|GTSAIPLV
P.troglodytes 148 EFHDGL ROH|I|QD|GALR. .[LTTEFVKRP|G|.[8. QHGGDWSWRV T V[E[P|QA|S|GT SALPLV
X.laevis 135 LMHDGE IQE|I[QDGGFT. .[LSTEFVKR[P(G|.[8.D[HGGDWSWRIRA|SIPEAIS|S . SSGQ|LV
A.carolinensis 153 [YLLHDGV VOEILRPDVGLS . .[LQTEFVKR[P|G|.[§. RHGGDWSWRVTARP|ER|S|G . PQAP[FV
D.rerio 146 JLMHEDGV VQE|I|JHDRDFT. .[LTTEFVKRM(G|.[8.DHGGDWTWRITAKQHG|T|A . LSTP[VV
I.punctatus 145 JLFHDG|I IQQ|I[QD|TDFS. .[LTTTFVKRMG|.[8. E[HGGDWAWRI IGKKHS|T|S . PHAP[VV
S.cerevisiae 101 [YEV[YDPR KE[VF|I[DEKNNLN|LTVYF VK S|KN|. .ENWSVRVQG[E[P|LDP|[KR.PSTAS
C.orthopsilosis 146 [JIS|YDPR| ROMI|QDDESHFD[IIIDFIKSE[E . .LSWAVKVKAIPHKGYE.DSIIS
S.pombe 96 |IKH|YDVR| QOV|IDDF LMGIKLETDEVKLP[E. .. .NWALRVHG|IPPLP|GAP . TDLTT
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Figure C.1: Multiple sequence alignment of MOGS genes. Appendiz C

H.sapiens 204 SIFFYVVTDGK. .EV[LL P E[VIGAK|GQ[LIKF H[T|s FITI|L
C.elegans 188 NV|ILYLSAQE[I..GT[.|..... Ruvi i iienennn FRLGKHL|SDV Y[N|E M|S LR
A.thaliana 219 HIFFYLADEGG..NV[LNLGQ.D. ... ... GILDF|QGS|S|LL S|RE IHLK
D.melanogaster 213 SLIWYVALDERTNGH[IK....Y.. ... V|S|DDIK|S PE|P G| E|AQ) VIR F|H
M.musculus 203 SLFFYVVTIDGQ..EV[LL. Poviiiiiee E|I|GAK|GQ|LIK S H[T|S LITL|L
R.norvegicus 203 SLFFYVVIDGQ..EVLL. Poviiieeee E[V|GAK|GQ|LKF H|T|S LITL|L
O.aries 173 SLFFYVVTIDS[K. .EVLV. Poviiiiiinnn E[V|GAK|GQILKF H[T|S F|TL|L
C.familiaris 201 SLFFYVVTIDGK. .EVLV. P.o..ooooooa E[V|GA[K|G Q|LIK F| H|S|S F|T LM
F.catus 201 SLFFYVVIDGK..EV|LV. Poviiiiieee E[VIGAK|GQ|LKF Hs|s F|T LM
C.porcellus 203 SLEFFYVVIDGQ..EVLI. Poviiieee E[V|GAQGQ|LKF H|T|S FITL|L
C.jacchus 204 SILFFYVVTDGK..EV|LL. Poviiiiiinnnn E[V[EAKGQLKF H[T|S F|T LM
M.mulatta 204 SLFFYVVTIDSIN..EVLI. P.o.o.ooooooa E[V|G S|K|G Q|L|K F H|T|S FITLIL
P.troglodytes 204 SLFFYVVIDGK..EV|LL. Poviiiiiee E[VIGAK|GQ|LKF H[T|S FITL|L
X.laevis 190 SIMFYVATDGQ..GTL[T. Poviiieeee H|V|E GKRH|[V|T H M|S|E LREP
A.carolinensis 208 SILLFYVATDGQ..GA[LQ. P QIVKE[K[SRMAS V|T|E I|TF|Q
D.rerio 201 SIMFYASTDGQ..GSLQ. AL H|VIEE[KINR|V|S S T|S|E IITF|IG
I.punctatus 200 SLMFYVAADT/Q..GS[LQ....A. ... ... ..... H|IENRTR|L|SH T|s|D I|TF|G
S.cerevisiae 155 VV|LYEFSQNGGEIDGK[SSLAM. .. ... ...... IG.|.|HD|GP N]D[MK Y|S|K L|T VIK
C.orthopsilosis 200 F.VWYSGLEGEKNDVDEITGQKERSGYLRLDNSAK[EGG[Y[EG|T|LT I|SE LE I|N
S.pombe 149 SIFFYAYVEGEGKVGIKVNH . « v v v v v e v e e Ll. .LJANHvVY K|1jp IRTF
H.sapiens 246 PPTISPIGDTAPK|YGSYNVFWT/. . . ..o v oo v oL SNPGLPLLTEMVKS|RLN|SWEFQHRP

C.elegans 228 LKDNTKLQT|. .. SHSVMLTD|. « v v v v v v v v EK|IPIDRYHDFVVDN[TQAYN. . ... ..
A.thaliana 264 SONQLE...|..|. .. THYSGF............. KTPHIYNLSDLVQON|LALQAl. . ... ..
D.melanogaster 257 AVKG|.|. .. .[.KILHKS[YLS[Tl. .. .. v.vu... VAPSLAKLKDTLFSHFRAF[.|. . .....
M.musculus 245 P|PTISPIGDTVPKHGSYNVFEFWS/. . . o v v v v v v vt SNPGLPQLTDMVKS|RLN|SWFIQHRP

R.norvegicus 245 PPT|TPGDTVPKHGSYNVEWS|. « o v v v vt v SNPGLPLILTDMVKSHLN|SWF|HHRP

O.aries 215 APTISPIGDTTPKYGSYNVEWS|. « v v v v v v v v v SNPGLPLLTEMVKSRLNNWEQHRP

C.familiaris 243 APTNPGDLAPKYS|SYNVEWS|. . o v v v v v SNPGLPLLTEMVKSR[LN|SWEQHRP

F.catus 243 PPTHP|GDTAPK|YSISYN[VEW[S|. « v v vt v v v v v SNPGLPLLTEMVKS|RLRSWFQHRP

C.porcellus 245 PPT|SPIGNTAPKYGSYNLLWS|. « v v v v v v v vv .. SNPGLPLLTEMVKSRLN|SWEQHRP

C.jacchus 246 PPTISPIGDTTPKYGSYNVEWT|. . oo v vt v v .. SNPGLPLILTEMVKN|SLN|SWF|QHRS

M.mulatta 246 PPT|SPGDTAPKYGSYNVEWT|. . o v v v v e SNPGLPLLTEMVKSR[LN|SWEQHRP

P.troglodytes 246 PPTISPIGDTAPKYGSYNVEWT|. « v v v v v oo v v SNPGLPLLTEMVKSRLNSWEQHRP .

X.laevis 232 KRAEGGG. . .|.SHISYNYLS|T|. . v vt vn .. SCPGLHT[VTDVVRI|S[LRDHFTHPTESG
A.carolinensis 250 PPTISETG. TPLIYASYNYLDAl. .. ..o oo .. KAEGLHRLSDVVKAS|[LAPR[F|SFAP

D.rerio 243 KPTAGEGASAKYARYNFLOT|. « v v v v v v v v RSPGLDKLTDIVKN|S|LNHK[F|IFSP

I.punctatus 242 KPTEGEASPDKYASYNYLOT|. v v v v v v v v v v v LSPGLDQLTDIVKNSILSRR[FVESP

S.cerevisiae 201 D|NF|GHYFKNPE[YETME[VAP|GSDCSKTSHLSLQIPDKEVWKARDVFQS|LVSDS|I]RDIL

C.orthopsilosis 259 D|GPK|G|. NKHPK|GK|SGT|GK.[ELDPSLTHHLSLTVPD|GNVWQARDIFVTILQOES[IKQIA

S.pombe 190 NR.|.|LJ. GEHPV|SPASVIDLE|SMVMDKDFFAGFNVKKEGAWRTSELILYLLDTKMKVIS

H.sapiens 290 .PGAPPERY|LGLPGSLKWEDRG.P[S|G[Q)G . . QGOF LT JVTLKIPISIEFVFESGSA
C.elegans 265 .APNQPLNY|.|..[...|.|]....IL.NEKHNDEE|GKF IA| LNLIGISQAEFD|IILQTE .|.
A.thaliana 296 .......RKF[GR...|.|]....LQ.L[SDT|SEDS|SNIYI ISGRLPFTID[IPFISGIK
D.melanogaster 290 .ADKRGNRE|I|GLPGE|I[VSQNGL.P|.|.|S|SNPEPNE IA ITAEVDFTLD|IITYQSTS|G
M.musculus 289 .PGASPDRYILGLPGS|LKWEERG.P|S[GQ|. . . .|GOFLT, VTLKAPFSVEFVEESGSA
R.norvegicus 289 .PGASPERY|LGLPGSILKWEERG.P[S|G|Q[. . . .|GQFLV]| . .VTLKAPFSVE[FVFESGS|A
O.aries 259 .PGASPERY|LGLPGS|LKWDDRG.P[S[GQGQGQGOF LI JVTLKVPFSVE[LVFESGSA
C.familiaris 287 .PGASPERY|LIGLPGS|LKWEDKG . P[S[GQGQGQGQF LT VTLK|TPFSVELVFESGS|A
F.catus 287 .PGASPERY|LGLPGS|LKWEDRG.P|S[GO[GQGQGOF LT, . VTLKVPFSVELVFESGSA
C.porcellus 289 .PGASSDRY|LGLPGSILKWEDRG.P[S|GQ|. .. .[GOLLTI AVTLKVPFSVEIFVFESGSA
C.jacchus 290 .PGASPERY|LGLPGS|LKWEDRG.P[S[GQG. .QGOFLI VTLKVPFSIEFVFESGSA
M.mulatta 290 .PGASPERY|LGLPGS|LKWEDRG.P[S[GQG. .QGQFLI VTLKVPFSIEFVFESGS|A
P.troglodytes 290 .PGASPERY|LGLPGS|LKWEDRG.P|S[GOG. . QGOFLT, VTLK[IIPISIEFVFESGSA
X.laevis 275 GTRGNKRRY|FIGLDTYQPPPLPP . G[T|PITRAPHTQLVYV| LTLQLPLQVE|VVFESGS|F
A.carolinensis 293 .PGAPKRRYF[GVDTYR/IAPGG. . .|.|.|.[VQPRISOLLI VTV|SILPCRLEV[VFESGS|F
D.rerio 287 .PKGEKR|SY[FAVIDSYK[VTNHQN . Q[QNDPKME|SDE VV]| VTV|QTPFQIENVLFESGS|F
I.punctatus 286 .SSAKKS|LYIAVDTYRPPLQ...AQKDNRIQSDEVVH[E. .. .VIVQVPFQIEVLFEESGSF
S.cerevisiae 258 ... .EKEETKQRPADILIPSVLTIRNLYNFNPGNFHY|/I@KTFDLTKKDGEFQFD|IITYNKLGT
C.orthopsilosis 314 DTN[N.|G|Q.[VGN[LPPENLFVV[RD[LIYQFEGNLHF|V[KVYQ|. . .|.[GACEFD|V|IYTNAF|T
S.pombe 244 . .DKE[GY[E|S .|[LKD|LJPPAYSTLT|LPNLP SEEGLQF|I[§JKVFK|. JGEFMFDIIVENYAS|S
H.sapiens 342 QAG..GNQALPR[IJAGISLLT|QRLE|[S[HAEGFRERF EKTRIOLIKEKG]|. . . . L[S|SGEQVLGQRATL
C.elegans 306 ........ KLKGMK[PEEF T|N|I LRII[R S|YNEFNK[K Y ENVIIQ|LAGKN|. . . . Y|TKTQLKMAK[VSL
A.thaliana 336 GESSNVEKRLTS|LT|GLPLS|D|IL LKKKHQEF|DAKENE|CIKLISEKH. . ... DISETLGVGR|TATI
D.melanogaster 342 FSL..GESIPKPP|T|GRAYOQOPD|SLQAKIAQFIEQRE EDRIAQLKQKG|. . . .HSPEEVRFARNAL
M.musculus 339 ATG..GNQASGR|LV|GSQLTQALE|SHAAAFKEREEK|TIIOLKEKG|. . . .LSPEEQALGQVAL
R.norvegicus 339 RTG..RDQASEQLV|GGQLTRALE[SHAAAFKEREFERTEOLKEKG|. . . . LSPEEQALGQVAL
O.aries 313 RTG..GSQALEQLAGSLLTHALESHAEAFRERFEKTERLKEKG|. .. .LSPEEQALGQGAL
C.familiaris 341 RAG..RSQALEQ|LS|GSLLT|QALE|SHAEA[FREHFEKTIIQOLKEKG|. . . . LSLEEQALGQVAL
F.catus 341 RAG..ERQALEQ|LAGSLLT|QALE|SHAEAFREREEK|TRIOLKKKG|. . . . LSISEEQVLGQRAAL
C.porcellus 339 QAE..GNQALGOQ[LA[GSLILT|QALE|S|HTAAFRERF EK|TIYOLKKKG|. . . . LISPGEQALGQVAL
C.Jjacchus 342 QAG..GNQALPR|LAGSLLTQTLESHAEAFRERFEKTIIHLKEKG|. . . . LSPGEQALGQVAL
M.mulatta 342 KAG..GNQVLPR|LAGSLLIHALE|SHAEAFRERFEEKTIIQOLKEKG|. . . . L[SPGEQALGQAAL
P.troglodytes 342 QAG..GNQALPR|LAGSLLTQALE|SHAEAFREREEK|TRIOLKEKG|. . . . LISiSGEQVLGQRAAL
X.laevis 330 0Q...... RLGOQ|L|S|GIL S|L S|K[E LER[HK/SNMENR F K|GI|YRILEEKG|. . . . FJIPDQVAFAQAAL
A.carolinensis 342 L|A|GE A|L T|G[A L D|R|H A[AA[F|ERRF E[E|T|AIGLIAAKG|. . . . Y|SILQEQRFARAAL
D.rerio 341 L|V|G|S V|L T|D|E LE|K[RK|[VAFDEKF EATIAGLIQAKG|. . . . F|T[SSHIKFAKAAL
I.punctatus 338 L|K|G|S V|L T/E[E L T|R[LK|L S|YNE[K F E|K|TJAIG[LIQN|KE|. . . . F|TI[PAQVRFGNAAL
S.cerevisiae 314 T|.[REQ[V T|E|L I T|W|S LINE|I|NARF D|K|QJIS[F|GE|GPIDS IES[VEVKRRFALETL
C.orthopsilosis 364 L|N|F|GN|I QH[R I D|E[V LIHK|LD N|D F A|S|H|QIQ|I|QP|P .|. . FNT[K[P . YYEFAKEML
S.pombe 295 .LSEEMEQAIDK@QEEEEKFQAT P[L| .YDT[EKAHQIFAHIAF
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Figure C.1:

Multiple sequence alignment of MOGS genes.
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NNLEANPGLL|T|E[Y AKK I Y P KL|LKHYN|WERK EYEEILEDEGIWDKIHKNE
KFILNNPEVL[VN[Y TKDVYPKLKS[HFEMF QR NGEEEEGS....GSIKNSR
SVSISNPEKSVIQFLRDLFPLLLRHYEWFRE TWER. ....... ECFSQVE,
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Figure C.1: Multiple sequence alignment of MOGS genes. Appendiz C

.
VIERHLPLRCEVALGARVLTRLAEHLGEAE

H.sapiens 563 PALPTL

C.elegans 514 ETIKTE DLEYHLILRCRLALASRVLNRLAKS[YGTDA
A.thaliana 566 NTTTQE] EDERHVPJLRClMY LAAD CMH S|I TIE LILGK|[ED
D.melanogaster 561 ATTTRE DKIERHLBMLRCIIALAAGVMAELLSTLLGKDD
M.musculus 560 LALPTL TAERHLPLRCYVALGARVLSQLAEQLGETE
R.norvegicus 560 LALPTL AAERHLPJLRCIYVTLIGARVL|SQLAEE|LGE|[TE
O.aries 534 PALPTL ASERHLPILRCYVAL|GSRVLMR[LAEQLGERAE
C.familiaris 562 PVLPTL VS[ERHLPILRCIYMALIGARVLLRLAEQLGEAE
F.catus 562 PALPTL ASERHLPJLRCIYVALIGARVLVRILAEQLGEAE
C.porcellus 560 TALPTL TTERHLILRCRVALGARVLFRLAQQLGERE
C.jacchus 563 PALPTL VAERHLPILRCYVALGARVLMR[LAEY|LGEAE
M.mulatta 563 PALPTL VTERHLPILRCIYVALIGARVLTQLAEYLGEAE
P.troglodytes 563 PALPTL VTERHLPJLRC|YVALIGARVLITRILAEHLGEAE
X.laevis 542 KDTLRF EDERHVILRCRMAL|AS[QVMAD|IS|QLLGEDG
A.carolinensis 551 ODTRLF PDERHLPILRCRMAV|VSAVMAD|VAARIEAPA
D.rerio 557 KDTNLF ADERHVPLYCIYMT LA S|GVMANVARI|LGEPH
I.punctatus 556 KDTNLF EDERHVILYCRMV LASRTMTSMARLLGE[P H
S.cerevisiae 588 FT....... VAELNVPJALARVGVMTRSMKQIIAHV|ILKL|T .
C.orthopsilosis 634 LT....[... IADLNVPLISPIGVMSRSLRLMAEI|LEKDD
S.pombe 567 YOQ. .o TAELHVLLSKMTS|FTRSLIHF|VAEF|LGET .
H.sapiens 623 VA..AELGPLAAS.[[JEAAES[LDELEWAPELGVFANFGNHTKAVIQLKP « « v v v v v et
C.elegans 574 DYQ..RTAKAMEE.|L[NNFDS|LVKDREWSE[E A/Q|GF|FP]Y GKHS|FDVAL|[SPVPTPGSPRQFE . .
A.thaliana 626 KLSKENYNS[TV[KL.|[L/SNFNL|LINQMJ3 YD SD Y|GA Y|[FIF GNHTEKVK[LINKEVIQENGQLSRQ
D.melanogaster 621 A....KYYE[TASY.LTDNVR[LNR[LEILAP|YSEIQYAPWGLHTDQVKLKRPPSMAPQQQQRHH
M.musculus 620 AA..AELGPLAAS.|[LEEPGS|LDE|[LEWAPE LGV FARFGNHTKAVIQLKS « « v v v v v v v v et
R.norvegicus 620 AA..AELGPILAAS.[LEAAGS|LDE[LEWAPELGVFARFGNHTKAVIQLKS « « v v v v v v v v
O.aries 594 AA..AELGP[LAAS.|LE.EES|LDELEWAPELGVEAPFGNHTKAVQLKE « - v v v v v e et
C.familiaris 622 AA..AELGP|LAAS.|L[EAEEN[LDELEWAPELGVEAPFGNHTKAVIQLKP . v v v v v v v e e et
F.catus 622 AA..AELGPLAAS.|[LEAEES|LDE|[LEWAPELIGVFARFGNHTKAVIQLKP « « v v v v v v v v et
C.porcellus 620 AA..AELGPLAAS.|[LEAEEG|LDE|[LEWSPELGVFARFGNHTKAVIQLKP « « v v v v v v v v et
C.jacchus 623 VA..AELGPILAAS.|[LEAAES|LDE|[LEWAQE LIGVFARFGNHTKAVIQLKP « « v v v v v e e e .
M.mulatta 623 VA..AELGP|LAAS.|L|[EAAES|LDELEWAPELGVEAPFGNHTKAVQLKP . v v v v v v v e et
P.troglodytes 623 VA..AELGPILAAS.|[LEAAES|LDE|[LEWAPELIGVFARFGNHTKAVIQLKP « « v v v v v e v v e .
X.laevis 602 G. .HYLHDNRI .|LTDNAL|LHQQJIWS ER L|G|A YA Y GNH TJHN|T|A[LIERVRPRAAPGQDPRS
A.carolinensis 611 E. .EYRRMAET .|LADNQL|LID QHEIWAER L|GIT F|AY GNHT|SAVALIERERLRPPP . . PGQP
D.rerio 617 Q. .LYEN[THRS .|L|[SNND L|LNE|LE{WS EN L{HAF|S|Y GNHT|QA[V|S|LIQQEKVEVPPGQPRHQ
I.punctatus 616 Q....EYER[TY[QT.[L|SNNSL|LISE|LEIWSE[QLHAF|CI]YGNHT|QA[V[S[LIQQEKVVVPPGQMRHK
S.cerevisiae 640 OD....EQRIYAIQIE|QEVVEN|LDL|LEWSENDN|CY|ICBTISIDPEDDE |+ « v ¢ v v v vve e een
C.orthopsilosis 687 AE. .IEQLKQFE|QDIIDN|I|QS|TEWSAESE[VY|CIVTLNEDDEL|.|« « v v v vvvveen
S.pombe 619 EE....AEKLAGYENAMLRN|LEDNEWDEEVIQRYCISSVDEYDDPL]. « v v v v v e v v et
H.sapiens 667 R| .PQGLVRVV|GRPP QP|OL O YYD . AL[ERqV S L FFLL LIRL L|D[P|T[S]. SRIJGPL LD I LJAD|S RE
C.elegans 629 .|. .. .|[YORVT|.|SRAP|S|Y TL)\4S DA F[eRqN N L FigdMM LIK|L I|P|S|K|S|. P|T LK SML DK I|R[D|P K|T
A.thaliana 685 L. .. .|. VRKT|.[FIGKPKLKL)\YP . |HL{eRq4V s F F)dF M SR|T I|P|P|D|S|. P|T LIEK/QLD L I|S|NR S|T
D.melanogaster 676 H|QHYQLPEMQRVT|.GEL[PIT|YQF\YD S|AF[eq4V S LEF)ILIL LIEQ L|D|H[D|S|. P|Y L|T K|L LND L|R|D|P E[Q
M.musculus 664 R[P|...PQG|LVRVV|GRPP|PRLOYND .|AL[ER4VSLELILLIOLLDP|S|S|. PRL|GP|LLDVLAD|SRHE
R.norvegicus 664 RP|...PQGLVRVV|GRPPARLOYNYD . AL[ERV S LFFLILLIO[LLEP|S|S|. P|RL|GP|L LDV L|AD|S RH
O.aries 637 RPP|...PQGLMRVV|GRPHPHLQYNYD .|~ L[V S LF)JF|L LIR[L LDPN|S|. PRL|GPM LDV LIADRR|Q
C.familiaris 666 R[P|...PQG|LVRVV|GRPHPRLOYND .|AL[ERqV S LFILILLR[LLDPN|S|. PRL|GP|LLDVLAD|SRH
F.catus 666 R[P|...PQG|LVRVV|SRPHPRLOYND .|ALERVSLEWEIMLLR[LLDPN|S|. SRL|GP|LLDVLAD|SRHE
C.porcellus 664 RP|...PQGLVRVV|GRPP[PRILOYNYD . A LRV T LF)QL|LLIR[L LDP|N|S|. P|RL|GP|L LDV L|AD|S HH
C.jacchus 667 RP|...PQGLVRVV|GRPQPIQILOYNYD .|~ L[4V S L FJQLIL LO[L LDP|N|S|. S|RL|GP[L LD I L|AD|S RH
M.mulatta 667 RP|...PQG|LVRVV|GRPQPRLQYND .|AL[ER4V S LFJLILLIR[LLD|PN|S|. SRL|GP|LLD I L|AD|SRH
P.troglodytes 667 R[P|...PQG|LVRVV|GRPQIPIQLOYNYD .|AL[ER4V S LEILIL LR[L LD|P|T|S|. SRL|GP|LLD I L|AD|SR|H
X.laevis 657 L[P|...PPQLIRVV|.RKPPRILOYNYG.AL[ERVSF FFFF LIOV LIN[P|S|S|. P|HL|GR[L LD H I|RD|S DK
A.carolinensis 664 L[P|...SPRLLRIV|.RKP|PALQF\GGAL[EN{VSLFHLILLELLHPN|S|.PRL|GN[LLADMR[S|EKK
D.rerio 672 FP|...VARLVRSV|.RRAPKLOYMN . ALV S LEIF|LLHTL|T|PD|S|. P[K I|EH|T LQA I|KD|P E[R
I.punctatus 671 L[P|...VKRLVRSV|.RKAPKLOYWN .|ALERIVSLEF|LLHVLTPD|S|. QK L|E H|T LKD I|RD|P AR
S.cerevisiae 680 LI REF)YC . HE[eN4V s v LIgF|A LK|L I|PK|N|S|. P|K LIEK|[VVALMS|DP E[K
C.orthopsilosis 727 .V, C .|HK[eNqV s L L}gF|T AK|L I|P|V|D|D|V T[K LEK|I ID L I|T|D|QN[E
S.pombe 659 LI L. L C . [HK[qV T LjgMMLGIL L[PAD|S|. GRLTS[LLKL IRDENE
H.sapiens 722 LTWSPFELRELAA[SS|SF Y|GQRNSEHD|P A GRLHHYG..... HLEGP[H
C.elegans 679 LWTNY[ELREI|SR[SS|P|Y YMARNTEHDP Y| SISLRHYA. .. .. DIOPGP|Y
A.thaliana 734 LWSDY[ELVELAK|TS|SMYMKRNTEHD[A P S|SLYHY|S. . ... IVDGP|Y
D.melanogaster 734 LWTNY[ELRELISKRS|P|L YMQRNTEHD[P P KALHHYG. . ... K[IDGPN
M.musculus 719 LWSPF[ELREL|SA|SS/LIF Y|KIQRNTEHD|P A GALHHYG..... HVEGP[H
R.norvegicus 719 LWSPF[ELREL|SA|SS/LF Y|KIQRNTEHD|P A GRALHHYG..... R|VEGP[H
O.aries 692 LWSPF[ELRELIAAISS[PF Y|S|ORNSEHD|P A GALHYYG..... H|[LEGP[H
C.familiaris 721 LWSPF[ELRELAA|S S|P|F Y|GIQRN SE HD[P A GALYHYG..... HLEGP[H
F.catus 721 LWSPF[ELRELAA|SSPF Y|GQRNSEHD|P A GRLYHYG..... HILEGPH
C.porcellus 719 LWSPF[ELRELAA|SSPPF Y|GIQRNSEHD|P A GRALYHYG..... HILEGPH
C.jacchus 722 LWSPF[ELRELAA[S S|S|F Y|GIORN SEHD[P A GALHHYG..... QILKGP[H
M.mulatta 722 LWSPF[ELRELAA[S S|S|F Y|GIQRN SE HD[P A GALHHYG..... H|LEGP[H
P.troglodytes 722 LWSPF[ELRELAA|SS|SF Y|GQRNSEHD|P A GRLHHYG..... HILEGPH
X.laevis 711 VWTPY[ETREL[SK|SS|SILY|LIQRNTEHD|A P RALYLY[S..... HMEGP[H
A.carolinensis 719 LWTPF[ELRELISR|S S|P|F Y|LKHNTEHD[P P RALHHYG. .. .. QILEGP|Y
D.rerio 726 LWTP Y[8LREL|SRAD|P|L YMKRNTEHD[A P RALHHY[G. . ... S|ITEGP|Y
I.punctatus 725 LWTPY[ELREL|SR|SDP(I YMKRNTEHD|L A RALHHY[S..... S|IDGP|Y
S.cerevisiae 720 IFSDY[ELLEL/SRODDYEGK. . ... DIE| P DAMRYY[YPEVILD[VAGE|.
C.orthopsilosis 766 LWSPY[EIRELSK[SDKFYKT. . ... S[E P ONIRDY[YLDSSSFMSDE|L
S.pombe 697 LWsPY[gTREI[SMNDVYFIGIT. . . . . GE P SISLYONYINTPGPNQ. .|.
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Figure C.1: Multiple sequence alignment of MOGS genes. Appendiz C

H.sapiens 777 QARRAAK|L|HGEMRE| G QA MGCRPIHEQUTSLVLLAMAED
C.elegans 734 RENREN|IF SEMR K] QK RGCHPIATEYSSLILLIMSDN
A.thaliana 789 REK|SKA[L|Y TIEMR IN YE KGTRLINTEYSALTLLIMSED
D.melanogaster 789 AALRARQ|IYAEMR G| KR| KIGCNPIAT[ETATVVLLMAEQ
M.musculus 774 KVQRAK|L|Y HEMR| I QA MGCRPIOE@UTSLVLLIMAEE
R.norvegicus 774 KVQRAK[L|YREMR S QA MGCRPIOEQUTSLVLLIMAEE
O.aries 747 OQARAARLHREMR G| QA MGCRPIYO[E@UT SLVLLAMAED
C.familiaris 776 QAQAAK|LHREMR G| QA MGCRPIFOEYT SLVLLAMAED
F.catus 776 RARRAAK|L|HSEMR| G QA MGCRPIYO[EQUT SLVLLAMAED
C.porcellus 774 QAQRA|TK[L|HS|EMR G QA MGCRPIHEQUTSLVLLIMAED
C.jacchus 777 QARAAK|LHGEMR G| QS MGCRPIH[EUTSLVLLAMAED
M.mulatta 777 QARRAAK|LIHS|EMR| G QA MGCRPIHENUTSLVLLAMAED
P.troglodytes 777 QARRAAK|L|HS|EMR| G QA MGCRPIJH[EQUT SLVLLAMAED
X.laevis 766 RDR|L|AS|L|YREMR Al KD QGCYPIITEAYS SLVVLIMAEE
A.carolinensis 774 REQ|A[SAL|YROMR G| QFE QGCYPIIT[EYSALVVLMMAEE
D.rerio 781 KEKQAATI|LIY QEMR| N| LE QGSHPETEMUSALTVLIMAEK
I.punctatus 780 QETA[SD[L|Y QEMR| N HE QGSHPITEYSALIVLIMAEE
S.cerevisiae 774 ASNRAKK[L|Y Q|SHAK| N EE TGAEHETEYTALVVNILGRF
C.orthopsilosis 821 KKKF|SD|A|YHDR N QK KGAKNILEYTSTILLIMTMP
S.pombe 749 . NL[ARS|IYEEME| N RO ORTKDIT[EYTSLVVNIMSEN
H.sapiens 837 v|...

C.elegans 794 LDT.

A.thaliana 849 VYPIF

D.melanogaster 849 .

M.musculus 834 v|.

R.norvegicus 834 v|.

O.aries 807 .

C.familiaris 836 vY|.

F.catus 836 v|.

C.porcellus 834 v|.

C.jacchus 837 Y|.

M.mulatta 837 v|.

P.troglodytes 837 v|.

X.laevis 826 v|.

A.carolinensis 834 v|.

D.rerio 841 v|.

I.punctatus 840 v|.

S.cerevisiae e e

C.orthopsilosis 881 EMI.

S.pombe 808 Y.
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Figure C.2: Multiple sequence alignment of GANAB genes. Appendiz C

A.thaliana P ccoocooooo00c 00 MRSLIL. .|FVLSLIC.FC|S|IQTALSWKK|E[EFRS CD|Q|T| S[RIT[P
G.soja PR cccooo0o0o000 MRNETLR[L . .|ILLLLLC . SHLHSVLSWKK|E[EF R T CH|Q|T| S[RIAP
D.discoideum Pl cccoo0o0co000000 MRKLVILI|IIILSIVCSLFEF|I|IGSIESVDT|SKFKTCKD|S V[S|H|E
T.nigroviridis 1 HTPVCSLCACSKMRMAPAMML|WL AVC|LICGTWA[VDK|SINF K T CD|Q|S| A|LIK|P|
D.rerio P ccooo0o000 0 MAASCDSFVLL[LF|. IF[VSAQAIVDR|SINF KT CD|Q|S E|L|K|P|
I.punctatus )R cccoooco0oo0000 MGRALVV|LL CIFSVEAVDR|GINF KT CE|Q|S E|L|K|P|
X.laevis 1 MAVARRLL. . .GRAAV|V|F|. LIIPALT[VDRSINFKTCD|Q[S R|L|Q|P|
M.domestica 1 RHKMAAVAVRRRRSWARF|ALA|IC|L|. LISTAFAVDR|SINFKTCD|Q|S A|T|Q|P|
M.musculus 1 MAAIAAVAARRRRSWLSL|VLAY|L. LIGITLAVDR|SINFKTCD|E|S S|I|R[P
C.Jjacchus PRl cccoco0o0o0000 RSWASL|VLAFL LGITLAVDR|SINFKTCE|E|S S|VIR|P|
P.abelii 1 MAAVAAVAARRRRSWASL|ILAFL|. LGITLA[VDRSINFKTCE[E|S S|IIRP
H.sapiens 1 MAAVAAVAARRRRSWASL|VLAF|L LGITLAVDR|SINFKTCE|E|S S|I|R[P
M. fascicularis 1 MAEVAAVAARRRRSWASL|VLV|FL LGITLAVDR|SINFKTCE|E|S S|I|R[P
S.scrofa 1 MAAVAAVAARRRRSWTGL|VLACL LIGLTLAVDR|SINFKTCE|E|S S|I|RP
B.taurus 1 .. .AAVEARRRRSWTAL|VLA[ICL LGITFA[VDRSINFKTCE[E|S S|IIRP
O.aries fE . cccco0o0o0c00o0 RSWTAL|VLA|CIL LGITFAVDR|SINFKTCE|E|S S|I|R[P
E.caballus 1 MAAVAAVAARRRRSWTGL|VLAICIL. LIGISLAVDR|SINFKTCE|E|S S|V|R[P|
C.familiaris 1 MAAVAAVAARRRRSGTGL|VFE T|CIL| GVF|LGVTLAVDR|SINFKTCE[E|S S|LIR/P|
F.catus 1 MAAVAAVAARRRRSWTGL|VLACIL. GVCILGVTLA|VDR|SINF KT CE|E|S S|IIRP
L.hesperus 1 R MIIPPGNGAWVCA. .|[.|L|. LALAQIVVSVDRNNFEFKTCE[Q|S KME|P
A.glabripennis P ccooo0oo00 0 MASNSWF TLF L|L|V|. F..[VLSVFAVDK|NNFKTCE[Q|S G|I|T[E
A.mellifera B MASYLRLG|LL L|L|LI VYSIFILLTEAV IRD[VFKTCE|Q|S K|V|E|P|
B.cucurbitae PO c ccoo0o0co000000 MRLTIF L|L|T|. LCIFQYAVSVDQTNFKTCE|Q|S N|V|K|P|
C.capitata Fl . c cocoo0o0o000000 MRLAF L|L|T|. LCIFIEYAVAVDQTINEFKTCD|Q|S N|V|K|P
S.cerevisiae P ccoocoooo0coo0 MVLLKWLVC|Q|L|. VFF|TIAF SHA[F TD[Y|L LKKCA|Q|S| VIYIAE
S.pombe 1 R MRYHGICWF IF[QARII..FAI[F|GSCQGAFRHQFKTAEQD D|L|AK|
A.oryzae Pl c 00000 MAGRRLLSTRWTLLILSILVILLGCLVIIPGVA[VKHENFEFKKC S|Q[S A[Y|AD
N.fumigata 1 R MARSSSSLSRWTLLLALVVILGCLIVIVPGVT|VKHENEKKC S|Q|S A|F|AD|
K.pastoris 1 e MLTWVAT.||..... LLEVHTAISAKRELFKSCAE|S Hy|AH]
A.thaliana 44 GA........ C[S|L{.|. IV|GDV|S|I|T . .DGD|LVAKLLIPKAPNQGDGD|QIKPILIL|SLIS.[VIYKDG
G.soja 47 GS........ S|S|L|.|. TATEIT|I|S. .DGAKLT|.|. .|. . .PKHDSQSETKP|LLLITLS.[V[YQRG
D.discoideum 47 VGVMNEMKSK|QN|FN|IVE|G|S IKILIVKQENT|IYFDLQE . . . . ... QNQKSINLLTMKLEIIYEGG
T.nigroviridis 56 G........ ESPYRALLEITMELT. .NTRLTLQLIN....... DKNKVR|LLLELYR[LQ .GN
D.rerio 45 G........ QISPYRALLD|ITLELS . .DSRLTLQLIN. . ... .. DN[NKVRLLLELYR[LQ . GN
I.punctatus 41 D........ Q|S|PY[RALLDTLELS. .DSRITLQLIN. .. .... DNNKV[R|LLLELYRLIQ.GN
X.laevis 47 G........ LIS|S|YRAAL|GISAK|LIS . . SDKLEV|QILID. . ... .. DKNQA|S|LLLEV|YGLV.GN
M.domestica 56 G........ FISPYRALLD|SLELG. .PDALTVHLVN. ...... EV|ITKV|VILLLELIQGLK . GN
M.musculus 56 G........ LISPYRALLD|ITLIQLG. .PDALTVHLIH. . ... .. EV|TKV|LILVLELIQGLIQ . KN
C.jacchus 4 G........ L|S|PY[RALLDSLIQLG. .PDSLTVHLIN. ...... EV[TKV|LILVLELQG|S|. . KN
P.abelii 56 G........ LISPYRALLD|ISLIQLG. .PDSLTVHLIH. . ... .. EV[TKV|LILVLELQGLIQ . KN
H.sapiens 56 G........ LISPYRALLD|ISLIQLG. .PDSLTVHLIH. .. .... EV|TKV|LILVLELIQG[LIQ . KN
M. fascicularis 56 G........ LISPYRALLD|SLIQLG. .PDSLTVHLNH. . . . ... EV|TKV|LILVLELIQGLIQ . KN
S.scrofa 56 G........ Q|S|PY[RALLDSLIQLG. .PDTLTIHLIN. .. .... EVITKV|LILVLELQGLIQ . KN
B.taurus 52 G........ HISPYRALLD|SLIQLG. .PDALTVHLIN. ...... EVITKV|VILVLELQGLIQ . KN
O.aries 4 G........ HISPYRALLD|SLIQLG. . PDALTVHLLN. ...... EV|ITKV|VILVLELIQGLIQ . RN
E.caballus 56 G........ LISPYRALLD|SLIQLG. . PDALTVHLMN. . . . ... EV|TKV|LILVLELIQGLIQ . KN
C.familiaris 56 G........ L|S|PY[RALLDSLIQLG. .PDALTVHLIN. ...... EITKV|VILVLELQGLIQ . KN
F.catus 56 G........ LISPYRALLD|SLIQLG. .PDALTVHLIN. ...... EVITKV|LILVLELQGLIQ . KN
L.hesperus 47 G...... .. KIS|VYE[ILDLEITLKT|S . .ESNLEV|I[LVN. ...... TETAVIRFVLIT|ILAAV|Q . SD
A.glabripennis 4 G........ ESK[YMLDLEITLIQV|G. .EDT|IIEAK|LIN. ... ... VEADIPFKF|S|LTA/IS.GN
A.mellifera 46 G........ K|T|PY[QLLTDTLVIQN. .ESSITVDLFIN....... KD[TKV|F|Y I LKL TALK.DS
B.cucurbitae 42 D........ N|P[K|F|GILVP|GTLN|I[Y . . SDS|ITAELQH. . . .... KINKHVIFTLKIIEALEQGN
C.capitata 42 D........ N|T|K|F|ALVP|GTLN|I|Y . . SDSITADLQH. . .. ... KD|NKH|L|IF SLIK[LIEG|IEKGD
S.cerevisiae 44 NIAKSHHC. .|.[Y|Y|K[VDAE|SIAHDPLENVLHA[TIIIKTIPRLEGDDIIAV|QFPF|S|LSF|LIQ.DH
S.pombe 49 F.QKENLNWN|GLEF|QLN.|.[SI|S|Y[N..SGV[VSGVFEQQS...ENGENQHLFPF(S|I|SF|LK.ND
A.oryzae 54 DVAAKGSAWS|SPYELDSS[SIQFK. .DGQLHGTIILKSV...S.AEEKVKLPL|TV|SF|LE.SG
N. fumigata 54 DVSAQGASWI|S[P|Y|ELDPS|[STHFK. .DGQLOQOGTIILKSI...S.ANEKVKLPL[V|ISF|LE.SG
K.pastoris 40 EVTKLGDTFEgszVLSDgDIQN..QLSCTGQHKQL...K.N.TQIMLPFEXDILE.ES
A.thaliana 91 |1}V S K| PDVV|. .[VISE[FIE. . . . . oo i i i i oo
G.soja 88 |IIL S . K] PDVI[. .[VISEF|P .. ...t
D.discoideum 100 [T}V P - K] ODVL[. .LDTITIK . « v v v v e ettt e et
T.nigroviridis 98 MT P K| PDVLl. JIKEP|T. v o v vt v e i e e e e eens
D.rerio 87 MT P K| PDVL[. .|I[SDP|IT .« « v i i e e e et e et
I.punctatus 83 MT P -|R| RDVL[. .|TI[ADPIP . .+ v vt it e e e e e e s
X.laevis 89 MT P K| PDVL[. .[VIGTPPIL . « v v v e e et et e e
M.domestica 98 MT P R| PDVL[. .[VIADPIP « v v vt i et e et e e s
M.musculus 98 MT P -|R| PDVL. .[VIADP[P . . v vt it e e e e e e
C.Jjacchus 85 MT P . |R]| PDVL[. .[VAADP|L . « v« v v et vt et e e e e v
P.abelii 98 MT A . [R| PDVL[. .[VADPIP . . . v v ittt e e e et
H.sapiens 98 MT P -[R PDVLl. (VADPP « v v v vt i e e e e e e e us
M. fascicularis 98 MT P -|R| PDVL. .[VIADP[P . . v vt it i e e e e e e
S.scrofa 98 MT P . |R]| PDVL[. .[VAEPP . . . o v v it it et e e e v
B.taurus 94 MT P . [R| PDVL[. .[VADPIP . . . v v ittt e e e e
O.aries 86 MT P .|R| PDVL[. .[VADPIP . « v v v v it et et e e e v
E.caballus 98 MT P . |R]| PDVL[. .[VADPIP . . . o v v it vt et e e e e
C.familiaris 98 MT P . |R]| PDVL[. .[VADP[P . .+ o v v it vt et e e e v
F.catus 98 MT P - |R] SPDVL|. .[VIADPP . . v v v v v v ettt e e
L.hesperus 89 |I|V| P R| PFVL. .DEKDPL .ot vi it
A.glabripennis 86 |IF P Y| OINAL[. .[KIGEP|Q . « v v v v e e e e e e e e
A.mellifera 88 |T|F P . |H| E[YAL[. .[QDQPIQ. -+ v v v i e e e e e e
B.cucurbitae 85 [T|F P K| TDAL[. JKISAPK. ..o v v i i i e iee e
C.capitata 85 |T|F P K| VDSL{. .KEIPK...vouvivieennn..
S.cerevisiae 100 |s|V| RMPTNS...SGLLIS|S TWKYAFDKK[F|QEEANRTSIPQFHFLKQKQ
S.pombe 100 |V|V| RILEGTVEYEKNI.LTK STELGENERAEVY . . . . oo v v i v v it v o
A.oryzae 107 |V|A| RILNKEIELRHDSQARK AEKWVLVIGGLELS . . v v v v v v v v v v v e n
N. fumigata 107 |A[A| RMKGEIDLRHNSQVRIK]| AEQWALVIGGLESS . v v v v v v v v v v v e e
K.pastoris 92 [FRL. IS|...D...THFHKLN[S| ANLSMMHGSATSS e v v v v v e e e e e e e e
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VSDGY[EAVVIRHDJBIEVYVIREKSGDRR|

A.thaliana 121 E.KK|[IWL Y| R[V|V S LN|S
G.soja 118 S.TKLWLPKISSV.|.|. .ENGL|SS|SV|YLSDGHSAVLRHDJFYELF IRDDS . . . .| .| « . .|.|.
D.discoideum 129 TVPIQWKQEPSKQSN|T. .FISFIKHGEKECC|YVLV|IQLV)RIKLDV|Y. . .IMNELRAIITTNSD
T.nigroviridis 125 T.EPMSILLSQDENG|V|V. .LISLIGVE|S. . .QRVILISARISIRLDIV. . .EGREV|LMSLNSR
D.rerio 114 T.EAL|S|VVSQDDNS|L|V . LLISLIGGNE . . .QRLIV|SAQIRIRLDI|II. . .EGPQV|LMSLN|SR
I.punctatus 110 T.KPMT|VVTQDENGV|V . .LISLIGADE. . .RRLIV|SAQIRIRLDII...EGPLV|LLSLNSR
X.laevis 116 P.TNL|QVTGQDDNTILE . LLSLIGE|T|IG. . .HKLLV|ITGT)RIRLDIL...SGQDL[VILSVN|SR
M.domestica 125 T.TR|LSV[SGRDENS|VE . LLITVAEGP .. .YKIILTGRIRIRLDLL. . .EDRS|LVILSVNAR
M.musculus 125 T .AR|L|S|V/SGRDDNSWVIE . LITVAEGP .. .YKIILTAQIRIRLDLL. . .EDRS|LLLSVNAR
C.jacchus 112 T.AR[L|S|V/SGRDDNSWVIE . .LTMAEGP .. .YKIILTARRIRLDLL...EDRS|LLILSVNAR
P.abelii 125 V.AR|L|S|V/SGRDDNSWVIE . LLITMAEGP . . . YKIILTAQRIRLDLL. . .EDRS|LILLSVNAR
H.sapiens 125 I .AR|L|S|V/SGRDENSWVIE . .LITMAEGP...YKIILTARISIRLDLL...EDRS|LLILSVNAR
M. fascicularis 125 TI.AR|L|S|V/SGRDDNSWVIE . .LITMAEGP .. .YKIILTARIRIRLDILL. . .EDRS|LLLSVNAR
S.scrofa 125 T .AR[L|S|V/SGQDDNSWVIE . LV[TVAEGP .. .YKIILTARJRIRLDLL. . .EDRSLLLSVNAR
B.taurus 121 T.AGL|S|V/SGRDDNSWVIE . LLTVAEGP . . . YKIILTARJRIRLDLL. . .EDRSLLLSVNAR
O.aries 113 T.AG|L|S|V/SGRDDNSVIE . LITVAEGP .. .YKIILTARSIRLDLL...EDRS|LLILSVNAR
E.caballus 125 T .AR[L|S|I|SGRDDNSWVIE . .LITVAEGP ... .YKIILTARIRIRLDLL. . .EDRS|LLILSVNAR
C.familiaris 125 T.SR|L|S|V/SGRDDNSWVIE . LLTVAEGP .. .YKIILTAQ#IRLDLL. . .EDRSLLLSVNAR
F.catus 125 T .ARL|S|V/SGRDDNSWVE. ... .LTVAEGP. .. .YKIILTARFIRLDLL. ..EDRS|LLILSVNAR
L.hesperus 116 PVSKWK|VLSQTDRFEV|. ... .. ELEVIGQ...SKVSLHSVIAIKLEV|S. . .AGGTT|Y|ISINER
A.glabripennis 113 V. TKLEVLDRNKES|I|. ... .. TVIRS|GIN . . .NKVAV|]YSKIRIKLEFF .. .EKEQLV|SVVN|GR
A.mellifera 115 T.SKLI|LIEKTTIDHV|...... IVITSIGE. .. .NKVILYATIEIRVDLY .. .SQNILV|ISANAR
B.cucurbitae 112 P.GS|IKV|QE.GETE[F|. ..... TIITS|GP...NKAVVIVADIRARIDFY. . .QNDV|LTVSVNRAK
C.capitata 112 P.GS|IKV|QE.GQGE[L|. ... .. TITS|GS...NKAVVIVADIRIRIDF|Y. . .QNNV|LTVSVNAK
S.cerevisiae 157 TVNSF|WSKISSFLS|ILSNS.TADTIFHLRNGDV|SVEIFAEIRYOLKV|Y. .. WQONALKLIVNEQ
S.pombe 143 ... .|.|.|.|GKDAHLLEQTSTSLTIRY|GSHGREFTVIV|TF S)@IKVEF|Q. . .RDGEP|QVVLNER
A.oryzae 151 ... .|.|.|.KSATLDSESETGVTRV|LY|GPENNF|QAIIRHS)FIDIEF|Q. . .RDGQ|TH[VHLNNK
N. fumigata 151 ... .|.|.|.KTAAVDTE[SETGFTKV|LY/GPDNKF|QATII|RHAJRYSVDF|Q. . .RDGQ|SHVRVNHK
K.pastoris 129 ....L|J..KIss...[]..TMNDKSILQIFFNDS|SATINFKIBIKITIF...YKGKPQVILNDN
A.thaliana 180 GLEDFEQLIGREK ¢ v v v v e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
G.soja S
D.discoideum 182 NLFHFEPISDKPQPLPPKEKKS . ..o v v v v it v vennnnn EEENKEANQEED. .NNNNN
T.nigroviridis 174 GLIAFEHLRIRKDTQADPEAEKKDD............ ADP...ADQAE....... PFVPP
D.rerio 163 GLILAFEHLRVRKDTNSESEETT . . ¢ vt v v v v v et o ve e e GQQKEEQ....... QTSED
I.punctatus 159 GLILAFEHLRLRKDTISHKITSTFGSMWDSIKSVFSSKQDPEGAGGSES....... AEVAG
X.laevis 165 GLLHFEHLRERKDTDTEKKD . . . v vt v v i it inee e n VPAETDEENPEEV...ESDK
M.domestica 174 GLMVIFEHQRLPRNSFSEKVSLTFGSIWDKIKNLFSREERKETAEGNGSPNEEAAEKADQP
M.musculus 174 GLMAFEHQRAPRVP . . o i vt ittt i e e ie e e QESKDPAEGNGAQPEATPGDGDKP
C.jacchus 161 GLLHFEHQRAPRVSFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGDGAQPEETSQDGDKA
P.abelii 174 GLLEFEHQRAPRVSFSDKVSLTLGSIWDRIKNLFSRQGSKDPAEGDGAQPEETPGDGDKA
H.sapiens 174 GLLEFEHQRAPRVS . . .o ittt ittt e i inee e QGSKDPAEGDGAQPEETPRDGDKP
M. fascicularis 174 GLLE[FEHQR| QGSKDPAEGDGAQPEETPRDGDKP
S.scrofa 174 GLIL|NFEHQR| QGSKDPAEGDGAQPEEAPGDGDKP
B.taurus 170 GLINLEHQRTPRVSFSDKVSLTLGSIWDRIKNVFSRQGSKEPAEGDGAQPEETPGDDNKP
O.aries 162 GLINLEHQRTPRVS . ..o vttt iii e tienee o QGSKEPAEGDGAQPEETPGDDDKP
E.caballus 174 GLILHFEHQRAPRVSFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGDGAQPEETPGDGDKA
C.familiaris 174 GLILDFEHQRAPRVPFSDKVSLTLGSIWDKIKNLFSRQGSKDPAEGGGAQPEEAPGDGDKP
F.catus 174 GLILDFEHQRAPRVPFSDKVSVTLGSIWDKIKNLFSRQGSKDPAEGGGDQPEETPGDGDKP
L.hesperus 164 GLERFEQTRVEKPPERD . .« ¢ v v it i ittt e ittt e ettt e e ettt et e e et e e e
A.glabripennis 160 GLFEFEHYRSKPKENDEEGE . . . . ¢t i it ittt iiiitiineennn AL
A.mellifera 162 GLMRFEHHRVKPKKPDODAE . « v v v vttt ittt et ettt e ee e e e e N .AKNVELTDN
B.cucurbitae 158 GLMTFEHLRPKPQOPAEGAD .« v v vt vttt ettt ettt e e e e eens D .AAANE. .
C.capitata 158 GLLTFEHLRPKPQEL . .GTD . v vt vttt ittt it ittt e ii e e S...PDANE....
S.cerevisiae 213 NELNIEHHRITKOENE AHV L & v i i it i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
S.pombe 193 HLINMEYYRPKSSR

A.oryzae 201 GYLINMEHWRRKVDTSEGDG . ¢ v v v v vttt et ettt et et et et e e et e e oo e
N. fumigata 201 GFLNVEHWRPKVDVAEGDS . & v v i i ittt e e ettt e ettt e ettt et e e e e e e
K.pastoris 173 NLENIEHYRKEEENSMEEE . & o it ittt ittt ettt e e et e e e ettt e e et e et
A.thaliana 191 ..., .|.[TE[GDNWEEKFRT H| S FYDS|SFVY[¢IIFAHATSE K[p
G.soja 161 ....... .|.[SEDDNWEEQFRS H| S FIYGADF|VY[eII@ARAASTL K[p
D.discoideum 221 NDNNEEQQV|ISTE[GYWEERF GSH| G| FIVGS|ISHVY[ETIIAYJHTTRL K[s
T.nigroviridis 212 EQTAKED|EKDEEGMWEETFKNF S LIPGVIEHVY[eT)I@HAHAD T A K|T|
D.rerio 197 GQIKEEEEEEKPGMWEETFKSH S LPGVIEHVY[EI)IRJHAD T, K|S
I.punctatus 212 DEGDEGK[EE[EKPIGMWEETFKTH| S FIPGVEHVY[EIIFAHADTL KN
X.laevis 202 EEESKKP[EVDEPIGMWDETFKTH| G| LIPGFENVY[ET)@AHADNM RIT]|
M.domestica 234 EENREKD|DK[DEPIGAWEEMFKTH G LIPGMEYVY[ET)I@AHAEDL K[V
M.musculus 212 EETQEKAEKDEPGAWEETFKTH| G LPGMEHVY[EIIRJHAD ST K[V}
C.Jjacchus 221 KETQGKAEKDEPIGAWEETFKTH| G LPGMEHVY[ET)I@]HADNI K[V
P.abelii 234 KETQGKAEKDEPIGAWEETFKTH| G| LIPGMEHVY[ET)I@AHADNL K[V
H.sapiens 212 EETQGKAEKDEPIGAWEETFKTH G LIPGMEHVY[ET)I@AHADNL K[V
M. fascicularis 212 EETQGKAEKDEPGAWEETFKTH| G LPGMEHVY[EII@JHADNI, K[V
S.scrofa 212 EEIQGKAEKDEPIGAWEETFKTH| G LPGMEHVY[EI)I@JHAD S K[V
B.taurus 230 DETQGKP|EHDEPIGAWEETFKTH| S LIPGMEHVY[ET)I@AHADNL K[V
O.aries 200 DETQGKP|EHPDEP|IGAWEETFKTH S LIPGMEHVY[ET)I@AHADHL K|V
E.caballus 234 KETQGRADKDEPGAWEETFKTH| G LPGMEHVY[EII@JHAD ST, K[V}
C.familiaris 234 EETQGKAEKDEPIGAWEETFKTH| € LPGMEHVY[ETI)I@JHADNI K[V
F.catus 234 EETQGKAEKDEPIGAWEETFKTH| G| "S|ILPGMEH|VY[ETISYHAENL K[V
L.hesperus 180 ....... E|S|ED|SIGAWEENFKSH A FKGAKVAY[ELIFAHAD S I K|T]|
A.glabripennis 181 ..... QQ[TDEDPIGAWEENFKSH| G FIPGA|IRIY[ELIFAHADSL RIT]|
A.mellifera 192 NKTSGDGADDDPGAWEESFKTH A FIPGAEH|TY[II@AHADSF K|S
B.cucurbitae 184 . .VKEADE|ITDPGAWEENFKSH A "TFIPEAEI|LF[ELIBYHADTE K[s
C.capitata 182 . .VKSSDE|ITDPIGAWEENFKSH A FIPEAEV|LF[ETISAHADSE K|S
S.cerevisiae 232 ..... PEE|ITTENMFKDNF LY SK| A FMGS|TN|VY[eTIFIAHATSL MD
S.pombe 207 ..... TPE|QEAN|IGMWDETFDNF € FVDY|GN|VY[eVIAHT S S L KIE]
A.oryzae 220 EQN.SES|QEDESTWWEETEGGN| G| TFPGY|GH|VY[eT)RYHAD S L RIE]
N. fumigata 220 VQEKSIP|QQDEISTWWEETEGGN| G FIPGYSHVF[ETIEAHAD S M| KE
K.pastoris 192 ....... E/SDYDILEHD SFKD SR| G LLNMSHLY[ETI#HHSDRI E[D|

177



Figure C.2: Multiple sequence alignment of GANAB genes.

Appendixz C

A.thaliana 242 KGPGVEES E E[S|P[FGLFG S IJFMV|S[HIGK S GK|T[SGF LA AEMQ IV
G.soja 212 RGPNVDES E D|S|P|F G L}G S T}dF MV|S|H/GKARG|S|SGF FIYLIYJAAEMQ IV
D.discoideum 281 TGNGI.NE E DK|TMALMGHVIFLMI(S|HD TK . [K|T[VGVEFRLIYJAAE TF VT
T.nigroviridis 272 . .EN.. .G K| Y|S|PMALMGSVIEF I VAHNAQ . RTTGIFYLIYAAE TWVIT
D.rerio 257 . .EN...S 0 HINP[MALMGAVIEVLISHSTE .[RTMGIFRLIJAAETWVET
I.punctatus 272 . .DG...S 0 HINP[MALMGS VIV L I|SHNAQ . [RTMGVFRLIAAETWVET
X.laevis 262 ..EG...T 0 YIN|TMALMG S VIJLLLAHNVK . [RT[LGIFLIYJAAE T WV T
M.domestica 294 . .EG...G 0 Y|NPMALMGSVIZJVLLAHSIH.RDLGIFLIYAAETWVYT
M.musculus 272 . .EG...G 0 NNPMA LGS VIV LLAHSFH . [RD|LG I F|YLIYAAE TW V| I
C.jacchus 281 ..EG...G 0 YINP[MALMGSVIVLLAHNPH . [RDLGIFRLIYAAE T WVRT
P.abelii 294 . .EG...G 0 YNPMALMGS VIV LLAHNPH . [RDLGIFRLIYJAAETW VT
H.sapiens 272 . .EG...G 0 YNPMALMGSVIZVLLAHNPH . RDLGIFLIYAAETWVST
M.fascicularis 272 ..EG...G 0 YINP[MALMGSViVLLAHNPH . [RDLGIFRLIJAAE T WV T
S.scrofa 272 . .EG...G 0 YINP[MALMGSVIVLLAHSPH.[RDLGIFRLIYAAETWVET
B.taurus 290 . .EG...G 0 YINRMALMGS VIV LLAHSPL . [RDLGIFRLIYAAETW VT
O.aries 260 ..EG...G 0 YINRMALMGSVIZQVLLAHSPL . RDLGIFRLIYAAETWVST
E.caballus 294 . .EG...G 0 YINP[MALMGSViVLLAHSPH.[RDLGIFRLIVAET WV T
C.familiaris 294 . .EG...G 0 YINP[MALMGSVIVLLAHSPH.[RDLGIFRLIYAAETWVET
F.catus 294 LEG...G 0 YINPMALMGS VIV LLAHSPH . [RDLGIFRLIYJAAETW VT
L.hesperus 233 ..SE...( E NINPMALMAATIIF LIAHSEE . |[RIS|SGVFYLRYP SETWVV|
A.glabripennis 236 GSGG...L E D|S|T|MA LMGA VIV VYAHSPK .|GTVGVFRHRSAE T WV T
A.mellifera 252 . .KH...A3 E NERMS LPGA I}V L YAHGKE . [RIT[TG I F|YHRTAE TW I I
B.cucurbitae 242 . .SG...T E DIS|KMALMGS VIV LY|GHGTQ . [RITAAVYRQRAAE T WV T
C.capitata 240 ..SG...T E D|S|KMA LMG S VIRV LY|G|H[GPK . [RIT|AGVFQRJAAE T W V)T
S.cerevisiae 287 SGG....K E G|T|S|QP MpG S T)JF MF(S|S|. . . .|S|S|TS IFRYVIYAAD T W VT
S.pombe 262 NNSDAGYTE|RGIL YRVPILF[E D|S|PMS QMG A T}JF MQAHKPN . |SD|VAVERSKAAAT W IV
A.oryzae 279 RGGSGNHEE|IREAMYNISHVEE N|S[P[MT LP4GA IJJLMQAHRP G .[S|T[VGVERLIYAAE TWVR I
N.fumigata 280 RGGDGNHAEIRSAM YTV EF(E N[S[PMT Lp4G A T)dF MQA|HKKD . |S|T|VGVF|YLIYAAE T W V|8 T
K.pastoris 245 S..... os E Y|SIK|ILP MP4GS TIJF L IGILINPE . [V|SITGVFVISISAD T WV T
A.thaliana 302 LANGWDAE[S..G. [T|sftlpssHSRIPDTIFwMEEA[I VBTFFFVGPEPKDVVKQYA T
G.soja 272 LAP|GWDAE[S..G. JIjaLPS . . HRIDTF wMERAA[EV VJAFFF TGP NPKDVLRQY|T T
D.discoideum 339 EDVIT... . ... | TPVSPSKKTHWIERAS[EI IVEYLTGP TP S|TIFKQY|A| T
T.nigroviridis 326 SISNTAGK|T[VFEGKMLDFV|QGISSEKPQTDVRWIEIAS[ETI IPIAFILLGP TPKIDLEF TQY|A T
D.rerio 311 S[SNS..PDT....... .[V|SSDAPQTNVRWVERAS[ET IJVF IMLGPKPADVETQYA T
I.punctatus 326 T[SS|S..L|TMFGKMLDF|V|QGISSEVPQTDVRWIERAS[EI IPVFIMLGP T[PSDVETQYA T
X.laevis 316 S|SN|IAGK|T|LEGKMLQYMOIGIGGETPQTDVIRWMEIAS[ET IPlVE LLLGP SPF|DIFKQY|A| T
M.domestica 348 SISNTAGK|TILFGKMLDY|LIQIGIGGETPQTIDVRWMERAS[ET IPVFLLLGP TIISIDVFRQY|T T
M.musculus 326 S|SNTAGK|T|[LFGKMLDY|L[Q|GSGETPQTD IRWMERAS[EI IJVF LMLGP SVFDVERQY[A T
C.jacchus 335 S|SN|TAGK|T|LFGKMMDY|L|QIGISGETP QTDVIRWMEIAT[E]T IPITFLLLGP S|ISDVERQYA T
P.abelii 348 S|SN|TAGK|T|LFGKMMDY|L|QIGISGETP QTD VIR WMEAT[]T Ip]VF LLLGP S|ISDVERQYA T
H.sapiens 326 SISNTAGK|T|ILFGKMMDY|LIQGISGETPQT|DVRWMERAT[ET IPIVELLLGP S|ISDVERQY|A T
M.fascicularis 326 S|SN[TAGK[T|LEGKMMDY|L|QGSGETPQTDVRWMERAT[ET IPJVFLLLGP S|ISDVERQY[A T
S.scrofa 326 S|SN|TAGK|I|LFGKMLDY|L|QIGSGE TP QTDVIRWMEIAS[E]T IplVF LLLGP SVEDVERQYA T
B.taurus 344 S|SN|TAGK|T|LFGKMLDY|L|QIGISGE TP QTD VIR WMERAS[E]T Ip]VF LMLGP S[VEDVERQ YA T
O.aries 314 SISNTAGK|TILFGKMLDY|LIQGISGETPQT|DVRWMERAS[ET IPIVE LMLGP S[VE|DVERQY|A T
E.caballus 348 S|SN|TAGK|T|[LFGKMLDY|L(Q|GSGETPQTDVRWMERAS[E I IVF LLLGP SVFDVERQY[A T
C.familiaris 348 S[SN|[TAGK|T|[LFGKMLDY|L(Q|G/SGETPQTDVRWMERAS[E T IPVF LLLGP S[VSDVERQY|A| T
F.catus 348 S|SN|TAGK|T|LFGKMLDY|L|QIGISGE TP QTD VIR WMERAS[E]T Ip]VF LLLGP S[VSDVERQYA T
L.hesperus 287 K|S.G.SDNVVSSIVNLMG|GGQ.ETANVESHEFMERYS[ENIPVE LLFGPRPENVFRQY|T T
A.glabripennis 292 KNS[K.DGNVMSSIVNLV|S|GITKTDNSV|EAHFMERAS[EVIPIMF I LMGPKPKDAIRQY[A \4
A.mellifera 306 L|SS|A.DNNVVESIVNE[V|SIGSTKKSQVDAHEMEIAS[EVIPIIFFMLGPKPLDVEKQY|T T
B.cucurbitae 296 Y|T.A.EKNVVSSIVNE|V|S|GSRKTDAPAAHEMEIAS[ET IPlVEVLLGP SPLDTFKQY|T T
C.capitata 294 YT.A.EKNVVSSIVNFV|S|GSSKTDPPAAHFMERYS[ETI IPVEILLGP S|PIDVFKQY|T S
S.cerevisiae 339 K[YDTS. .|ofeeeunn.. .. KNK[TMT/HW I[NV I]))VVMS LGP D|IPT I IDKF|T R
S.pombe 321 EKESGP.[SPH...... elole - o 5QS|TISTHW YRR S[ET LB LF IFLGPKASDVYESY|S R
A.oryzae 338 VKSTSSANPL...... S|LIGVNSKTD|T|QSHWEERS[EQ IPVEVE LGP TP QD I SKKY|G| Y
N. fumigata 339 VKSKSSPDPL...... SILIGGVGSKTD[TQTHWFERYS[ERIPILEVFE LGP TPQEISKTY|G Y
K.pastoris 299 NK.J S P L).l). . .KKDTY THW IEFAN[E T L)L VI IVRONPKEVSTVY|S R
A.thaliana 356 S| LEATGHEEYC D E|[EPRYA OV D|S K[FPJE|H D TD GKRF4FTRYD|s V[T
G.soja 324 P3| LE S IApg:felC D E|EPAYE H|V D|S K|F|)JE|L D TIDGKRF4ITIYD|R AL
D.discoideum 384 T[A MF S L Gpd:keC S E|D|sAYK Q|V D|N G NH T|D G K Rp43 TLD|N NN
T.nigroviridis 386 0O|S IASLGpaslelS D QE|sAYO AV DA G HD TDGKRp4AS|YD|P HK
D.rerio 360 Qs LSALANE:LC D QEBMYK AV D|Q G HD) AD GKRpP4ITIDP IK
I.punctatus 384 O LSTLGpg:fe|C D QIEPAYK AV D|Q G HD TD GKRF4ITIYD|P E[K
X.laevis 376 Q| Y E S LGpgsfelC D E[EPAYR N[V D|A G YD AD GKRpITIYD|P H[K
M.domestica 408 QA LE SLGpa:lels D E|ADMYFE E|V D|Q G HD ADGKRp4ATIID|S SR
M.musculus 386 O LFSLGp4:EYs D EABMLEVD|QG HN AD GKRp43TIRIDP TR
C.jacchus 395 0 LE SLGpgsfels D E|APMYL EVD|Q G HN| AD GK R4 TIDP SR
P.abelii 408 0l LESLGpg:fels DEAPMYL EVD|QG HN AD GKRPITIYD|P S[R
H.sapiens 386 QA LE SLGpa:le]ls D E|AIDAYT. E|V D|Q G HN AD GKRp4ATWIDP SR
M.fascicularis 386 Q3 LFSLGp4:EYs D EABMLEVD|QG HN AD GKRp4ITIRIDP SR
S.scrofa 386 0 LE SLGpg:fels DEAPMLEVN|QG HN| AD GK R4 TIDP SR
B.taurus 404 Q| LESLGpg:fels DEAPMYLEVD|QG HN AD GKRPITIYD|P S[R
O.aries 374 Q7 LFSLGp:EYS D E|ADMLEVD|QG HN AD GKRp4ITRIDP SR
E.caballus 408 Q| LF S LGPk S D EABMLE[VD|QG HN AD GKRP4ITIDP SR
C.familiaris 408 O LE SLGpgfels D EAPMYL EVD|Q G HN| AD GKRPIATIYD|P S[R
F.catus 408 Q7| LESLGpg:fels DEAPMYLEVD|QG HN AD GKRPITIYD|P S[R
L.hesperus 344 AP LEFSLGp:EeC D QERAYD N[V N|K G HD) TIDNK K43 TIYDIN Y[K
A.glabripennis 351 AP F Y TLGp4:E8C D E[DBRYT N[V VIEN HD TID GK KP4 TIYD|P I|K
A.mellifera 365 sp MEF AL Gpd:te]C D QDAY I QI AIEN HD TD S K KP4y TRID|E RR
B.cucurbitae 354 AP MW T I Apg:Ee]S N E[LPRYA Y|V S|RK| YD TD G K RF4ITIYD|O YK
C.capitata 352 Gp MF ALApS:eS S E[DPAYE E|V S|A K| Y D) TID GKRFATIYD|K F[K
S.cerevisiae 382 PF 1SS IGpeseIC D E[MPRYL T|VD|S Q HM TINDK KP4 TIYKIQH|S
S.pombe 368 P[L| LE S IGpgsfelC S E|E DAY N[V DA K VD) A|SKRRF4ITIDK AT
A.oryzae 392 1[0 HE AL Apg:e|C T D|EpAYK D|V D[R N[FIJK|Y Q LDDRKF4ITIYD|P L|T
N.fumigata 393 Tl0 QFATIANE:LC T D|EpAYK E|V D|R K[FIJK|Y O TDDRK}4IATIYD|P LS
K.pastoris 339 Vo OF S LGhg:E9C S E[DSAYR D[V H|S KMIMK|Y G TDEKKFATIIKREL
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Figure C.2: Multiple sequence alignment of GANAB genes. Appendiz C

A.thaliana 416 MQIKK|LAAK|GIRIKMV T I Visk=8:1T K|RD|D S|Y|F[LHKEATQMGY|YVKDSS|.|GKDFE DG lifeatp4
G.soja 384 IMQRKLIASK|IGIIHMV T I Visk#:| I KRDEN|FHLHKEASQKGY[YVKDAS|.|GNDF DG W[eA
D.discoideum 444 MQIN I|I|GAKHIIKMV T I Visk:@:1T KRIDINN|Y|Y[VH|S[EATSKGY|Y IKNKD|.|GND YD G Weap4
T.nigroviridis 446 ML|QGILIKDIKIKIIK L VA I Visk=g:1 T K|IES S|YK|LHDE IJHARDL|Y VKNKD|. [GGINY E G W[eAth
D.rerio 420 MLIKG|LMD|K|RIIK LVA I V|sl=8:1T R[V|D|S G|Y|R[I HNE IRSKNF|YVKNKD|.|GGD Y E G li[ea1p4
I.punctatus 444 IML|QGILIMEKRIIKMV T I Visk:| I KIVD|S G|YK|I HNE IRSKDF|[Y VKNKD|. |GAD Y E G W[eA
X.laevis 436 IML|S GILIKEKRIBKMVA T Vsk:@:T K| I|D|S G|Y|R[VHNE IRAQNLIY IKTKD|.|G[SDYE G W{eap4
M.domestica 468 MLIE H|L|A GK|RIJK LV T I Vsl I K|V D[S E[Y[P|VHEE LRSQGLIY VKTRD|.|G[S|D Y E G W[eaus=]
M.musculus 446 ML|E H|L{A S|K|RIIK LV A I V|sl=8: T K|V|D|S G|Y|R[VHEELRNHGL|Y VKTRD|.|GSD Y E G li[ea14
C.jacchus 455 MLIERLIASKRIIK LV T I Visk:| I KVD|S G|YRVHDELRNLGL[YVKTRD|.|GSDYE G W[eA
P.abelii 468 MLERLASKRIIKLVATIVsR@:AT KVD|SG|Y|RVHEELRNLGLYVKTRD|.|GSDYE G Wea2g4
H.sapiens 446 MLIER|LIASIKIRIAK L VA I Visk=g:1 T K|VD|S G[YRVHEELRNLGL|YVKTRD|.|GSDYE G W[eAth
M. fascicularis 446 MLIER|LIA S|K|RIIK LVA I Visl=8:T K|V|D|S G|Y|R[VHDELRNLGL|Y VKTRD|.|GSD Y E G li[ea14
S.scrofa 446 IML|EHLJASKRIK LVA I Visk@: I KVD(S S|YRVHEELQNLGL[YVKTRD|.|GSD Y E G W[eA
B.taurus 464 IMLIE HLASKRIBIK LVA T V]sk:@: T K|V|D|S G|Y|R[VHEELQNLGLIYVKTRD|.|GSD Y E G Weap4
O.aries 434 ML|E HLIASIKIRIAK L VA I Visk=g:1 T K|VD|S G[YRVHEELQNLGL|YVKTRD|.|GSDY E G W[eAth
E.caballus 468 ML|E H|L{A S|K|RIIK LVA I V|sl=8: T K|V[V|S G|Y|R[VHEELQNQGL|Y VKTRD|.|GSDYE G lifea1h4
C.familiaris 468 IML|QHLIASKRIIK LV T I Visk@:| I KVD(S G|YRVHEELQSRGL[YVKTRD|.|GSDYE G W[eA g
F.catus 468 MLIE HLASKRIIK LV T I V|sk:@:T K|V|D|S G|Y|R[VHEELQNRGLIYVKTRD|.|GSD Y E G Wiea2p4
L.hesperus 404 MQION|LITAR|GIIK LV A I Vish=g:1 T KIRDING[YF|LHNDATDLGF|Y TKNKD|.[NTDYE G W{eAth
A.glabripennis 411 MINN|LTAT|GRIKLVITI I|shg:T KREAG|Y|F[LHEDALANDY|YVKNKD]|.|GS|VYEGTi[eath4
A.mellifera 425 IMIHNLITAK|GIIKLVV I Ijsk@:IKRDPS|YF|LHEHNDATKMGY[YIKTRD|.|GKDYEGW[eA
B.cucurbitae 414 MIKNLITAVGIIHLVVIVpsR@:AVKRDNH|Y|FFHHDCTERGY|YVKTRD|.|GNDYE G Wea2g4
C.capitata 412 MFRN|L|SK|LIGIIHMV I I Isk=g:1T K|RDD QYF|FHKDCITERGL|Y TKTRE|.|GK|DYE G W{eath
S.cerevisiae 442 LLISKLKKLGIINLVVLIsk:LKK|.| . D|YE/ISDRVIINENVAVKDHN|.|GNDY VG H[eA
S.pombe 428 IML|EK|L|D S[K|S)K L IV I Lisk#:| I KINDP N|Y|F|VSKELIDYNYAVKDKS|GV|DNYNAD[e
A.oryzae 452 IMEEQLDE[SEIRIKLVVI Isk@:T KNKEK|Y|T|ISEELKSKNLATRNKD|.|GEIYEG e 4
N. fumigata 453 MEEQ|LDD|S|EIRIK LV V I T|sh@2T KIN|K|E G|Y|S|T SEE LKGKDLATIKNKG|.|GE|TYDG[eath4
K.pastoris 399 QQELDEEKSL\IAIIIKVLAGXEEDQESNGLVVREKDFQTPYHGH
A.thaliana 475 Y| LISP|E|IRKWWGGIR[F|S . [YKIN[Y|V|GS|TP|S LY TSR] VAN (€AY T M P LIHV
G.soja 443 Y| LINP|E|IR|S|WWAD[K|F|S .[YQ|S[Y|E|GS|TP|SLY I ZAEsdiespp=R]V)AN[eIJHV T MP THY
D.discoideum 503 Y| TINP|E|IRKWWAT|QF|G . [YDK|Y|KIGS|TPINLY I |383RsRisdpp=s]ViyN(ed=gHV S M H| K|HH
T.nigroviridis 505 Y| TINP|EMRJA|LWVRMF[A . [YD|Q|Y|E|G SMD|N L H VIJARsRSS3 =R Vi N[edJH T T M T K|H .
D.rerio 479 Y| TINP|EMRAWWA SM|F|A . [YD|Q[Y|E|GSMENQY T gRisdisspp=R]V)AN[edJHV T MH VIH .
I.punctatus 503 Y| TINHEMRAWWAN|Q|F|G . HN|Q[Y|E|G SME|N LY TZR3#sdSe =RV )AN[e3JHV T MH L|L .
X.laevis 495 Y| TINPIEMRKWWA SMF(S . [YDIK|Y|E|G SIMD|N LE V|ZREsRo83pp=3] VI N (ed=JHV T M H| LHW
M.domestica 527 Y| TN I|KMRIAWWANMIF(S . [FDIK|Y|E|G S|ASINLE T|A3RsRosdp=Rs] VAN (ed=gHV T ML, R|HD
M.musculus 505 Y| TINP|RMRIAWW SNM|F|S . [FD|NY|E|G SAPN LY VIZREsdssp AR VAN [eJHV T M L VIHY
C.jacchus 514 Y| TINP|TMR|SWWAN[M|F|S . |YD|NY|E|G SAP|N L F VIR Esdies g AR VAN [e3JHV T M L QHY
P.abelii 527 Y| TINP|TMRAWWANME(S . |[YD|N|Y|EIG SIAPNLE VIZREsISS AR VIFN(edJHAV T ML, QHY
H.sapiens 505 Y| TINP|TMRIAWWANMF(S . [YDIN|Y|E|G S|APNLE VIZARsRSs AR Vi N(ed=JHV T ML, QHY
M. fascicularis 505 Y| TINP|TMRIAWWAN[M|F|S . |Y D|NY|E|G SAP|N L F VIZREsdSssp AR VAN [€JHV T M L QHY
S.scrofa 505 Y| TINP|KMRAWWADM|F|R . [FE|NY|E|GS|S SINLY VRIS AR VAN [E3JHV T M L QHY
B.taurus 523 Y| TINPKMRAWWANMEF(H . [F DIN|Y|E|G SIAPNL Y VIZRRsRSi AR Vi N(edJHAV T ML, QHY
O.aries 493 Y| TINP|KMRIAWWANMF(H . [FDIN|Y|E|GS|APNL Y VIZARsRSs bR VAN (ed=JHV T ML, QHY
E.caballus 527 Y| TINP|TMRAWWANMIF|S . [FE|NY|E|GSAPNLY VRIS AR VAN [€JHV T M L QHY
C.familiaris 527 Y| TINP|TMRAWWAN[M|F|S . [FD|NY|E|G SAPN LY VIS8 g AR VAN [NV T M L QHY
F.catus 527 Y| TINP|TMRAWWANME|(S . [F DIN|Y|E|G SIAPNL Y VIZRRsICs R VI N (edJHAV T ML, QHY
L.hesperus 463 Y| HINPK|ILRE|Y IASR|Y|S .|LKNWQ|GS|ITRD LHV|ZEERVpp=E] ") AN[edFHV T MP IHFE
A.glabripennis 470 Y| YDPK|TV|D|Y Y KG|L[Y|A . [LDK|F|K|G T|T HD V'Y T |RBspsdusapap=gs] vy N{ed=3A"/ T MP VIHE
A.mellifera 484 Y| FDPA[VRE|Y Y IN|QY|S .|LDK|F|H|GT|TND VY I|issdusapsp=g:]V iy N(ed=IA T MP IHY
B.cucurbitae 473 Y| FINPEARAIYYAS|IQ|Y|L .|PAN|YKATITTDVMIRERERET)AN[EIDIAY T MS IHY
C.capitata 471 Y| FINPE[VRA|Y YAS|Q|Y|L .|P SNIF|K|T VITAD VM T |QRsisdvsspp=21"/ A N[e3FHV T MP IHY
S.cerevisiae 499 Wl I|SK[Y|GQKIIWKS|F|F|ER|FMD|LPAD|LTINLE T|QRipsdusspsp=as] T idD(e3JAT T AP IHD
S.pombe 488 Wl FINPEAQAWWGS|L[Y|E . [F DR|F|E|. SDKNLW I|Zasisdusdpp=as]VjAR{eIFAT S MH) IHY
A.oryzae 511 Wl FINPEAIKWWIGL|FIK.|YDKFK|GTILPNVE TIRRisdusspp=21"/)AN[EIIAT T MP LHY
N. fumigata 512 Wi FINPEAIKWWTGL|F|K .|YDK|F|K|G TIQPNVE T|RRisdvsspp=21"/)AN[€}FHT T MP IHY
K.pastoris 457 12 FIN P|N|A Q|S|Y WD TILIE|CK|G SIDIFIAG S|S SN L H viisseWiNpbFe] vig N[} BT T F|P VHE
o
A.thaliana 534 G|GVIHHRIE VERIAYGYYFHMAT|SDGLVMREE . . . . . . G| G|
G.soja 502 G|GVIHHIIE LA YGYYFHMATANGLLIKRGE . .+ . . . . G| G|
D.discoideum 562 G|G YYYHMASADGLV|QRNA. .. .. D|Q G|
T.nigroviridis 563 GE LYVQMATADGLIIQRSG. ..... © G|
D.rerio 537 @GV LYVQEKAT|SEGLIIQRISG. ..... G| G|
I.punctatus 561 GG LYVHMATAEGLT[QRSG. .. ... G| G|
X.laevis 554 GG LYVQRATTEGLIIQRSG...... © G|
M.domestica 586 GG FYVHMATAJEGLIIQRISG...... © G|
M.musculus 564 G[G LYVHMATADGLIQRSG. ... .. G G
C.Jjacchus 573 GG LYVHMATADGLR[QRISG. .. ... G| G|
P.abelii 586 G|G LYVHMATADGLROQRISG. . .... G G|
H.sapiens 564 GG LYVHMATADGLROQRISG. . .... © G|
M. fascicularis 564 G[G LYVHMATADGLR[QRISG. . . ... G G
S.scrofa 564 GG FYVHMATADGLV|LRSG. .. ... G| G|
B.taurus 582 G|G LYVHMATADGLV|LRISG. . .... © G|
O.aries 552 GG FYVHMATADGLV|LRISG. . .... © G|
E.caballus 586 GG FYVHMATADGLV|QRISG. . . ... G| G|
C.familiaris 586 G|s FYVHMATADGLV|LRSG. .. ... G| G|
F.catus 586 G|G FYVHMATAEGLV|LRSG. ..... G G|
L.hesperus 522 GG LLQTMTT|YHGLIDRDDTIQKLE]D T
A.glabripennis 529 G[G LKQV|IIPTYEGLIQRS....... IN| V|
A.mellifera 543 GG LLMSMATYEALFRRSG. ..... G| T
B.cucurbitae 532 GN HMHALSTFEGLMGRD . ...... P Al
C.capitata 530 @GN HMHVMGTFDGLLGRD . . . . ... P A
S.cerevisiae 559 Ny LSVHEAT|YDAIK[SI[YS..... P|S Al
S.pombe 546 GG HKCINGTIYNGLIKRGE. .... GIA|. Al
A.oryzae 570 @GN ITFVNATYNAMLERKK. . ... G|E| S
N. fumigata 571 ¢GN LTFINATYNALLERKK. . ... G|V S
K.pastoris 517 G KSFHEAT|YYALINR[SP...... L] A
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Appendixz C

A.thaliana 588 AEREHLRVSIPMIMTI] EMLVER]YOVGAY|
G.soja 556 ADRDHLRVS IPMVIAT I EMLVEAYOLGAY
D.discoideum 617 AQRISHLEISNPMLMASM EMLTRANY OAGAF
T.nigroviridis 617 AEQDHLKISLPMCHSM EMLVEIYQOASSE
D.rerio 591 AERGHLKISIPMCHSI EML VY QAGAY
I.punctatus 615 AERGHLKMS IPMCHS I EML VY QAGAY
X.laevis 608 AERDHLKISIPMCHSI EMLVEANY OAGAY
M.domestica 640 AERGHLKISIPMCHASM EMLMEAYY QMGAY,|
M.musculus 618 AERMDHLKISIPMCHSI) EML VY OMGAY
C.jacchus 627 AERDHLKISVPMCHSI EML VR Y OMGAY

P.abelii
H.sapiens

M. fascicularis 618 AEQYDHLKISIPMCMSL EMLVIANYOMGAY|
S.scrofa 618 AERDHLKISIPMCHSI EML VY OMGAY
B.taurus 636 AERDHMKISIPMCHSI) EMLVIANY OMGAY
O.aries 606 AERDHMKISISMCMSTL EMLVEAYY OMGAY]
E.caballus 640 AERMDHLKISIPMCHSI) EML VY OMGAY
C.familiaris 640 AERDHLKISIPMCHSI EML VY OMGAY
F.catus 640 AERDHLKISIPMCHSI EMLVIANY OMGAY
L.hesperus 582 AERSHLRVSYPMCMSTL EMLIAYY QAGAF

A.glabripennis

640
618

582

AEQIDHLKISIPMCHAS L
AERQIDHLKISIPMCHAS L

AEQISHLAASFPMCHSE

EMLVEYYYQOMGAY
EMLVEYYY OMGAY

EMLOBRNIYOAGIW,

DOOQAZPPEPPFPFIFOOAAAAAOOAAPQNOQNZOQ

QOIZTOHOORZIEXNAAARNAAAIARNNANRNRNANRNZ OO Q

RARRPUOUPPOALARVUOUDOO YOO LS B H YD

POOE<<HEHAPPHAAPPHAHHHAA P PEPHONDHH-.

A.mellifera 597 ADRDHLRISYPMCHAS L EME TN QA GAW,|
B.cucurbitae 585 ADRGHLQHSIKMCHMTE EMFERYYQTGAF
C.capitata 583 ADRGHLQHSLKMCHMSE| EMEARYYY QT GAF
S.cerevisiae 614 ANQIDYLKISIPMVEASN EMIABRNYOAGLW,

S.pombe 600 TTREHLRGSIPTVIATN| EMEFVERYYETATEF

A.oryzae 625 ATREHLATISLPMVMANN| DML TEYYY QTG I W
N.fumigata 626 ATREHLAASLPMVEANN| EMLTEYYY QAGIW
K.pastoris 570 ATRIEYLKVALPMIMSN EML TIRNYOSG I W
A.thaliana 648 HDT FIGERNTELMRDATHTI®4T LIALY|FMTLEREANVT[EVIVVRP LWME D[E
G.soja 616 HDT FIGERNTE[LIKDATIHVI®4ALINLY|FMTLEREANT T[EVIVVRP LWME D[E
D.discoideum 677 LD S| FNEPYTT|IIIREAT|IVKEE4S YIRATWHTTF YIONT LN[EAIJVMRP LW V|Q E[A
T.nigroviridis 677 MD T HGLDNTR|LIRDIVIRQIES4T FIRAF WpOQF YHSHKT[EE)IFT MRML W LD E(T
D.rerio 651 IDT FIGPENTALIREAVIRQIESMA LINANWMOLEF YINAHNT[EQIVMRP LWVE B[V
I.punctatus 675 LDT FIGPENTALIREAIRQ)®YT LINY[WP4OLF YINAYRT[EOIJVMRALW VN [EP
X.laevis 668 LDT HGDDNMA|VIRDVLIRQIES4T L)RAF WMT LE YKALSE[EE)IJVMRP LWV|E D[V
M.domestica 700 MD T LAPEYLGPIRDALRQES4A LRLF WM T LF YRAHLD[EHIZVMRP MW V|Q| D[V
M.musculus 678 LDT LA[SQYQDATIRDALIF Q84S LINAFWMT LEF Y(QAHKE[GFIZVMRP LWV|Q| DM
C.Jjacchus 687 LDT LP[SPYND|IIRDALNQ)®4S LINAFWp4T LE Y(QAHRE[GTIIJVMRP LWV|Q| D[V
P.abelii 700 LDT LPISQHND|IITRDALIGQEEYS LIAF W TLLY|QAHRE[ET)IZVMRP LW V|Q| D[V
H.sapiens 678 LDT LPISQHND|IIITRDATL|GQEYS LiALFWHTLLY/QAHRE[ETIZVMRP LW V|Q| D[V
M. fascicularis 678 LDT LP[SQHND|I IRDALIGQ)3®4S LINAFWMTLE Y(QAHRE[GIITMRP LWV|Q| D[V
S.scrofa 678 LDT LP[TQYQDMIRDALIGQ)®4S LINLF W4T LE Y(QAHRE[EVIJVMRALWVH D[V
B.taurus 696 LDT LPISQYHEITRDALIGQI®4S L)RAF WMTLE YIQSHRE[ET)IFVMRP LWV|H D[V
O.aries 666 LDT LPISQYHD|IIRDAL|GQI®4S LRF WMT LE Y|QSHRE[GT)IZVMRP LWV|H D[V
E.caballus 700 LDT LP[SQYHDMVRDALNQI3®4S LINAFWMTLEF Y(QAHRE[GIIZVMRP LW VN D[V
C.familiaris 700 LDT LP[TQYHD|IIRDALIGQ)3®4S LINLFWMT LE Y(QAHRE[ETI)JVMRP LWVH D[V
F.catus 700 LDT LPITQYHDIITRDALIGQI®4S LRAF WMT LE YIQAHRE[EGT)IFVMRP LWV|H D[V
L.hesperus 642 IDT FIGQETTDIIIRSVIRTES4S FIRALWMTTF YIQHNIT[ED)I4VIRP LWAE D[S
A.glabripennis 642 IDT FNEDVRNRIRTALRLESMAHIRALWMTLEWEHE I T[EDJEVIRP LF Y|Q D|A
A.mellifera 657 IET FNEETTQIVREAFRM)3$4S YINLAL W4T LEREHEVN[ET)EVIRP LWAH E(T
B.cucurbitae 645 LET YGEKTRLIIVREALRKESYS YIRIT, WM TMF YEHEVT[EE)I4TMRP L L T|H D[K
C.capitata 643 IDT FPEDTRLIIVRDATRKIES4AFIRATWHMTMF YEHEMT[EE)IJVMRP L LAH DK
S.cerevisiae 674 IDT FNEPLKS|IVRDITIIQLESYF LINATILMTMEFHKSSVT[EFIZTIMNPMF IE EA
S.pombe 660 IDT YGEPYTSLVRELLRI)S4R LINATWP4TAF YNSHTH[EFIJTILYP QF LM| D[E
A.oryzae 685 IDT IISEPHRSITAQATRLESMO LINJAWNTAFHEASVN[ETIZTIVRP QF Y|V D[E
N.fumigata 686 IDT IAEPFRSITISQATRLEMO LIAJAWNTAF HEASVN[EMIZTVRP QY YV D[E
K.pastoris 630 IDS| AGEPYTTIIIRDTVIRLES4O LIRYVILMTAF YESSKL[EYIJVLRP LF Y|E| NQ
A.thaliana 708 ATF|SNDEAFMVG|S.GLLVQGV[YTKGTTQASVYLPGKE . .. ... SWYDLRNIGKTYV|GGK .
G.soja 676 ATFSNDE[TFMVGS.SILVQGI|Y|TERAKHASVYLPGKQ. ... .. SWYDLR[TIGAVYK|GGV .
D.discoideum 737 NLF|DVDDHYLIGPD.SLLVKPV|TIQQ|SCKTMKVLLPGQS...VNEIWYDVDTEKPIN|.|AG. .
T.nigroviridis 737 ATFAIDDEFLIGK.DLLVHPV|TDEGATS[VTAYLPGKD. .. .. E[VWFDI|HTFKKHN|GGQ .
D.rerio 711 TTF|S|IEDEYLIGK.DLLVHPV|TDEGATGVTAYLPGKG. .. .. EVWYDV|HSILQKHD|GDQ .
I.punctatus 735 ATFAIENEYLIGK.DLLVHPV|TDEGAKSVTAYLPGKG. .. .. E[VWYDVH|TIFHKHEGAQ .
X.laevis 728 STFAMDS|QYMLG|S . A[LLVRPV|TERAKARGVQVYLPGDG. .. .. E[VWYDVH|S|YQRYERAPQ .
M.domestica 760 ATF|SLDD|QFMLGD . S|[LLVHPVAEPGARGVQVYLPGEG. .. .. E[VWYDT|QSHQKHH|GPQ .
M.musculus 738 STF|S|IED|QFMLGD . ALLIHPV|SDAGAHGVQVYLPGQE. .. .. EVWYDI|QS|YQKHH|GPQ .
C.Jjacchus 747 TTF|S|IDD|QFLLGD .ALLVHPV|SD|S|IGAHAVQVYLPGQG. . ... E[VWYDI|QIS|YQKHH[GPQ .
P.abelii 760 TTFN|IDD|QYLLGD .ALLVHPV|SDPIGAHGVQVYLPGQG. . ... E[VWYDI|QIS|YQKHH[GPQ .
H.sapiens 738 TTFN|IDD|QYLLGD .ALLVHPV|SD|SIGAHGVQVYLPGQG. .. .. E[VWYDTI|QS|YQKHH|GPQ .
M. fascicularis 738 TTF|S|IDD|QYLLGD .ALLVHPV|SD|SGAHGVQVYLPGQG. . ... EVWYDI|QS|YQKHH|GPQ .
S.scrofa 738 TTF|S|IDDEFLLGD.ALLVHPV|TD|SEAHGVQVYLPGQG. . ... E[VWYDVH|S|YQKYH[GPQ .
B.taurus 756 TT[F|S|IDD|QFLLGD .ALLVHPV|SD|SEARGVQVYLPGQG. . ... E[VWYDV|QIS|YQKYH[GPQ .
O.aries 726 TTF|S|IDD|QFLLGD .ALLVHPV|SD|SEAHGVQOVYLPGQG. .. .. E[VWYDV|QIS|YQKYH|GPQ .
E.caballus 760 TTF|S|IDD|QFLLGD .ALLVHPV|SDAGARGVQVYLPGEG. . ... E[VWYDI|ES|YQKHH|GPQ .
C.familiaris 760 TTF|S|IDD|QFLLGD .ALLVHPV|SD|SIGAHGVQVYLPGQG. . ... E[VWYDS|QIS|YQKHY[GPQ .
F.catus 760 TT[F|S|IDD|QFLLGD .ALLVHPV|SD|SIGAHGVQVYLPGQG. . ... E[VWYDT|QS|YQKHY[GPQ .
L.hesperus 702 NTLKNDDHLLVGD.SLLVRPI|FIGLGETQASVYFPGKD. .. .. TIWYDID|TYQTYR|.|HG. .
A.glabripennis 702 NV|VID|IIDKELLVG|S.S|ILALVI|SEPGISTITNVYLPGGS. .. .TEYWYDIEDFKLYP|GTG.
A.mellifera 717 ETYAIDDEVLIGD.SILVRPV|FIQP|SVITD[VNVYFPGEG. .. .KIIWYDVDTMQPYYQPG.
B.cucurbitae 705 EAF|A|IDNEFLLQD.R[LLVRPV|IEQGVKKVNVYFPAIDDKSNGDVWYNIDTLKRFTINVG
C.capitata 703 EGYN|IDYEFLLQD.RLLVRPVMDRGASKIVNVYFPSTDDKKTGDVWYDINTLKKYTNAG. .
S.cerevisiae 734 EL[YHIDNQF YWSNSGLLVKPV|TEPGQSETEMVEFP.PG...... IFYEFA[SILHSFINNGTD
S.pombe 720 EGF|A|IDD|QFYVGDSGLLVKPV|THPSIDKITIYLADDE. ... .. VYFDLHDHTEYAGKG .
A.oryzae 745 AGF[VIIDD|QLYLGSTGIILTKPV|V|ITEGT|ITT|VDIYLADDE . ... .. KYYDYFDYTVYQGAGK.
N.fumigata 746 QGF|A|IDD|QLYLG|STGLLAKPV[VVEGATTTDIYIADDE. .. ... KYYDY|YDFTVYQGAGR.
K.pastoris 690 KL[YNIDDIQFFVGSSGLMVKPV|TEEGATTDSIYLPDPQ. . .... IYYDEFKLGTTLQGEG.
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SQMD)

A.thaliana 759 . .THKMDAPEE[SIPAFQKA[GT I IPRKD V[VALNS[SQE . TYI
G.soja 727 . .THKLEV|TEESIPAFQRA[§T I IARKD TQMA| V[VALNS|SQA . LYI
D.discoideum 790 . .VIE[IDTP|LEKIPVYQRG[ESTISKKE Y QMR RIIALDS[SK|S . LYI
T.nigroviridis 789 ..SLY|IPVT[I|S|SIPVFQRG[ESTIPKKIL ACME| Y[VATLISNQKT . IYI
D.rerio 763 ..SLYIPVTMS|SIPVFQRG[ESTIICRKE SCME| Y[VALNS[QGIF . LYI
I.punctatus 787 . .NLHTIPVTMS|SIPVFQRG[ESTISRKD SCME| Y|TAL{SAG|T . LYI
X.laevis 780 . .TFYLPVTMN|SIPVYQRG[§STIPRKD DCMQ Y[VALNLQGIE . LFL
M.domestica 812 . .TLY[LPVT[F|S|SIPVFQRGETIIPRWE, D CMK Y[VALISPQGT . LYL
M.musculus 790 . .TLYLPVT[LS|SIPVFQRG[ETIVPRWM D C[MK| F[VAL|SPOG|T . LFL
C.jacchus 799 . .TLYLPVT[LS|SIPVFQRG[ETIVPRWM D C[MK| F[VAL|SPOG|T . LFL
P.abelii 812 . .TLY[LPVT[LS[SIPVFQRGETVVPRWM E C[MK| FlVALSPOG|T . LFL
H.sapiens 790 . .TLYLPVT[LS|SIPVFQRG[ETIVPRWM ECMK FVALISPQGT . LFL
M.fascicularis 790 ..TLYLPV|T|LS|SIPVFQRGETIVPRWM E C[MK| F[VAL|SPOG|T . LFL
S.scrofa 790 . .TLYLPVT[LS|SIPVFQRG[ETIVPRWM D C[MK| F[VAL{SPOG|T . LFL
B.taurus 808 ..TLY[LPVT[LS|SIPVFQRGETIVPRWM, D C[MK| FVALSLQG|T . LFL
O.aries 778 . .TLYLPVT[LS|SIPVFQRG[ETIVPRWM D CMK FVALISLQGT . LFL
E.caballus 812 . .TLY[LPVT[LS|TIPVFQRGET IVPRWM E C[MK| F[VAL|SPOG|T . LFL
C.familiaris 812 . .TLY[LPVT[LS|STPVFQRGET I IPRWM D C[MK| F[VAL{SPOG|T . LFL
F.catus 812 . .TLY[LPVT[LS[SIPVFQRGETTIPRWM, D C|MK| FlVALSPOG|T . LFL
L.hesperus 753 . .TTNVAAD[I|TKIPVFYRG[EHTI IPRKM P LMK Y|TATDAND|Q . LYI
A.glabripennis 755 ..VYNLPA[S[LDKNIAFYRG[ESTIIPRKD SLMH Y[VA LD S[KK|S . LYL
A.mellifera 770 . .LVNIPVT[LHKIPVFQRG[ESTISRKM V AMK| IVITDSAGK . LYI
B.cucurbitae 762 . .YES|IPVESDTIPVFQRG[ETIIPKKE T L|MK| V|ICL|NREGK . LYV
C.capitata 760 . .YESLPVDISRTIPVFQRG[ETIIPKKE T L|MK| VIVCT/DRAGK . LYT
S.cerevisiae 787 LIEKNTISAP[LDKIPLFIEG[EHT I TMKD MLMK| VIIAPDTEGR . LYV
S. pombe 772 . .HQV[VPAP[L|GRVPVLLRG[ENILITRE EL|TR| T|T AV[SK[T GK NEAs[Er|L v
A.oryzae 798 . .RHE[VPAP|LEKVPVLMQG[EHV IPRKD G L|MK| vvvLDKNGE . [Ap[dT/L v v
N.fumigata 799 . .RHTVPS|P[IEKVPLLMQG[EHT I PRKD GL|MR| VITVIDKNGK . e[| Y v
K.pastoris 743 . .IHELEVDTITIPVLARG[ESTIITOKL O LMK| MvELDSEGT . EMK[EKL v
A.thaliana 816 KSFIEFIRRG . . S[Y TJHRRE|VF|S K[GV[I|T[S|TN[LAPPE . . . AR[T]. . . SS|QCLIDRIILLGHS
G.soja 784 S|sFIN[F|LQG . . G|Y T|HR R F|I|F|S N|GK[L|T|S|I D|L/APASGSKGR|Y|. . . P|SDAF TERT I LLGHA
D.discoideum 847 H|S FD[YKKG . . K|F L|Y[RQF|T|F|K D|N|V|L|S|F|SDA[SNKSS . . TS[Y|. . .KPNVTTEKIVILGVQ
T.nigroviridis 846 YITFN[YEK . . KE|[F I|HRR I|S|LANNV|I|S|S|IN[LAPD . . . . AH[F|. . . T|T[P|SWIERIVIIGAT
D.rerio 820 H|T FIN[Y|QK S . KQF T|H[R RL|S|F|S NN|S|L|T|SRN[LAPD . . . . AQ[F|. . . S|[T[E[SWIERIVVIGGS
I.punctatus 844 H|T FIN[F|EKE . KQ|F T|H[R R L|H[F|F DINIV|L|T|S|SN|LAPD . . . . SK[F|. . . T|TAAWIEKVVIIGAT
X.laevis 837 H|SFN|Y[E . Q . NE|F LJF[RE F|N|Y|S QGK|L|T|AIS S|LDPS . . . .GV[F|. . .KT[P|SWIERIVITGAT
M.domestica 869 HTFN[YETQ . NE|F LIF|R K F|T|F|S GN|T|L{T|s|S S|ADPR . . . . GH[F|. . . E[T[P[ITWIERVVILGAG
M.musculus 847 HITFIN[Y|Q TR . HE|[F LL|R RF|S|F|S G|S|T|L|V|s|S S|ADPK . . . . GH[L|. . . E[T[P[TWIERVVIMGAG
C.jacchus 856 H[TFN[Y|QTR . QE|F LL|R RF|S|F|S GIN|T|L|V|s|S S[VPGD . . . . . . .|. . .PT[PAAVGRQGRFGDG
P.abelii 869 H/TFN[Y|QTR . QE|F L/LRRF|S[F|S GN|T|L|V|S|S SIADPA . . . . GH[F|. . . E[T[P|TWIERVVITIGAG
H.sapiens 847 HTFIN[Y|Q TR . QE|F LIL[R RF|S|F|S GN|T|L|{V|s|S S]ADPE . . . . GH[F|. . . E[T[P|ITWIERVVIIGAG
M.fascicularis 847 HTFIN[Y[E TR . QE|F L|L|R RF|L[F|S GN|T|L|{V|s|S S|ADPE . . . . GH[F|. . . E[TP|TWIERVVIIGAG
S.scrofa 847 HITFN[Y|QTG . HE|[F LL|R RF|S|F|S GN|T|L|V|s|S S|AD SK . . . . GH|F|. . . E[TP[VWIERVVIIGAG
B.taurus 865 H/TFN[Y|QTR . HE[F LJLRRF|S[F|S GN|T|L|V|S|S SIADPK . . . . GH[F|. . . E[T[P|TWIERVVITIGAG
O.aries 835 HTF|N[Y|QTR . HE|F LJL]R RF|S|F|S GN|T|L{V|s|S S|ADPK . . . . GH[F|. . . E[T[P|ITWIERVVIICGAG
E.caballus 869 HITF|S|Y|QTH . NE|F L|L|R RF|S|F|S GN|T|L{V|s|S S|ADPK . . . . GH[F|. . . E[T]P|TWIERVVIIGAG
C.familiaris 869 HITFIN[Y|Q TH . HE|F LJL|R RF|S|F|S GIN|T|L|V|s|S S|ADPK . . . . GY[F|. . . E[TP[VWIERVVIIGAG
F.catus 869 H/TFN|[Y|QTR . HE[F L|LRRF|S|F|S GN|T|L|V|S|S SIADPR . . . . GH[F|. . . E[T[P|TWIERVVITIGAG
L.hesperus 810 E|T F|R[Y|HLRQD S|S AlY|T K YK[F|AENML|S|SDFA[SNK . . . . . RF|. . . DISPVWLEKVVIMGVK
A.glabripennis 812 0[S FIE[Y[K NN . KK|Y L|Y|T HFD[F|K EN|T|L|T|SK L[IDKT . . . . . DlY|. . . P[TKEWIERVVILGPP
A.mellifera 827 V|SFIE[Y|RHG . . K|Y L|Y|L. S F|N|F|E EN|T|L|T|S|TF|T[DKL . . . . SS|Y|. . . QT|E[SWLERVD I ANPP
B.cucurbitae 819 K|S FD[YRNG . . T|HN|Y|T K F[N[F|E N[N|K|LD|VINP|T|GKL . . . . . KY|. . .K[TPAWIERVVIAGLE
C.capitata 817 K|S Y|A[YRKG . . E[F N|Y|L LFE[F|EN|GQLNVNFKSKP . . . . . NF|. . . K[T|TAWIERVVIAGLD
S.cerevisiae 846 E[TF|G[Y|QRG . . E[Y VIE|T QF|I|F|E NN|T|L/KN[VR|[SHIPENLTGI[HHNTLRNTNTEK T I TAKNN
S. pombe 830 V|TF|N|Y|[KKG . . E|Y L|T|R HF|S|Y|EN|G|T|L|T|]MKD|S|H SNPP VS PK|Y|SSSQKHLKVERINTIYGEQ
A.oryzae 855 E[TF|D[Y[ERG . . AlY T|H[R R F|H[F|HD|S|T|L|{S|S|E D|T|G TKGP K T AE|Y|LKAMA[S[VRVERVVV I D|P P
N. fumigata 856 E[SF|N[Y|QQG . . AlY I|HRRFK[F|E K|S|T|L|L|S|ED|[I|G TKGSK TAE[Y|LK SM[T|N[VRVQKVVVVDAP
K.pastoris 800 TISENYRLG . . HE LE[L SFQY|SNNI|[LS|SIELKTN . . . IARKEQDSLDDVLVERVIIIGLP
A.thaliana 868 [SIGPK..... SALVIEP LNQKAEIEMGP LRMGGLVASSGTKV[L|T[T RKP|GVRV|D QD W T VIK[T|L .
G.soja 839 [PISSK..... NA|L|I[EP SNQKVDIELGPLWV|LJR . . . ARAPAV|T|T|TRRP|NVRVAEDWT I|TV|T .
D.discoideum 900 |K.PH..... s|T|TIcN T T[G] L[SFEYDSTLSK|LT|IRKPDLLVDT|DF I I|K[LIN .
T.nigroviridis 897 [K[.PS..... K[V|T|L[K A A[G] LDFEFDPSVSV|LTILRKP|GVNAGEDWT I|TLK .
D.rerio 872 |R.PS..... S[v[s|L|I NAD LEFEFSSNPAV|LTVRKP|SVSAAADWT V[VLR .
I.punctatus 896 [R.PS..... S|V|S|V[K TAD|. VEFDFDSAVSV[L|T|L HKP|G[VNA|IG TD W T V|T|L|Q .
X.laevis 888 |K.PS..... S|T|TL{S LG LEFEYDQSTSV|I|T[VRKP|GVNIASDFTVS[LR .
M.domestica 921 [K.PA..... S[VIL|LIE TE[G] LTFHHNAETSV|L|TLRKPEVHV|ST|DWS I|HLR .
M.musculus 899 [K.PA..... AVIVILIQ TK|G|. L/[SFQHDPETSV|L|ILRKP|GVSVASDWS T|HLR .
C.jacchus 905 |L.AP..... LFF[LfP P P[g|. L/[SFQHDPETSV|L[VILRKP|G[TNVASDWS T|HLR .
P.abelii 921 [K.PA..... ANVVILQ TKIG|. L/[SFQHDPETSV|LVILRKP|GVNV|ASDWS I|HLR .
H.sapiens 899 |K.PA..... AVIVILIQ TK|G|. L/[SFQHDPETSV|LVLRKP|G[INVASDWS I|HLR .
M.fascicularis 899 [K.PA..... AVIVILIQ TK|G|. T/[SFQHDPETSV|L[VLRKP|G[INVASDWS T|HLR .
S.scrofa 899 [K.PA..... TIV[VILQ TK[G|. L/[SFQHDPETSV|L|ILRKP|GVNVASDWS T|HLR .
B.taurus 917 [K.PA..... T|VIV|LIQ TK|G|. L/[SFQHDPETSV|L|ILRKP|GVNVASDWT I|HLR .
O.aries 887 |K.PA..... TV[VILQ TK[G|. L/[SFQHDPETSV|L|ILRKP|GVNVASDWT I|HLR .
E.caballus 921 [K.PA..... AVIVILIQ TK|G|. L/SFQHDPETSV|L|ILRKP|GVNVIASDWS T|H[LQ .
C.familiaris 921 [K.PA..... AV|TILQ TK|G|. L/[SFQHDPETSV|L|ILRKP|GVNV|ASDWS T|HLR .
F.catus 921 [K.PA..... ANVVILQ TKIG|. L/[SFQHDPETSV|L|ILRKP|G[INVASDWS I|H[LR .
L.hesperus 862 [SGRQ..... Y|K|/A[S|LF KD LEAKHDSTTNT|L|T|IRKP|G[VP I|AAKWI I|K|[IK .
A.glabripennis 863 [SGIK..... GAK[L|T S K|S LETSYDGEERT|L|TVRKP|GVSVIRE[PF S T|K[L|Y .
A.mellifera 878 |KGVK..... SAVILNSR[S|. LETKYNPNNNV|L|T|IRKP|S[VNMGE|EWT I|E[L|TH
B.cucurbitae 869 |RAPK..... SAITL|T ID[G KELEVLPHGEA|I|A|IRKP|GVSV|QQ|T YN I|R[LNF
C.capitata 867 |RTPK..... spalT|L|T valg] ODLEVLPHEEG|V|A|I RKP|G[T SV|LE[LF T I|RLNF
S.cerevisiae 904 |LQHNITLKDS[I[K[VKKNGE..ESSLPTRSS[Y|. .. .. ENDNK|T|T|T LNL|S|LD I|TEDWE V|I[F|.

S .pombe 888 |TRKS..IKIRK.[TIDS|.|........ EVTEWDVSVD. ..DS|GC/IRNPQLFLV.|. . . .|.[.|.

A.oryzae 913 [KIGWQ..EKST|V[T|[VIEDGA. .KTASTAAME[YHAQPNGKAP YAV|VKNP|T[VS I|GK|TWR I|E[F|.

N.fumigata 914 [KEWQ..GRTS|V|T[VIIED[GA..KMASTAPLE[YHAQQAGKAAYANV|[VKKP|D[VGI|GK/TWK I|E[F|. .
K.pastoris 855 [DDFT..SVKARKNVL.TQG. ........ EKTWISNWTKENGY|LVVKNPRVS I/SQSWE IN|IJEV
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O.sativa N N RN Jeooocooooo
T.cacao R 0000000000000 0060G00000 0 MK 000000 LT.LSFIS......
A.thaliana RN . 0 000000000000 0000GO000GDOG MR 6 oo oo VVVISISFVS......
G.arboreum POl 5 0 0000000000000 0000000000G00D0D0D00C000G0GCO00000GDO LIRS
G.soja POl . 6 c 0000000000 GC000000000G M 6 6 6000 LLRLRIL........
M.truncatula e ..Ml KLQLR|IF........
H.saltator RN 0 000000000000 0000GO000OGDEG MTFPDRSREKMDRYAVWL . ......
L.hesperus FBl . o ccooco0oo0o00000000000000D0O . .MRERC.RLLTAPAMYIE......
A.aquasalis POl . 6 c 6 c000000000GC000000000G . .SRNGSKPVIEPRKMFTR.QIHGT
C.quinquefasciatus e MWSP . ..RGK
B.dorsalis O . 0 0500000000000 00000000000000060000000000000G0G0O D0 MY ..... QLG
M.domestica POl 0 00 00000000000000GDGC0000000000DGDGCO0000D0GC0000000GD MLTSKKLCGI
A.suum PO . 0 c 0 0000000000000 000000GC00000000D0GDOG MQ.RITFVLFVVSLWLE......
C.milii 1 LLOMALAL L L. S
M.musculus

B.taurus

H.sapiens

S.pombe

U.maydis

A.otae

A.dermatitidis

T.marneffei

P.digitatum

P.expansum

B.spectabili

A.clavatus

A.oryzae

E.dermatitidis

G.lozoyensis

M.brunnea

S.brasiliensis

T.reesei

M.album

F.oxysporum

G.moniliformis E
C.higginsianum FEl . 0 C 00 0000000000000 00000000600GD00000006G0OCDGG00000G6DOOD MRQS . YSL
N.crassa P 06 000000000000000G0000000GC0000000GO0GOGD0GCO0O0O000GOGGDO MRRT...AAL
N.tetrasperma PRI 5 6 5 0 6000000000000 060500000000000D0D0000O00D060O00D0D000 IMRRT . ..TAL
O.sativa 1 . .MGLHTLLLLLLLRISASAAASRPPLD[TL PPQDEAYFERG. ..... GV|I|R[®RD .|GISGR
T.cacao 10 ..LSLTI|SS|L|I|I...PSHASSSSLPSNS|FL APQDED|YFKG...... EI|IK[®KN .|GISKT
A.thaliana 12 . .VSLQL|SF|LILLLASA.IRSSSSPPNDPFL SPQDEK[YYKS..... S SE[IK[MK[]D .|GSKK
G.arboreum 5 ...SIFILLLFICIASFIRSSSSSAPKHTFL SPQDED[YYKSS....SDS|IK[®KD .|GISKK
G.soja 10 ...LIALLLMLCA....PFSSSSKPKDPFL APEDDD|YYKS..... SDV|IRMKD .[GISGK
M.truncatula 9 ...LIPLLLV[F|LA....PLSSSSKPKDPFL APQDEK|YYKS..... SDV|IRMKD .|GISAN
H.saltator 19 LVWGSLL|LA|.|.|. . .HTSHV....AGSTT|IR PLAMRS|LY|SPN....REL[FEMLD .|GSML
L.hesperus 17 HV...YILFMLS..LSVDC....VNYDFPR[§VRPNVATFYDP..... SKD[F|VIMFED . |GLVT
A.aquasalis 23 AGWLLLMAAT|VIGHFGWVAR....TEIPRPR] SISQAILY[EDR..AGSGQEF|V[LD .[GRKV
C.quinquefasciatus 8 ESGRLLL|VLVILICSFGILVL....TELPRPR[VISISRASILYP....AGGGK[F|V[§LD.|GKRT
B.dorsalis 6 LKSLQLQLL|LILAIIVTLSV....ADVPRPV] PLYKAS|LY[APR. .S .DKS[WV[@LD .|SKKT
M.domestica 11 LPSGFLC|LC|VILTTLTDLSL....AEVPRPI[§V[SLTKATLYRPN..S.DNTWK[LD.ESKT
A.suum 17 ADPTSLGLLKKTISKEPKPS....GYGMRPR PFIHGGLYAT..... GVN[F|SI®F|T .[GISKI
C.milii 4 .P. .LGLLLAALLTLGTA....VEVKRPR[EVISLTNRQFYEE. .. .. TKP[F|TIMLD .|[GISKT
M.musculus 1 R MLLLLLLLLPLCWA....VEVKRPR SLSNHHFYEE..... SKP[F|T[MLD .|GITAT
B.taurus 1 e MLLLLLLLPMCWA....VEVRRPR[EVISLTNHHFYDE. .. .. SKP|F|T®LD .[GISAS
H.sapiens 1 ... MLLPLLLLLPMCWA....VEVKRPR) SLTNHHFYDE. .. .. SKP[F|TMLD .|[GISAT
S.pombe 4 SQWYTL.TAPILLISSLY....TVNAANDLR[§VASDKSDLYKPD...AKGNWK[MLG.|SDKL
U.maydis 8 VV..AL.AAGALSASAS....ASSSATP|LR LTDAAK|[YQPTKDAQSQLRWK[MLD .|GISKE
A.otae T [N LE|T|.AAVGPTLCVAAGEKGSRPR[§VIGPEFAKFYKD. . ... TDSF|T®MISNPTIK
A.dermatitidis 8 FV..... ALGIVITICSAIGV.VGSDASARPR GPEFAK[YYKD..... TSTEFAMISNPSVQ
T.marneffei 8 FV..... LIL|GII|STCKSVFA.ASSEASARPR[EVIGPEFAKFYKD. ... . TTTFE|TMISHPDIK
P.digitatum 8 LL..... LAARAl. .. .GSVAQASSDKPAR]PR] GPEFAK|FYQD. .. .. STT[F|T[®I|SNP|STK
P.expansum 8 LL..... LAAMRAl. .. .GSVAQASSDKPAR]PR| GPEFAK[FYQD..... STT[F|TI®MI|SNPISVQ
B.spectabili 8 LA..... FLIGIATCSTAWAA. .ANDASRPR] SPEFAKFYKD. .. .. TTTF|T®MISHPAIK
A.clavatus 58 LV..... IASITIAACSTTVA.AASDGSARPR[QVIGPEFAK|FYKD. .. .. TTT[F|T®ISNPAIK
A.oryzae 8 LF..... FV|SILAACSTAVVAASNDGSARPR GPEFAK|FY[KD..... TDT[F|T[®ISHPAIK
E.dermatitidis 8 LLWWPV.LV|[TSAWAAET....RASESSRPR[§VGPEFAK[FYKKT...PSDT[F|T[®ISNPSIT
G.lozoyensis 8 V...... LLGTLSTS.I....LAAEPSRPR| GPDFAK[FYKS..... ADT|F|IT®MI|SHPEIS
M.brunnea 21 V...... LLIS[TILSTS.I....LATEPTRPR[EVAPKFAKFYQS..... VDS|F|S[®V|ILNP|EIK
S.brasiliensis 8 L...... LAGAFASS.N....VAIAASLPR] SPEFAK[FYEA..... KSK|FIT®MITNP|ISIV
T.reesei 8 A...... LLIGAVCW. .T....VAAAGSVPR[(VGPEFVS[YY|QN. . ... KDS|F|IT[®MIANPISIT
M.album 8 V...... LLGAVSSL.A....AVAAGSLPR| GPEFASHYQD..... KTE[F|S[®I|SDV|ISIT
F.oxysporum 8 A...... LLIGAIYAF.T....LAAAGSVPR[EVIGPEFASHY|QG. ... .. DE[F|S[®MI[TNAATIK
G.moniliformis 8 A...... LLIGAIYAF.T....LAAAGSV]PR GPEFASHY|QG. ..... DE[F|S[®I|TNAATIK
C.higginsianum 8 V...... LV|GTIFLCAAA....PVSATSLPR[VGPEFAKFFEA. .. .. KET|F|S[®I|GHPEVK
N.crassa 8 V...... LLSITIAPTGT....IAATESVPR| GPEFAK[FYAN. .... KET|F|T[®I|ISNPISIV
N.tetrasperma 8 V...... LLJS[TITAPTGT....VAATESVPR[EVIGPEFAKFYAN. ... . KETE|T[®ISNP|STIV
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Appendixz C
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Figure C.3: Multiple sequence alignment of PRKCSH genes. Appendiz C
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NQ[E IJOKAKV]

O.sativa 138 ATYKSGV[VI[ AFAKDEAE[LAKTLKGEEKI[LQGLVDKLTEQKKL[TEKAEEEER
T.cacao 144 EMYHKG[VALRREENKQAKQATARDREE[LLA[LENEKDVLENLVKQLEGQT . .|. QKLE[QEEH
A.thaliana 149 ETYNQG[LVIRRQEI|EQAKV|GLEKDAAE[LKK[LKSEQKILKGLVDQLKDRKEQ|TEKVE[EKER
G.arboreum 143 NTYKEG|V[TLRTKE I|[EQAKI|AIAKDEAE[L|TK[LONEEKLLKGIVEE|[LKERKEQ|I EKAEEKER
G.soja 143 ATYQEG[VKLRKQE I|EQAKV|AMEKDEAE[L|SK[LKKEES I|LKGIVKQLKDHKEQ[I DKAEEEER
M.truncatula 142 ATYQEG[VKVRKQAIEHAHLALEKDEAE[LSK[LKKEES ILKGVVKQLKDHKEQ|T DKAEEKER
H.saltator 154 QQARDGNKLRLELVISKGKT|LKAEYRSQ[LAKVRANYEERAELTRKEKEVLKAQAEERERL. .
L.hesperus 147 KILREGNDMR[LKLI|QQAKQ|IRLOKEER[[KK[LEDERVEAEKLKDS|AESQKRFAEEVEDA . .
A.aquasalis 162 EMLRTGNALRLEMAQRGRG|LKDEQRVR[[AE[LJEKSRAEAEALRDEKASLKSEREELENA . .
C.quinquefasciatus 145 EMAKMG|QOMR[AEMSQRGKS|KEEQRLRFAE[LJEKSKVERAFAIRDEKASIKSDAEALESY. .
B.dorsalis 145 DLHKRG[SEKRAELI|SKGKQMRTEREARHKV|[LQORRNEQFEATIKAEKEQLKKNRAERAERE . .
M.domestica 148 EMLKKGAAKR|SEMVARGQOQ|LKAERESRRRE[L[EQRRQEQEALKKEKEELKKQRAESLESE . .
A.suum 153 AVAQKG[YAKRLE[LAQEGAK|I|KAEKEKG|I[DA[LRKERDEL SPKKEEAEAKKKEREEK[ETE . .
C.milii 136 EVAKEGFRVKQQL I|EEAKR|SREDKQKK[[EE[LAKSKTTWE|SQVEL|LKAEKDAREKP[EKE . .
M.musculus 132 EVTREGFRLKKILIEEWKTAREEKQSK|LLE[LJQAGKKS[LEDQVET|LRAAKEERAERPEKE . .
B.taurus 131 EVTREGFRLKKILI|EDWKKAREEKQKK[L|IE[LJQAGKKSLEDQVEV|LRTLKEEREKP[EEA . .
H.sapiens 132 EVTREGFRLKKILI|EDWKKAREEKQKK[L|IE[LJQAGKKSLEDQVEMLRTVKEEREKP[ERE . .
S. pombe 139 RLVKNG|LKIREQWALESAKKTDEVKAR[Y[KE[I|[SDSLVAVSAEKTQLSEKVEKMKRSIT. . . .
U.maydis 148 NLRRAGAKV[RDK[Y [|[AEGRKQKELLHAE[I|AK[LEIEVQVATENEARFKAELTRAETSDKALI
A.otae 170 KSYSAA[LRKRKELVAQASK|TEKDMQDRV|[LV[LEKEAQG|LE|ISVKD|LEAQLEIARANNRGKS
A.dermatitidis 168 KSLTAA[VRKRGE[LVKAAAR|LRKEVEDR[I|SD[LEVE IKASEMKVQN|/LKDALEAVRAKERGKV
T.marneffei 172 RSLNAA[LKKKKE[L I|AESGR|LTKE IEDR[I|VD[LEVEAKAKETIKIQSMEIELEKLEREERGKV
P.digitatum 169 KSMTAA[LKKKRD|[LLVDASRQKQEIEDHV[AA[LEAEVQGAELKEQN/LEADLKLAQEQD[SKVV
P.expansum 169 KSMTAA[LRKKKD|LLVDAGR|QQKE IEDH[I|AA[L[EAEVQGAELKEQN/LEADLKLAQEQD[SKVV
B.spectabili 171 KSFTSAMKKKKE[LVTEASR|LRKE IEDH[IND[LETE IKAEEIKIQGLEAELHRVEKAERGKV
A.clavatus 222 KSMTAA[LKKKRD|LLVDSGRIQEKE IEDH|I|KR[LEAE IQA|QEIKVKNMEVDLEELQKR[EQSKV
A.oryzae 173 KSMTTA[LKKKKE[LLTDAGR|QQKEVEEN[INR[LEIQIQGQETIKLKD|LEADLEE|TEKQERSKV
E.dermatitidis 177 KAYQAA[LKRKKS|LAADAAR|LQREVELR[I|[HD[LETNLEAFRVKVKDAAENLKEIVERREKLKV
G.lozoyensis 163 KSLRNA[LKRKDA[LI[KDAGEKRAGLETS[I[SN[LJESEIRV|LEHREQD|IJKKVYEDVERRERGRV
M.brunnea 176 KSAKAARKER/INLVNEAQA||RAGVETS[IRN[LEAEVTVLEQKAEE|[[KKKYEE[VERKERGRM
S.brasiliensis 167 QGQERA[LKQRRALVQEARQLRNQVVER[I|AK[FRSEIVG|LEKTRDR/LQRELSE|TERAERGKV
T.reesei 166 KNVARA|[IVKKQEMI|KEAKG|L{LRLAEAR[I|TA[L[EKD IKD|LSAQKEE|L|QRKYDQIVQSE[EQGKL
M.album 167 QKMQRA[IKQR[NALI|SEAQQIROKAEAK|I|[VQ[L[NAE IKS|LDAKKAE|[L|QKKYAARQLQDRGRYV
F.oxysporum 166 KALQKARAMKR|GAMV|SEAKD|ROQKVEKK[AED[LKKE IAALEVKKEE|[JAQKHRDRAEQQDKGKV
G.moniliformis 166 KALQKAAMKR/GKMV|SEAKD|LRQKVEKK[V[ED[LKKE I AALEVKKEE|[LJAQKHRDAEQQDKGKV
C.higginsianum 168 DAIDKAAKRRKTMAKESRE|[LRRRVEAK[VNT|LKDEVKD|LETRKDE|L|[EQKLHE|TERS[EKGKV
N.crassa 168 QSKERS[AKQRRT[LVKEASE|[LRRRVESK[V[AS[LKEE IANLEVQKAE|[L|QKKYDE[VERAERGKV
N.tetrasperma 168 OSKERSAKQRRTLVKEASELRQRVESKVAS[LKEE IANLEVQOKAE[LQKKYGEVERAERGKV
sativa 198 LRKEKEE.KRMKE A’ﬁQAADEKKASDASQEVDSQENHETV ......... QE[DESKVAE.
cacao 201 LEKEEKM.KE..ASSNEKVEKEKSET.EE..KVDSQ.|. .[...... KEPL.......KT..|.
thaliana 209 LQKEKEE.KEKKERE[LAAQQGKGPDAEEK..TDDSEKVEESSHDEGTPAVSQHDETTH. .|.
arboreum 203 LQKEKEE.NEKQKRAEEALRENEKAEEEG..KVENEKVEQEANSEDKPKENTDDDDKFGN|.
soja 203 LQKEKEE.KQKRESEEKANEAKDKA.DE. .DT. . . EHR. ..vuweunnwn.. NEAEKHSD|.
truncatula 202 LQKEKEE.KQKKEREEKANEKQVK TR et et e e NERAEKHSD
saltator 212 .ALEKYK.TETEPEQVVEEESSL[S IDPE . v v ve e EKCFRI
hesperus 205 .GLQVYR.AQEEKRAR|TAl. ..... AWKE « o v v oo e e HDAFVN
aquasalis 220 .ALKVYR.DREEERKRI|. ..... NRDE . o v v ve e METF QK|
quinquefasciatus 203 .ALKVYR.DREEDRARRV|...... NREE ... vuueun... EETFRK
dorsalis 203 .ALEIYK.EQQREKD[AAARAEAA MRYE . oo v eeeee EAAFIK
domestica 206 .AIAYFK.ELHKETERQ. ..... TPNE...ovuuenn.. ADKFMH|
suum 211 .AKDRHR.KAWEEERDR...... KOTK. o' veeennn. VALFGM
milii 194 .AKDKHH.KMWEE|[TKALR. .... EKLR. . ovvvnenn.. AEAFQE
musculus 190 .AKDQHR.KLWEE|QQRAA. .. .. EQER. .o vveeun . ASAFQE
taurus 189 .AKDQHR.RLWEEQQAT|S..... EREL .« oo v vee v ASAFQE
L
G
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sapiens 190 .AKEQHQ.KLWEE AAA. . ... e - EQEL . .. ... ... ... AADAFKEL
pombe 195 ... D A.[EAVLPLDF LRVALL..SLVDERNEMQERLDI|L
maydis 208 DAKV........ K|T|.|. .|. . PLYTK|L YQINAIR..ALHVKNAALKAELQT|L
otae 230 ASGQ..... KQGKAYELAQLAKTRT. LRTVLA..EVHKQRDQV|ITLLREA
dermatitidis 228 VKGQ..... KKGK|VNVLAGLAKERV . LRGALV..EVLRERDENLARVNQ|L
marneffei 232 VKGA..... KKGK|LGLLVGLARTRI . LREALD..EVRQQRDEISRARVEE|L
digitatum 229 RTGK..... GKGK|VINALSNLAKARV . LRINALV..DVRRQRNEARERVKE|L
expansum 229 RTGK..... GKGK|VARLSNLAKV[RV . LRNALV..DVRRQRDEARERVKE|L
spectabili 231 VKGK..... KKGK|VNVLAGLAKSRV . LRNALV..DVRDQRDE[YHSRVKE|L
clavatus 282 VRGK..... KTGK|VNILASLAKGRV . LRDALV..EVRRERDERARSRLKE|V
oryzae 233 VMGK..... KAGK|VINVLAQVAKGIRV . LRTALA..EVRKERDETRSRIKE|L
dermatitidis 237 VRGQAAG.KGAGQILGVLVGLAKSR|V. LRAQLE . .KTKKQRDAMLERVTE|L
lozoyensis 223 VGGSTT..GKVSKV[TVLAGLAKARV. LRSTLL..GVVEKRNK[LKEKVAE|L
brunnea 236 VTS..T..GKGSKV[TVLAGLAKARV. LREALI..NVVDKRDKMKERLEE|L
brasiliensis 227 VKNGGSGPKKGSK|LSILLVSLAKQRV LRETLD..KVLDHRDDILIQDKVDE|L
reesei 226 VKSEGG...AGGK|LGVLVGLAKERV LREALR..LVTEDREVLRGKRDE|L
album 227 VKSQ.G...AGGK[LGVLVGVAKPRV. LRNTLD..KVLGQRNN[LRSRVEE|L
oxysporum 226 VREG.P...GSGK[LGVLVGLAKTRV LRDTLD..KVVTQRDA[LKERVGE|L
moniliformis 226 VREG.P...GTGKLGVLVGLAKTRV LRDTLD..KVVTQRDALKERVGE|L
higginsianum 228 VKGE.G...SGGK[LGTLLSLAKTRV. LRETLE..DVVAHRDELQNKVKE|L
crassa 228 VKAP.G...EGGKLGVLVGLAKKRV. LRDTLD..KVLDQRDD[LQDRVDOQ|L
tetrasperma 228 VKAP.G...EGGKLGVLVGLAKKRV ILRDTLD..KVLDQRDD[LJOQDRVNOQ|L
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Figure C.3: Multiple sequence alignment of PRKCSH genes.
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Figure C.3: Multiple sequence alignment of PRKCSH genes. Appendixz C

O.sativa 315 LIGRLVASRWIGEKVDEVSKDDKNEHEAEHDMPEHSEETHEDESDVPESAEDSYAGYHSEV
T.cacao 268 LIGRLVASRWIGKKTEDQVEEIDTAKRDY........ VGNREKEESAHDEHSIN.......
A.thaliana 354 LIGRLVASRWTGEKSDKPTEADDIPKADD........ QENHEHTPITAHEADEDDGFVSDG
G.arboreum 355 LIGRLIVIASRWTGEET S o v v v vt i i e et e e et e e ettt e e e et e e et e e et e
G.soja 350 LIGRLVASRWTIGENTDKPSAEPDTTLDNE........... DREDP .KGKNNEEYEGYASET
M.truncatula 344 LIGRLVASRWTIGEDVGKKSVEANTALDNE........... DQEDILHGTNNEENEGYASET
H.saltator 297 WDEF|LNMAREKEHHEVKLAV..EKIKAIAGYP...ARE.LP........ DDEG.......
L.hesperus 284 EEVFHNSVWPHVKPLYMIEKGLFLPPEP...H...QDE.PLOQNENLETPAEEN..LE. ..
A.aquasalis 298 FETFVITLCWPRVKPFLMMDSGLFKPPAP...A...GEE.TE.QAELQS..EDG.GYELEG
C.quinquefasciatus 281 LIETF|I|[SLCWPKIKPFLMMDSGLFKPPSD...V...DEL.NQEEAELQNEEDDR.RYELDS
B.dorsalis 286 LDSFYDLSWPRIKPLKMLAEGIFKPPTV...E...DVE.HPEEDEGEEEGQTG.PTGS. .
M.domestica 283 L|DAF[IITLSWPRIKPMLMVGQGIFKPPQL...P...NEN.NDGDDAGKEKQGK...SEA..
A.suum 282 LEHFKTINVYETIKMLFPDPDEEEKEK....K....SEV.KESENLEALLSEERHKPESES
C.milii 269 VITSFQETVWAGIKDKYKFEQVSPETPAPPDVP...AEE.KTE.NRPESRREEWKKNAGDD
M.musculus 265 T|TSFYDRVWAAIRDKYRSEVPPTDIP....VP...EET.EPKEEKPPVLP..... PTE. .
B.taurus 264 AAFF[YDRVWAAIRDKYRSEVLPTEYPPSPPAP...DVM.EPKEEQPPMPS..... PPT. .
H.sapiens 265 A[TSFYDRVWAAIRDKYRSEAL EPKEEQPPVPS..... SPT. .
S.pombe 274 VHNYL|. . oo vvv v v i E. LN NHL.SMLTG.
U.maydis 297 VDOQIA[ ...t PPN .TKLNELLDEGDWPWAKLSTLL
A.otae 320 L|FDA JHOo oo DEPFNNPEQWAEE .
A.dermatitidis 319 LDEI|C LS. ENSGINWDHWENEQ
T.marneffei 324 LDEIA LS. DSAGIDWVHWENQN
P.digitatum 320 LDETIA Dol EDSGINWEHWESEE
P.expansum 320 LDETIA LGl EDSGVNWEHWENEE
B.spectabili 324 LDEI|S LS. DSSGINWEQWENEE
A.clavatus 373 LDEIA LS. DESGVNWEQWEAEE
A.oryzae 324 LDEIV Do DKSGVNWEQWENEE
E.dermatitidis 331 L|AATI[L SN EANGINWEEFENAP
G.lozoyensis 315 V[EAV|S LS ESEGINWKEWETEE
M.brunnea 329 FREIM LS. ESEGINWAEWETEE
S.brasiliensis 322 VHAVL S EENGVNWKAFETD.
T.reesei 318 IRE I|L| Do ETNGVNWKAFDEL.
M.album 318 VDEI[L| LS. ESSGINWAEFEGGE
F.oxysporum 317 VLSV LG ENGGVNWSEFEEG .
G.moniliformis 317 VLSV LG ENAGVNWSEFEEG.
C.higginsianum 319 IKEV[L S ETSGINWKEFEED.
N.crassa 319 VLEV[ LG PDSGINWAEFQEE.
N.tetrasperma 319 V[LEV]LJ LG PDSGINWAEFQEE.
sativa 375 EDDRHKYDDEDFSH....... E.... ... ... SDDEYVD .DHD|EHVASYKSDDDQKGDDH
cacao 313 . .NALQFNENTQKH....... H.EKGR..NDAGDEESVADDVGISISSTHYNIRLEDHE .NS
thaliana 406 DEDTS....DDGKY....... SD.. .HEPEDDSYEEEYRHD|SSSSYKSDADDD. ..V
arboreum e e e e e e e S
soja 398 DDDNNKYDDDSHKY....... DDE...... DEVDDEYREDEHDDLSSSYKSDSDNE...P
truncatula 393 DDDTSKYDDDTGKY....... DDDTGKYDEDINDEEFQEDEHEDLSSSYKSDVESE. . .P
saltator 336 ...... EEDEGDA....... SD.....REEEEAEAEAEAEAEAEAEA. ... ... ... ...
hesperus 332 KEDDSHYEEEPDT........ L.. . .DKQDDDDEEGNLG|E[QEA. .DGGQTGEGEVT
aquasalis 347 SEADLREGNVDDD...EGQ..L...D....EELDDEEEEDDVGEGEIERTEYDRDEQR. .
quinquefasciatus 333 SEPAHHYNEEEEE............ G....TELEHEEEEDDEGLDEPEV..GEGQVQT. .
dorsalis 336 DQLPIEE...GRE..QEGA..... YG..EEDLYEDEEGEADVG|.[. . ..o ... VGS. .
domestica 331 DDMITEYNERGEEIHRPQT..YPEDG..EEEEEAYEDDEADVG[.|. .. ... EGT. .
suum 333 VR.SEQLNELGEM..KPGEPQDDALSELEELEKLDAGETHKEDEQHF........ DGM.P
milii 324 REEDEEEDDDDDD..DEGDDGDDEGGGAEEEDDEDEEDSDDEGGRER. ... .... YKD.P
musculus 310 EEEEEEEEPE .EEEE......... EEEEEE........ EAP.P
taurus 313 EEEDEDEEDE .ETEEDEDEEDEDSQGEQPK........ DAP.P
sapiens 313 EEEEEEEEEE .EEEAEEEEEE. .. .. DSE........ EAP.P

pombe 291
maydis 326
otae 342
dermatitidis 342
marneffei 347
digitatum 343
expansum 343
spectabili 347
clavatus 396
oryzae 347
dermatitidis 354
lozoyensis 338
brunnea 352
brasiliensis 344
reesei 340
album 341
oxysporum 339
moniliformis 339
higginsianum 341
crassa 341
tetrasperma 341
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Figure C.3: Multiple sequence alignment of PRKCSH genes. Appendiz C

O.sativa 417 SDFTASGQASWLDKIQQTVOQONV[LRTENFFK.[TP........... VDLSE[ASRVRIKEYDD|A
T.cacao 360 SDIATPSHQSWLVKIQETAQNILQSVNEYP.TP........... VPNLDANQVRNE YNN|Y|
A.thaliana 446 DFSETTSNPTWLEKIQKTVKNILLAVNLFQTIITP........... VDKSERADR[VRKEYDE|S
G.arboreum 370 .P...SSDPSWFEKIQKTVKNV|LDAVNIFK.[TP........... VNISDAAHVRIKEYDE|S
G.soja 442 DL...SDNPSWLEKIQRTVRNIFQVVNLFQ.AP........... VNQTD|AARVRIKEYDE|S
M.truncatula 443 DL...SDDPSWLEKIQKSVWNIIQVVNIFQ.[TP........... VNQSDRAAR[IRKEYDE|S
H.saltator 365 ...... EAETGI...... EKEAESTIQYDEETIQ. ... . ... ... VLIDEANNARERLQE|V
L.hesperus 374 PE...HK.............. E[SITEPVYDAETIT. . . ..o v oo RLIEEANEARTQFNSA
A.aquasalis 393 SA...PA.....i.n PPIPPVQYDPETIQ. . . . v v oo .. ELINKANEARNQYSEA
C.quinquefasciatus 373 EQ...PE.............. EAPKVEYDPDTA. ... ....... ELIRKANEARNHHSER
B.dorsalis 370 VA...DA. .. ... THPEPDYDPE|TK. . ......... HLIDLANEARNAYSERA
M.domestica 373 VQ...DT. ..ot NPPTLEYDAETIQ. . v v v v v v v RIINMANDARNSFAEV
A.suum 381 PP...PTLPPPT...... LRLEDAMPDYDDETK. .. .. ... .. KLMAEADEARKALTEV
C.milii 373 ED...RYQPPKK...... EVVDEQMPPYEEQTIQ. . . . . ... ... ELIDAADRTRSAFSER
M.musculus 334 PL...QPPQPPS...... PTEDEKMPPYDEETIQ. ... ....... AIIDAAQERARSKFEE|Y
B.taurus 346 PA...PAPQTAS...... PTEEDRMPPYDEQTIQ. . .. .. oo ... AFINARAQEARNKFEE|A
H.sapiens 341 PL...SPPQPAS...... PAEEDKMPPYDEQTQ. . ... ... ... AFIDARQEARNKFEEA
S.pombe 298 S.SLIKDIKKILNSLVWNIKLS|LINFGILSP|SASSTPLT.......... D|SE|SYRRFEAA
U.maydis 360 HEYLPDGIVPYFEAMVDTLLDV|LMKANVITDVKRMRPKSSVGSESEPET|V|SVARRAHTDA
A.otae 351 ASFLPAGIVNSIEDGIASFRSA|L[VSNGLLADN|SV....DSD..SNEPREVKDARDRVFEDA
A.dermatitidis 354 AAYFPDSLVNYLEDKALQLRSI|LIVSNGIVAD|TSS....DSD..ATEPRA|V|ITEARNAVSAE!
T.marneffei 357 LAYFPPVVVEFLEDKYNSIKKF|LIVENNIIPGADS....E.T..ETESKAV|TERKNALQSE!
P.digitatum 355 AAYLPPSLVSFIEDRIVFAKGF|LEEKGILPKADE....N.S..SSESKAV|TQAREALKAZ
P.expansum 355 AAYLPPSLVSFIEGKVVSVKGYLEEKGILPKADE....N.S..SSESKAVTRARDALKAA
B.spectabili 359 AAYLPPSLVDYLEDKLSSFKSF|LIVSNGVLTEREV....T.S..SSESKAV|TERARDALNAA|
A.clavatus 407 AAFLPPSFVSLIEDKLISIRGF|LEDNGILPKKDE....V.T..TTESKAV|SERARDALERA[A
A.oryzae 358 AAYLPPSLVNFIEDKALAIRGF|LEQNGILPTKDE. G.S..ASESKAV|ITEARDAVDAV|
E.dermatitidis 367 SAYLPDGFKLWLDEKIASLRQF|LIESGVLAGRSN....DPAAAAAESKA|V|QERAKKALSEA|
G.lozoyensis 349 EEYLPEGVRTWVHQKIIDMRIMLVENGILADNAN...... SGS..ESKAWV|SDARASYQS|V|
M.brunnea 362 EEYLPEPIREWVHQRIIDVRIMLIENGILADHAN...... SGS..ESKT|V|SDAR[SALQAV
S.brasiliensis 355 EAYLPPSVRLYLHDKLAALRVWLWVESGLLADNSD...... ASN..ESQALKNARGALQSHA
T.reesei 350 DAYIPPFIRGVIHDKIRVIRKWLMDNGMIADEAK...... TGS ..ESSAARAAREAVEAA
M.album 352 EAYLPGFLHGFVHDTATAVRLWLIQNGVLADNSP...... SGA..ESQVVKAAREAAEAA|
F.oxysporum 350 EAYLPPPVRAFIHNSLDNLRVWAITNGILADNSS...... PGK..ESTLVIRAAREAVDAA
G.moniliformis 350 EAYLPPPVRAFIHNSLDNLRVWAITNGILADNSS...... PGK..ESTLVRAAREAVDAA
C.higginsianum 352 EAYLPDAVREFVHGKLLSLRVWMIENGLIADNNQ...... AGA..ESRL|VKAAREAFNSA
N.crassa 352 EAYLPPSVRPFIHSKISSLKVWLIENGVLADNPT...... TGGPTESKL|VIKARRDALEAA
N.tetrasperma 352 EAYLPPSVRSFIHSKISSLKVWLIENGVLADNPT...... TGGPTESKL[VKAARDALEAA|
O.sativa 465 SSK[L|SKIQSRISTILTDK....... LKHDFGKEKE|F|YYF|YDQICFESKEG, VCIPFKKA
T.cacao 408 TTR|LHDIESRISSLTEK....... VKYDFGIDNE[F|YLFYDR|CIFESKQD VCIPFKHA
A.thaliana 495 SSK|INKIQSRISSILEKK....... LIKQDF GPEKEF|Y S[FHGR|C[FESKQG VCIAYKEA
G.arboreum 414 SAK[LSKIQSRISSILTOQK....... LKHDFGLEKE[F|YAF|YDR|CFEIKQN VCIPYKQA
G.soja 487 SAK[LSKIQSRISSILKQK....... LKHDFGPAKE|F|Y SF|YDHCFEGKEN, VCIPYKQA
M.truncatula 488 SAK|[LSKIQSRISSILTQK....... QKLDFGPAKE|F|YSFIYDR|CFESKQN VCPYKQA
H.saltator 402 EKA[V[SELQAEISQLEVK....... LRHNYGPDDE[F|AS|LYGE|ICFEYTDM LCILYDRA
L.hesperus 406 OQEALONIEREMOQQIIKEK....... LDMDYGPEDE[Y|SP|LDGQ|C|F TF TDRJE LCPFNQV
A.aquasalis 425 ERH[VREMDQEMRN|IIKEL....... LDKDYGREEE|F|APLINGECFNFEDR LCIPFDKA
C.quinquefasciatus 405 DRHVREIDQEMRN|I[EDA....... LINKDYGRDEE|F|AP|LINGEICINYEDR LCIPFDKA
B.dorsalis 402 EQK[VREIENEIRD|IIQDQ....... T|SK|DYGLNEE[Y|AALDGE|C[FETFEDR| FCPFERA
M.domestica 405 ERT|IREIDQEIRD|IIDDQ....... N|SKDYGPHDE|YAIILEGE|CYKFEDR|E LCIPFERA
A.suum 421 SNR|IVELDSSIRDRAESY....... LINGDFG[VDSAWAPILKGKWLELDDS LCILFERA
C.milii 413 EKS|LKDLEDSIRS|IEKE....... LITIDFGPYGEFAYLIFSQCYEMNTN LCIPFNKV
M.musculus 374 ERS|LKEMEESIRS|LEQE....... I|ISFDEFGP SGE[FAY|L[YSQIC[YELTTN, LCPFKLV
B.taurus 386 ERS|LKDMEESIRNILEQE....... I|SFIDEFGPNGE[F|AY|LYSQIC|[YELT TN|E LCIPFKLV
H.sapiens 381 ERS|LKDMEESIRNLEQE....... IISFDFGPNGEFAYLYSQC[YELTTN LCIPFKLV
S.pombe 347 OQRD|LDAAEENEKS|LEKEHTKLMHE|LEYHH.GWDL[Y|RA|IKGMETKREIG VVIFYENV
U.maydis 420 AAH[LSRTTHELSS|LKQK....LSEF|STRYGRSAE[F|KALENK|C|[FSKDMG YCIFFGRA
A.otae 405 OQSS[LNSKKS...E[ITQL....KGD|LEQDFGVDSV[F|RALKGA[IC[VSRDSGE LCWMEQT
A.dermatitidis 408 ESS|LNNIRS...QLDDH....KLDLDKDYGRDSV[FRSMKGS|CIISKDSG LCWLEKT
T.marneffei 410 KYS|LENTLR...S|IKDH....QSD|LEK|YYGPDGI[|F|RPILKDVICIIQKDSG HCFLAQT
P.digitatum 408 QES|V[TSLKN...KLRDQ....RADLEQDYGPSSIF|RALKGVICITQDAG HCFLDST
P.expansum 408 OQODS[V[SSLKN. . .KLRDQ....RADLEQDYGPSSIF|RALRGVICITQDAGE HCFLEST
B.spectabili 412 KSS|LTGDQN...RLRDH....RQDLEKDYGPEDI|F|RPLKGR|CIISRDAG HCFLEGT
A.clavatus 460 KTE[LAQSYT...ELKNH....QADLETDYGKAGV[F|RALKGVICIISKDSG HCFWDQT
A.oryzae 411 RKS|IEDLKN...QVKDH....KEDLDTDYGVGSIF|RALKGVICIQKDAG HCFLDQT
E.dermatitidis 423 ERD[VLNTEN...DLRRH....RED|LEKDYGPDGI[F|RALKDTIC/IISKDSGE LCFMGQT
G.lozoyensis 401 SDD|LNAKRV...TLGES....QTDLTKDYGPNDI[F|RALKNVICISKDSG LCWMENT
M.brunnea 414 SDE[V|STKSS...K[V[GEL....RRDLEKDYGADDIFRALKDK|CISKDSG LCIWMGNT
S.brasiliensis 407 END|L|SSRQN...SLRED....EAD|LTKDYGADEI[F|RALKDKIC[TTTEVG VCWLGQA
T.reesei 402 DQE[LGNKER. . .E[LQQE....KTDLDKDYGPSGIF|RSLKGK|CAEIDAG LCWLDKT
M.album 404 ERE|LQODKIR...DRDSE....TEDLEKDYGPSDI|LRGIIKGK|CISIDAG LCIYLDKT
F.oxysporum 402 KRD|L|SDKKS...T[LDVE....QAD|LDFDYGPDDI[F|RALKDK|C[VTLEAG QCWLGST
G.moniliformis 402 NRD|LSDKKS...TLSVE....QADLDFDYGPDDI[F|RALKDKC[VTLEAG QCWLGST
C.higginsianum 404 NSD|LLDKKR...QLEAE....EKDLEKDYGIDDI[F|RVILKNKIC[VSTELG LCWMDKT
N.crassa 406 RAEHTTKTS...QLADE....ERDLAKDYGPDDI[F|RALKGQIC[VSADVG LCIWEDRT
N.tetrasperma 406 RAEHTTKTS...QLADE....ERDLAKDYGPDDI[FRALKGQC[VSADVG LCWFDRT
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Figure C.3: Multiple sequence alignment of PRKCSH genes. Appendiz C

O.sativa 518 . E|GIHS T|T|S DKFEE................. SYRVMOQIF D
T.cacao 461 . E|GR SE|T|R| EKFGS SYRMM|LF D
A.thaliana 548 . E|GY SK|T|R| DKFEN SYQFMS|Y E|
G.arboreum 467 . E|GIHMT|T|R| DKFED AYKMMVI|F D
G.soja 540 . E|G|Y SN|T|R| DKFED. .. SYRVMVI|F D
M.truncatula 541 .|.|. E|GHS T|T|R| DKFED. .. . . SYKVMVF D
H.saltator 455 T[®R S[K|S H|G|G SE|V|N NRFVGPT. . .GNRF S SME|Y| L
L.hesperus 459 T[JAPK|. S|GIGSE|T|R SSWSTAG. ..D..GPAMIY Q
A.aquasalis 478 V[MOPR|. S|GIGAE|TR| EKWGHKG . ..D..YSTMHY A
C.quinquefasciatus 458 TI[¢JOP[K|. N|G|GSE|TR| DRWEN.A. ..D..YTAMR]Y A
B.dorsalis 455 S[MKQR|. S|S|IGHE|T|N EQWIGEG. . DKKYQKQK]|Y| T
M.domestica 458 S[®OGR|. S|GGAE|T|T DQWLHDG EHKYAK|QK|Y| A
A.suum 474 V[®KEK|. N|GHME|T|N REWSGGE NYKYKEQK|Y| [
C.milii 466 V[®RPK|. HGGTE|T|S GLWSGPE. . GSKF SAMR|Y| T|
M.musculus 427 S[JKPK|. H|GIGSP|T|S GSWAGPD HDKF SAMK|Y| T|
B.taurus 439 S[JKP[K|. L|GIGSP|T|S GSWAGPD HDKF SAMK|Y T
H.sapiens 434 S[®KP[K|. L|IGGSP|T|S GSWIGPD. . . HDKF SAMK|Y| T
S.pombe 406 F[DS|.|. .|.|. . .|IL AL ... . . SQEGNV|LK]|Y| [0}
U.maydis 476 T[®IPN|.NGGAQ|I|S TNFNPKHDKSAD. . . .EDAYWLQ|QI|Y ¢}
A.otae 458 K[®KS[K|. K|GRGD|T|T EKISSIVVDEVTPS..GQIVQKTKVTLL|Y Q
A.dermatitidis 461 K[MIPK|.K|GGSY|T|T SAFTTVIVDEQNAA..GKVVPQEKIALEY [
T.marneffei 463 K[MIPK|.K|GGATV|T DAISSITVDDANTA..GEIRQIEKLA|LEY [0}
P.digitatum 461 K[JNQR|. K|GIGN S|V|S SHVGTTSVEEVNAA..GEVVNVEKMT|IEY ¢
P.expansum 461 K[JNQR|. K|GGS S|V|S SNVGTTSVEEVNAA..GEVVNVEKMT|I|E[Y Q
B.spectabili 465 K[®IPK|.K|GGSRVG VRFGSVTLDEINNY..GELIPVEMMT|LE|Y [
A.clavatus 513 K[®IPK|.K|GGAS|VR| VRIGSVTVDELNEA..GEMVPEERVSLV|Y [0}
A.oryzae 464 K[9IPK|.K|[GGSTRAR, VRIGSVTIDQLNES..GEIVPEERISILE|Y [
E.dermatitidis 476 K[®KP|K|. K|GGAH|SN VGFDVEYVDEGVSLDGKGLGTGDRIVMK]|Y, Q
G.lozoyensis 454 K[9KS[K|. K|GGG S|T|G VRFDKAVYDEEVGADGKGVGKGERVTMS|Y [
M.brunnea 467 K[®KS[K|. K|G|GSH|T|G VKFDKMVVNEEISADGKGLGRGERIV|LS|Y [0
S.brasiliensis 460 T[®KS[K|. K|[GHGN|T|S ERVDTEVADEEERTDGKSLGKGPRTV|LR|Y] L
T.reesei 455 M[OK S|K|. K|GHAA|TN ERIEIAMADEDERVDGKSLGSGPRMV[LR]Y Q
M.album 457 M[®K S|K|. K|GHGH|T|N VRIDWQLADDEERLDGKSLGKGERMV|LK|Y, [
F.oxysporum 455 K[®KS[K|. K|GHGQ|S|N KRIDREMADEEDRIDGKSLGRGERMV|LR|Y] [0}
G.moniliformis 455 K[K S[K|. K|G/HGQ|S|N| KRIDREMADEEDRIDGKSLGRGERMV|LR|Y ¢
C.higginsianum 457 N[9K S|K|. K|G/GGN|T|N VRIDKEMADDEERIDGKSLGQGLRMV|LR|Y, Q
N.crassa 459 T[®KS|K|. K|GHGN|T|N ERITTEIADEEDRVDGKGLGKGPRMV|LR[F [
N.tetrasperma 459 T[KS|K|. K[GHGN|T|N ERITTEIADEEDRVDGKGLGKGPRMV|LR[E] o)
O.sativa 558 K|VIR[L|R[®GLNNE|L|NG|VD AIVILIS DEQKLKE . .......... LEQKLEASS
T.cacao 501 EVK|LR@®GLKTE|LT S[V|D ALMY LEEKLKE........... LKQKLE.SM
A.thaliana 588 K|VK[LR[®GLKNE|LMD|VD AT|LIS LEDKLKE........... LOQQKLEKLM
G.arboreum 507 K|VK[LR[®GLKNE|LTD|VD A|L[LIA LEDKLKE........... LQHKLD.LL
G.soja 580 K|VK[LR[MGLKNE|LTD|VD AIVILIS QEERLKE. . ......... LQLKLD.LL
M.truncatula 581 K|VK[LK[®GLTNE|L|TD|VD A|L[LA QEEKLKE. .......... LQHKLD.LL
H.saltator 502 L|V|TL|S[®GTENK|L|T S|V|A ME|L|T RTDSIEGADTHDAQQAPDAQQTLDGQQ
L.hesperus 503 K|V|[F|VIE[8GSENV|LYNV|V| MH[EK KLATDED . . .« o v vt ittt et et
A.aquasalis 522 I|VH[LE@GLDTR|VILAV|T YRM|Q! ILODDQ.SK. v i v it i it et e e e
C.quinquefasciatus 501 L|V/HLEGLDTR|I|LS|V|S Y|R[VIQ NLNADT.GK. ... ...,
B.dorsalis 501 I|VDF|K[®GLENA|IKSV|A Y|V[F|E DGVVADD . . . i ittt ittt e s
M.domestica 504 I|VHLKEALETR|ITSV|S F|D|F|E] DEEAFHAEE . . . . . ..o v i it i
A.suum 520 R|V|IVEMGEETE|LVEAT F(VIVIR| PDPATITDV. ..t it v i,
C.milii 512 L|VK[L|T[®MGKDTA|V|LS|T|S ME|F|T QEPSEEDHT . ... ... ...t
M.musculus 473 T|VR[LL®MGKETV|V|TS|T|T ME|LM PEPPPEAPS . ... ...
B.taurus 485 T|VR[L|LMGKETV|V|TS|T|T ME[LM PEPPPEYPV. ... ... ...t
H.sapiens 480 T|VR[L|LMGKETM|V|TS|T|T ME[LM PEPPPEAPT . . . .. ittt vt eee e
S.pombe 440 I|V|T|VIE[MGVENE|I|VS|V|L IIKMK| SPDQLKQSLLNTQN..SANENAVN. .G
U.maydis 528 I|VD[LIE[®STENK|V|LD|V|F IK[VIA FPPQQOQAQQTQQD..G. .o v v v v v ..
A.otae 515 T|V|ILE[MGENNE|LTKV|S ME[VIT DSLGKNGQ..E..S.............
A.dermatitidis 518 K|I|V[LIE[MGEQDE|I|LKV|T ME[VIT EGPSRNGN..NVRD.............
T.marneffei 520 T|V|I|LE@GGEENE|I|LK|I|M MI|V|T GEATKEKV..K..N.............
P.digitatum 518 K|V|I|LIE[®GEENK|I|LK|T|A M|L|V| T AGGEEAGN..A.AP. ... .. ...
P.expansum 518 K|V|I|LIE[MGEENK|I|LK[T|A ML[V|T AGGEEAGN..G.AP. ... ... ...
B.spectabili 522 T|V|VLIQ[MGEEEE|I|LKV|A M IVIT TGSGSGSD..S.KK.............
A.clavatus 570 TV|I|LE[MGEENE|I|LK[VM] IMV|AIT PGGEEEGD..V.AP. ... .........
A.oryzae 521 S|V|VIL|IQ[MGEENE|I|LK|I|A M|L|V|N PGGEEDVH..A.AS. ... ...
E.dermatitidis 535 R|VYLA[MAEKEE|IWKV|S ME[V|G EPQQSKDKKEEEDR. . ...........
G.lozoyensis 513 L|V|VLIA[MAEKDE|I|WR[V|V IMD[V|G ERGGSG.GNGGEKG. .. ..........
M.brunnea 526 T|V|VLIA[MAEKDE|I|WKV|V| MEV|G EATEEK.KPEGKKD.............
S.brasiliensis 519 D|V|WL|G[MAETEE|IWR|V|T ME[V|G KESPKA....ADTG.............
T.reesei 514 N|V|WL|G[MAEKEE|IWRV|T ME[V|G EDEEPAAP KD.............
M.album 516 E|VWL|GMADKEE|LWRV|S ME[VIG DGREPR. ... .. L
F.oxysporum 514 D|VWL|IGMAETEE|LWR|V|S ME|T|G DEFSRWDVGSQPKKP ... ..........
G.moniliformis 514 D|VWL|G[®AETEE|LWRV|S ME|I|G DESRWDVGSQPKKP .. ... ........
C.higginsianum 516 D|VWLAMSETEE|LWKV|S ME[V|G DEL....LEPPKA..............
N.crassa 518 D|VWLAMAEKDE|LWRV|S ME[VIG EDV....GEPGAGT.............
N.tetrasperma 518 DVWLA[MAEKDE[LWR[V|S ME[V|G GDV....GEPGVGT .« v vvvewnnnn.
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Figure C.3: Multiple sequence alignment of PRKCSH genes.
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Table C.1: Key to species abbreviations on multiple sequence alignments.

Abbreviation

Species

UniProt Accession No.

GIul (MOGS)

Glulla (GANAB)

GIull3 (PRKCSH)

A.aquasalis

A .carolinensis
A.clavatus
A.dermatitidis
A.glabripennis
A.mellifera
A.oryzae
A.otae
A.suum
A.thaliana
B.cucurbitae
B.dorsalis
B.spectabili
B.taurus
C.capitata
C.elegans
C.familiaris
C.higginsianum
C.jacchus
C.milii
C.orthopsilosis
C. porcellus
C.quinquefasciatus
D.discoideum
D.melanogaster
D.rerio
E.caballus
E.dermatitidis
F.catus
F.oxysporum
G.arboreum
G.lozoyensis
G.moniliformis
G.soja
H.saltator
H.sapiens
I.punctatus
K.pastoris
L.hesperus
M.album
M.brunnea
M.domestica
M.domestica
M.fascicularis
M.mulatta
M.musculus
M.truncatula
N.crassa
N.fumigata
N.tetrasperma
O.aries
O.sativa
P.abelii
P.digitatum
P.expansum
P.troglodytes
R.norvegicus
S.brasiliensis
S.cerevisiae
S.pombe
S.scrofa
T.cacao
T.marneffei
T.nigroviridis
T.reesei
U.maydis
X.laevis

Anopheles aquasalis
Anolis carolinensis
Aspergillus clavatus
Ajellomyces dermatitidis
Anoplophora glabripennis
Apis mellifera
Aspergillus oryzae
Arthroderma otae
Ascaris suum
Arabidopsis thaliana
Bactrocera cucurbitae
Bactrocera dorsalis
Byssochlamys spectabili
Bos taurus

Ceratitis capitata
Caenorhabditis elegans
Canis familiaris
Colletotrichum higginsianum
Callithriz jacchus
Callorhynchus milii
Candida orthopsilosis
Cavia porcellus

Culex quinquefasciatus
Dictyostelium discoideum
Drosophila melanogaster
Danio rerio

Equus caballus
Ezxophiala dermatitidis
Felis catus

Fusarium oxysporum
Gossypium arboreum
Glarea lozoyensis
Gibberella moniliformis
Glycine soja
Harpegnathos saltator
Homo sapiens

Ictalurus punctatus
Komagataella pastoris
Lygus hesperus
Metarhizium album
Marssonina brunnea
Musca domestica
Momnodelphis domestica
Macaca fascicularis
Macaca mulatta

Mus musculus

Medicago truncatula
Neurospora crassa
Neosartorya fumigata
Neurospora tetrasperma
Ovis aries

Oryza sativa

Pongo abelii
Penicillium digitatum
Penicillium expansum
Pan troglodytes

Rattus norvegicus
Sporothrix brasiliensis
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Sus scrofa

Theobroma cacao
Talaromyces marneffei
Tetraodon nigroviridis
Trichoderma reesei
Ustilago maydis
Xenopus laevis

H9G3X3

FAHTM3

Q19426
E2R8C9

F7E1L8
H8WZK5
HOWBESG6

QIVZ04
A1L1SS

M3XE28

Q13724
W5UIZ1

I0FIG4
Q80UMT

W5PT15

H2Q163
088941

P53008
014255

B1WBB6

V5GYU2
AOAO88ATS9
Q2UA37

QIFNO5
AOADAIWIR

A6QNJS
W8C608
E2R729

F7I173

Q94502

B3DIZ3
F7C4H8

M3WAD1

AO0AOB2RIG7
Q14697
W5UARG

F2QS03
AOAOA9X6S5

F7EBB3
Q4RANT

Q8BHN3

Q4WEM1
W5Q305

H2ND53

P38138
QUS55
P79403

H3DHB5

A1L3J7

T1DJN6

A1CD98
F2T5U5

ISTZE5
C5FC10
UIMAR3
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A0A034WMG66

V5FB10
Q28034

H1UX51

VIKPP4

BOWS45

H6C5T8

WILWD1
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HOEE25
W7LG94
A0A0B2QL92
E2BWI6
P14314

AOAOA9YLH4
A0A0B2X7T2
K1X5K7
T1PEB3

008795
G7JHLO
Q7S6V9
C4UZP1

A2WNF5
K9FX08
AOA0A2J619
A0A0C2J676
QOUSHS

AOAO061F039
A0A093VHJI8

A0A024SB06

POCT24 19()
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