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Short Abstract

The activity of protein kinases is heavily dependent on the phosphorylation state of the protein. Kinase
phosphorylation states have been prepared through biological or enzymatic means for biochemical eval-
uation, but the use of protein chemical modification as an investigative tool has not been addressed. By
chemically reacting a genetically encoded cysteine, phosphocysteine was installed via dehydroalanine as
a reactive intermediate. The installed phosphocysteine was intended as a surrogate to the naturally occur-
ring phosphothreonine or phosphoserine of a phosphorylated protein kinase. Two model protein kinases
were investigated on: MEKI1 and p38c. The development of suitable protein variants and suitable reac-
tion conditions on these two proteins is discussed in turn and in detail, resulting in p38a-pCys180 and
MEKI1-pCys222. Designed to be mimics of the naturally occurring p38a-pThr180 and MEK1-pSer222,

these two chemically modified proteins were studied for their biological function.

The core biological studies entailed the determination of enzymatic activity of both modified proteins, and
included the necessary controls against their active counterparts. In addition, the studies on p38a-pCys180
also included a more detailed quantification of enzymatic activity, and the behaviour of this modified
protein against known inhibitors of p38«a was also investigated. Both modified proteins were shown to be

enzymatically active and behave similarly to corresponding active species.

The adaptation of mass spectrometry methods to handle the majority of project’s analytical requirements,
from monitoring chemical transformations to following enzyme kinetics was instrumental in making these
studies feasible. The details of these technical developments are interwoven into the scientific discussion.
Also included in this thesis is an introduction to the mechanism and function of protein kinases, and on
the protein chemistry methods employed. The work is concluded with a projection of implications that

this protein chemical modification technique has on kinase biomedical research.
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Abbreviations

ADP
AMP
ATF2
ATP
[3-mercaptoethanol
CAM
CID
CMC
CD
(Y
Dha
DMF
DMSO
DNA
DSF

DTC

0.1 General Abbreviations

adenosine diphosphate
adenosine monophosphate
Activating Transcription Factor 2
adenosine triphosphate

3-ME
S-carboxyamidomethylcysteine
collision-induced dissociation
critical micelle concentration
circular dichroism

column volume

dehydroalanine
dimethylformamide
dimethylsulphoxide
deoxyribonucleic acid
differential scanning fluorimetry
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DTT

EGTA

EM
ERA
ERK
ES(D)
ETD
FPLC

GST

HCD
HEPES
HePTP
HPLC
IPTG
Kan
(k)bp
LB

LC
LC-MS
MALDI
MAPK
MEK

MKK

pL-dithiothreitol

ethylene glycol-bis(2-aminoethylether)-N,N,N’,N -tetra-
acetic acid

electromagnetic

electrophoretic radioassay
extracellular-signal regulated kinase
electro-spray (ionisation)

electron-transfer dissociation

Fast Protein Liquid Chromatography
glutathione S-transferase

hour(s)

high-energy collision dissociation
4-(2-hydroxyethyl)-1-piperazine-1-ethanesulphonic acid
hematopoietic protein tyrosine phosphatase
high performance liquid chromatography
isopropyl (3-D-1-thiogalactopyranoside
kanamycin

(kilo-)base pair

lysogeny broth

liquid chromatography

liquid chromatography-mass spectrometry
matrix-assisted laser desorption/ionisation
mitogen-activated protein Kinase

MAP or ERK kinase

MAP kinase kinase
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MOPS 3-((N-morpholino)propanesulphonic acid

MS mass spectrometry

MWCO molecular weight cut-off

NAD nicotinamide adenine dinucleotide
NMR nuclear magnetic resonance

OD optical density

PCR polymerase chain reaction

pCys phosphocysteine

PEP phosphoenol pyruvate

ppm parts per million

pSer phosphoserine

pThr phosphothreonine

pTyr phosphotyrosine

rpm revolutions per minute

RT room temperature

sat. saturated

SB Super Broth

SDS sodium dodecyl sulphate

SGC Structural Genomics Consortium
SOC Super Optimal broth with Catabolite repression
TB Terrific Broth

TCEP tris(2-carboxyethyl)phosphine hydrochloride
TIC total ion current

uv ultra-violet
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WT wild-type
YT yeast and tryptone (nutrient medium)

2YT 2x yeast and tryptone (nutrient medium)

0.2 Amino Acids

Ala, A alanine

Arg ,R arginine
Asn, N asparagine
Asp,D aspartic acid
Cys,C cysteine
Gln, Q glutamine
Glu,E glutamic acid
Gly,G glycine

His ,H histidine

Ile , I isoleucine
Leu,L leucine

Lys, K lysine

Met , M methionine
Phe , F phenylalanine
Pro, P proline

Ser, S serine

Thr, T threonine
Trp, W tryptophan
Tyr,Y tyrosine
Val,V valine

0.3 Nucleic Acid Bases
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A adenine
C cytosine
G guanine
T thymine

0.4 Definition of Terms

Chemical variant: A protein variant which has undergone chemical modification reaction(s). When

described in a collective, this term can also refer to the unmodified protein variant species.
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Abstract

Protein kinases play an essential role in cellular regulation and signalling. A keen interest in this class
of proteins arises due to these cellular roles, as dysregulation can result in disease. The study of their
function is therefore directly applicable to the development of new methods of therapy. In this context,

the use of protein chemical modification as a tool for such functional studies is demonstrated here.

In Chapter 1, a brief outline of the purpose, function and mechanism of protein kinases as enzymes is
given. The concept of protein chemical modification, particularly as applied to kinases is introduced,
along with the rationale behind making these modifications. Finally, the two protein kinases investigated

in this study are also introduced, namely p38a and MEKI1.

The work on p38a is described first. In Chapter 2, the rationale behind the design of the variants
used in the study is given, followed by the methods used to produce these protein variants, namely
p38a-C119S/C162S/A172C (referred to as p38a-Cys172) and p38a-C119S/C162S/T180C (referred to
as p38a-Cys180). The efforts in optimising the chemical modification on these p38« variants is then
described, culminating in the production of chemically phosphorylated p38« (both p38a-pCys172 and
p38a-pCys180) of high purity. This chapter therefore constitutes how the chemically modified p38a was

produced, allowing for further functional studies in vitro.

Chapter 3 describes the functional studies that were carried out on the chemically modified p38a. The
efforts to test the activity of all the chemically modified p38« variants is described first. Since it was found
that only p38a-pCys180 out of all the chemically modified p38« variants produced was active, further
efforts towards quantifying its activity are then detailed for this chemical variant only. Corresponding
experiments on the necessary wild-type controls (active and inactive wild-type p38«) are also detailed.
A further test of biological recognition, functional studies were further extended to look at the action of

inhibitors on p38a-pCys180, again comparing the effects to those on the enzymatically activated wild-
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type p38ca. The development of the methods used to perform these studies is described during the course
of discussion in this section, and is also a subject discussed in the course of the previous chapter (Chapter
2). Of these methods, the semi-automated mass spectrometry quantification methods used are highlighted.

These descriptions of methods are also applicable to the subsequent two chapters (Chapters 4 and 5).

Chapters 4 and 5 have a similar outline to Chapters 2 and 3, but this time they describe the work on
MEKI1. More specifically, given that selective chemical modification of this protein is more demanding
and that chemical modification at two native phosphorylation sites (Ser218 and Ser222) is considered,
the descriptions of variant design and the detailing of the optimisation of chemical modification is more
extensive than in Chapter 2. Chapter 4 builds up to the synthesis of MEK1-pCys222, after which the
functional studies performed on all the chemical variants related to it, as well as the suitable controls, are

discussed in Chapter 5.

A conclusion and scope of this work is then be discussed, particularly regarding to how this technology
could be used as a tool in the elucidation of complex kinase pathways. Particular attention is given to
the technology’s potential use in studying complex kinase mechanisms. Regard is also given to how this

technology may be applicable to investigation of kinases for further therapeutic manipulation.
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Chapter 1

Introduction: Kinases and Chemical

Modification

1.1 Cell Signalling and Phosphorylation

The action of cells in a multicellular organism, must be coordinated if the organism is to function as a
single entity. Signalling between cells or between groups of cells is therefore required if they are to work
together in a coordinated matter. The same is true at the cellular level, since the internal machinery of a
cell is also complex and requires coordination in its own right. In a common scenario, the cell will be
required to take an appropriate action upon receiving a signal at the cell surface receptors. This signal
needs to get to the cell’s nucleus for the cell to take any action, since cellular functions are achieved by
the action of proteins, which are in turn synthesised from the genes encoded in the DNA contained in
the nucleus. However, the nucleus and the cell surface are spatially separated, and both structures are

relatively static. Mediators are therefore required to shuttle the signal from one region to the other.

One of the largest family of signal mediators in eukaryotes are the protein kinases.? Being one of the
largest families, they are implicated in controlling a wide range of cellular functions, including cell growth,
proliferation, differentiation, metabolism and apoptosis. Kinases more generally are phosphotransferases,
which means that they catalyse the transfer of phosphate from a “high energy” phosphate co-factor onto

their substrate. As this transfer is a biochemical process, kinases can be considered to be enzymes. Protein



kinases are a kinase subset and more specifically transfer the y-phosphate from ATP onto their protein

substrates. The phosphorylation of the substrate therefore constitutes the transfer of the signal.

In order to be a signal mediator, protein kinases also need to be able to receive a signal. They receive
this signal also through phosphorylation, i.e. they themselves are phosphorylated. Therefore, a second
protein kinase is required to phosphorylate the first. Considering the cell as a whole once again, in order
to transmit a signal from receptor to a mediating protein kinase, a number of cell surface receptors also
have protein kinase function,? but receptors do not account for the vast majority of protein kinases, of
which there are 518 in the human genome.? Thus, for a signal to be transmitted from the cell surface
receptor to the nucleus, it is not uncommon for there to be a number of intermediary protein kinases,
giving rise to cascades of protein kinase signalling (Fig. 1.1). It should be noted that the term “kinase”

is used interchangeably to refer to “protein kinase” for the remainder of this discussion, unless explicitly

stated.
GPCRs IL-1/R
4
S WY BN
Y cytosol
MAPKs
Y

p38a

Y
ATFZ |
SO

Fig. 1.1 A simple representation of a protein kinase signalling cascade showing the signalling pathway
of p38a. Adapted from the literature. !

1.2 Anatomy of Protein Kinases and their Activation

The reception of a signal in the form of phosphorylation by a protein kinase results in a change of the

kinase’s activity from being a substrate of the upstream protein kinase, to the phosphorylation enzyme of



the downstream protein substrate. The event of phosphorylation is not merely a marker that a signalling
event has taken place, but is in fact the cause of change in the kinase’s function. However, to appreciate

how phosphorylation is able to elicit such a change, the layout of a protein kinase must be explored.

Despite the wide range of protein kinases, a number of structural features of protein kinases are con-
served.* Protein kinases have an overall two lobe structure, the lobes being designated N- and C-terminal
(Fig. 1.2). These lobes are separated by the ATP binding “cleft” for the binding of the phosphate-
containing co-factor, and are abridged by the so-called “activation loop”. The activation loop, typically
containing ~20 residues, is flanked by the DFG and APE motifs. Named after the primary sequences
of the three amino acids each of these motifs contain, these motifs are highly conserved throughout the

protein kinases, and denotes the importance of the activation loop to the function of protein kinases.

(a) (b)

Fig. 1.2 (a) Cartoon and (b) surface renditions of the crystal structure of MEK1 protein kinase, with
the different regions highlighted: N-terminal lobe (green), C-terminal lobe (magenta), DFG motif (grey,
centre of each structure), APE motif (cyan) and activation loop (orange). The ATP binding cleft between
the two lobes is more obvious in (b). Drawn from 3EQC.pdb.5

It is the transfer of phosphate onto the activation loop when the signal is received by a protein kinase
that causes the change in its function. When not phosphorylated, the protein kinase adopts a “DFG-out”
conformation, which is enzymatically inactive. One of the reasons for its inactivity is that the activation
loop then occupies the substrate binding site, thus preventing the substrate from binding to the kinase®
(Fig. 1.3a). Phosphorylation of the activation loop adds negative charge to the vicinity, which calls for a
re-equilibration of intramolecular forces. This re-equilibration causes the loop to change in conformation

and in the process, unblocks access to the substrate binding site, giving rise to the kinase’s active or “DFG-

in” conformation (Fig. 1.3b). No longer denied access to its binding site, the substrate is thus able to bind



to the kinase. The substrate binding site lies adjacent to the ATP binding cleft where the close proximity
of substrate with ATP facilitates substrate phosphorylation. Phosphorylation of the kinase in the activation

loop therefore causes the kinase to become enzymatically active.

DFG motif

Activation Activation

loop

(a) (b)

Fig. 1.3 Crystal structures of ABL protein kinase showing (a) the inactive “DFG out” conformation
and (b) the active “DFG in” conformation. The change in conformation is associated with a change
in activation loop position (blue) and DFG motif orientation (magenta). Adapted by permission from
Macmillan Publishers Ltd: Nature Reviews Cancer 9(1): 28-39, Copyright © 2009.°

The active and inactive conformations are also distinguished respectively by their designations of “DFG-
in” and “DFG-out”. These designations refer to the position of the DFG motif relative to the ATP binding
cleft in each of these conformations.” The function of the DFG motif is that it binds a magnesium ion that
is required to coordinate to the phosphates of ATP.® The binding of magnesium is essential to the kinase’s
function,® and is why the DFG motif is so highly conserved across kinases. The DFG-in conformation
allows the magnesium ion to associate with ATP in the ATP binding cleft, and is a further reason why

DFG-in is the active conformation.

1.3 Basal Activity of Protein Kinases

The radically different conformations that a kinase is able to adopt is a testament to the flexibility of the
activation loop. Due to this flexibility, the active and inactive conformations are not immutable states but
merely the extremes of the conformational change, with the state of phosphorylation causing a strong bias
towards one conformation over another. An observable result of this conformation flexibility arises when
the enzymatic activity of the inactive conformation is investigated. It is often found that kinases have

10-13

an intrinsic level of phosphorylating ability, even when they themselves are not phosphorylated, and
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therefore are in the “inactive” conformation. This low level of enzymatic activity demonstrates that even
in the inactive conformation, some kinases are able to explore conformational space that still allows them
to bring their substrate, magnesium and ATP together for phosphorylation. This level of activity is termed

as basal activity.

1.4 Phosphorylation Sites on Protein Kinases

Protein kinases in eukaryotes are only able to catalyse phosphorylation to the side-chains of certain
residues. While phosphorylation on histadine, ' aspartate'* and cysteine!>!® have all been reported
to occur in Nature, protein kinases in eukaryotes predominantly phosphorylate at serine, threonine and
tyrosine.'”!8 Not all protein kinases are able to phosphorylate at all of these residues though, and the
kinases are categorised accord to the residues they are able to phosphorylate. There are three main groups
of protein kinases: serine/threonine kinases, tyrosine kinases and dual-specificity kinases, the last group
being able to phosphorylate at both serine/threonine and tyrosine. Given the steric similarity of serine and

threonine relative to tyrosine, this distinction between protein kinases is not surprising.

As protein kinases themselves are required for the phosphorylation of other protein kinase species, it
follows that the activation of a protein kinase occurs by the specific phosphorylation of serine, threonine
and tyrosine residues on the activation loops of these kinases. Due to the importance of phosphorylation
to a kinase’s activity, the identification of these specific phosphorylation sites has been the focus of much
research into protein kinases. !>?* While activation loop phosphorylation plays an important role in the
functioning of protein kinases,?! this is not the only region that phosphorylation has been identified on
protein kinases; a range of studies have demonstrated phosphorylation at other sites.'® As an example,
human MEK1 (MAP or ERK kinase 1) is phosphorylated at two sites on the activation loop for kinase
activation (Ser218 and Ser222),?>%3 but phosphorylation has also been detected at Thr23 and Ser298
among others,?* outside the activation loop. These phosphorylation sites outside the activation loop are
typically due to alternate regulatory pathways of controlling the behaviour of a protein kinase. Still, it is
the active conformation that determines much of a protein kinase’s behaviour, and most efforts have been

devoted to the study of this form.



1.5 Biasing the Active Conformation

Study of an isolated protein’s behaviour is a common method used to study the function of a protein. As
proteins of interest often occur naturally in quantities that are difficult to observe or purify from source,
recombinant protein expression is used to ensure a sufficient amount. For kinases, Escherichia coli and
insect cells are common hosts for expression,?> however, the expression of the active conformation of a
kinase poses the challenge of how to convert the inactive form to the active one. Some kinases are able
to autoactivate and if provided with ATP, their basal activity will allow them to autophosphorylate to the
active conformation.'! A rare few are intrinsically active, without requiring phosphorylation at all for
their activity, 2 and are termed “constitutively active”. For the majority of kinases however, a mechanism

to bias the kinase towards the active conformation is required.

As already described, the native mechanism of biasing toward the active conformation is to phosphorylate
the kinase on the activation loop, however, there are alternative methods of biasing without having to
phosphorylate. One way is to introduce mutations that cause this conformational bias. With an emphasis
of this discussion placed on biochemical transformations that occur in the kinase activation loop, these
mutations fall into two categories: mutations that occur outside the activation loop (referred to here as

“off-target mutations”), and those that occur within the activation loop.

In fact, as revealed through bioinformatic analysis, off-target mutations in kinases is a common mecha-
nism to pathogenesis in cancer (Fig. 1.4).?” In Nature, these mutations come to dominate through a natural
selection process. A similar selection process can also be employed in the laboratory to find mutations
of this category in a kinase of interest,?®?° by using directed evolution.® However, from the perspective
of designing a constitutively active mutant, mutations resulting in kinase gain-of-function, which in turn
arise from directed evolution are difficult predict. This also means that the pattern of mutation(s) that
arises from this process is rarely transferrable to another kinase. A further disadvantage to finding active
mutants using this method is that it could produce protein variants that do have enzymatic activity, but
bear little resemblance to the native active conformation. With directed evolution being an involved ex-
perimental process, overall, the use of directed evolution to find constitutively active mutants is not the a

facile or general method.
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Fig. 1.4 A generic kinase structure showing regions rich (red) and poor (blue) of mutations associated
with cancer. The activation loop is also marked. Adapted by permission from Macmillan Publishers Ltd:
Nature Reviews Genetics 11(1): 6074, Copyright © 2010.%7

A more rational approach, while still using genetically encoded methods, is to substitute the negative
charge that phosphorylation brings with aspartate or glutamate. Being acidic, aspartate and glutamate
have a net negative charge at physiological pH and indeed, mutation of one of these in the place of the
phosphorylation site residue is found to activate some kinases.3! This strategy tends to be more successful
when the phosphorylation site residue is either serine or threonine, since the side-chain length and sterics
of phosphorylated serine and threonine are similar to that of aspartate and glutamate (Scheme 1.1). Ty-
rosine, on the other hand, has a larger side-chain, which conversely is not well represented by aspartate
or glutamate. Since there are no other natural residues that are acidic, there are no suitable, genetically

encoded substitutes for phosphotyrosine.
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Scheme 1.1 Comparison of the acidic residues which the phosphorylated residues they are substitutes

for.

This method of substitution has the obvious advantage that it is genetically encoded, which means that

the method can be used not only to produce recombinant protein, but the mutated gene can be used in



overexpression studies of the activated kinase in cellulo.?> However, the substitution of the negative charge
is only approximate, since physiological pH renders phosphoserine and phosphothreonine predominantly
having —2 charge, while aspartate and glutamate have —1 charge. Furthermore, the group geometry is
different with phosphate having tetrahedral geometry, while aspartate and glutamate have trigonal planar

geometry. This usually results in a protein kinase variant of intermediate activity. '°

However, even with partial activation using the method of acidic residue substitution, the scope of this
method can be extended to preparing active forms of kinases downstream in a kinase cascade. In this
case, the enzymatic action of the kinase that is activated by acidic residue substitution is used to phos-
phorylate its downstream substrate, which is another kinase. In the preparation of recombinant protein,
there are two formats with which this method is commonly employed: either the phosphorylation of the
downstream kinase occurs during protein expression in the expression host by co-expressing the genes of

32-34 or it occurs after both kinases have been isolated and is done in vitro.353% Both meth-

both kinases,
ods are of course equivalent by their mechanism, so the differences are mainly practical ones. The former
method has the advantage of requiring fewer protein purification steps in isolating the phosphorylated,
downstream kinase, while the latter method has the advantage that the conversion of the downstream ki-
nase to the phosphorylated active form can be monitored. Preparation of recombinant protein via either
of these formats often results in active kinase that is fully wild-type, but this is not always the case. These
methods can easily lead to partial phosphorylation of the sites requiring phosphorylation,3¢ or indeed
over-phosphorylation with the additional phosphorylation occurring at a non-native position for phospho-

rylation. 3*

The directly aforementioned method of attaining the activated kinase highlights the key challenge in
making a kinase active in the first place: that to obtain an active kinase requires the action of another
active kinase, which may in turn require the action of another active kinase, and so on. The use of acidic
residue substitutions allows this cascade arrangement to be bypassed, regardless of the shortfalls that this
method has with activation efficiency, and the representativeness of the substitution for phosphoserine or
phosphothreonine. This shortfall therefore leaves scope for alternative methods of bypassing the kinase

cascade, all of which are chemical in nature.



1.6 Kinases in Single-Step Chemical Modification

Fundamentally, the phosphorylation of a protein kinase is a chemical reaction where the hydroxyl oxygen

of serine, threonine or tyrosine nucleophilically attacks the y-phosphate of ATP, releasing ADP as the

).37

leaving group (Scheme 1.2).°’ It can therefore be envisaged that this reaction can be replicated solely by

the use of chemical reagents.
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Scheme 1.2 Mechanism of side-chain alcohol/phenol phosphorylation.

A major obstacle to the employment of a purely chemical approach is reaction specificity. As mentioned,
activation of a kinase naturally requires the phosphorylation of a specific, alcoholic/phenolic residue(s)
in the activation loop. The kind of specificity required can be easily achieved with another kinase due
to the stringent steric demands of protein-protein interactions in biomolecular recognition, which confers
the specificity in the natural system. The same specificity is difficult to achieve with chemicals, at least
on alcoholic/phenolic residues since the natural occurrence of the hydroxyl functional group in proteins
is quite high. Besides, alcohols are not the strongest nucleophiles out of all the natural amino acids, the

strongest nucleophile being the thiol of cysteine.

The strong nucleophilic character of cysteine thiol has indeed been harnessed for the purpose of selective
installation of negative charge on the kinase activation loop. Lamoureaux et al. reported a sulphonation
reagent which was able to selectively form a disulphide with cysteine (Scheme 1.3).3® Sulphonation in
proteins had in fact been previously reported,® but was not applied to kinases. In using this reagent
to give the active kinase, cysteine is substituted into the native phosphorylation site by genetic means.
The purified kinase is then treated with the sodium tetrathionate and sodium sulphite which sulphonates
the cysteine, thus installing the negative charge. Of course, the sulphonation reagent has the potential to
react with any cysteine that is available on the kinase. However, due to the low natural occurrence of
cysteine (cysteine is the second rarest amino acid in human proteins), site specific chemical modification

is achievable.
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Scheme 1.3  Sulphonation of MEK1 kinase.

Cysteine has similar steric properties to that of serine and threonine so this method, like the use of acidic
residue substitution, is most suited to the substitution of phosphoserine and phosphothreonine. Compared
to acidic residue substitution, this method has the advantage that the sulphonyl group has the same ge-
ometry as phosphate, both of them being tetrahedral (Scheme 1.4). However, the sulphonate still has the

shortfall in net charge, being —1 charged. Despite this shortcoming, the sulphonated MEK1 kinase variant

produced in the reported study showed similar activity to the enzymatically phosphorylated one.3®
? o ? o Q
S-S-0 O-P-0O O-P-0
CEE
- - -
sulpho-cysteine phosphoserine phosphothreonine
(pSer) (pThr)

Scheme 1.4 Comparison of sulpho-cysteine with its natural counterparts.

1.7 Kinases in Multistep Chemical Modification

With the possibility of chemical modification at cysteine as the strategy for installing negative charge site-
specifically, an obvious improvement on the —1 charge of the sulphonate mimic is to use phosphate itself.
Direct phosphorylation of cysteine has been reported with the use of potassium phosphoramidate,*® how-

4142 which demonstrates

ever, this reagent is more closely associated with studies on phosphohistidine,
that this reagent is not particularly chemoselective.*® Instead, the strategy used to install phosphate on
cysteine relies on a two-step, “tag-and-modify” process, where the cysteine is firstly further activated to a

dehydroalanine (Dha) reactive intermediate, before the desired phosphocysteine is formed (Scheme 1.5).

A number of alternate strategies for obtaining the Dha intermediate have been devised,*? but by far the
most well-tolerated of these methods by proteins, as well as one of the highest yielding reactions is the bis-

alkylation—elimination method, as can be achieved by using dibromide 1.4 Using this reagent, the thiol
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Scheme 1.5 General reaction pathway of the “tag and modify” strategy used to install phosphocysteine
on a protein, going via the Dha intermediate, as demonstrated on a p38« kinase variant.

of the cysteine being modified nucleophilically attacks the 2- and 5-centres of dibromide 1 sequentially,
liberating bromide as the leaving group in each case (Scheme 1.6). From preliminary results, the product
formed after the first alkylation is relatively long-lived and can easily be discerned. However, the second
alkylation forms a cyclic sulphonium intermediate, which although has also been observed as a long-

lived intermediate in some cases,*

is more usually quickly eliminated as sulphonium 2 to give a Dha
product. The elevated reactivity of the Dha over the original cysteine then allows the Dha to readily
react with a wide range of nucleophiles,*® which includes thiophosphate, thus resulting in the desired

phosphocysteine.

owo

2

Scheme 1.6 A proposed mechanism for the formation of dehydroalanine from cysteine, using the bis-
alkylation—elimination reagent dibromide 1.

Indeed, the installation of phosphate on cysteine has been reported in proteins,*® including biologically

relevant ones.*>*” However, until now, 8

this method had not been applied to protein kinases for mim-
icking phosphoserine and phosphothreonine. It is the development of this chemical modification method,

and its application onto kinases that is the focus of this project.
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1.8 Project Motivations

This account on kinases and the signalling cascades they operate in has, up until this point, been a rather
simplistic one. In reality, many kinases interact with a number of different partners, resulting in what
is better described as a signalling network.*® At the molecular level, this network behaviour manifests
in kinases having multiple phosphorylation sites, as previously exemplified on MEK1. However, these
alternative phosphorylation patterns may not only occur outside of the crucial activation loop, but also
within the activation loop itself. It is not uncommon for a kinase to have more than one phosphorylation

site in the activation 100p,48’50

and being in the activation loop means that each phosphorylation has a
profound influence on the kinase’s active function. Having multiple activation loop phosphorylation sites
also presents the kinase with combinatorially alternate phosphorylation patterns, all of which could have

subtle differences in behaviour, both in their enzymatic, as well as their regulatory functions.>!>?

Ultimately, it is the importance that kinases have in cell signalling that brings them the most attention.
Being responsible for many of the cell’s functions, including cell growth, differentiation and apoptosis,
any dysfunction of a kinase can lead to disease, the most notable being various cancers.® This has led to
strong pharmacological interest in kinases, and the development of therapeutics for intervening in such
cases of dysfunction. Although there are a number of therapeutics now available for the treatment of a
range of diseases, mostly cancers, that implicate kinases,>> the rapid expansion in this field is hindered by
the sometimes limited understanding of a kinase’s regulatory network, and the redundancy that a network

system implicitly has.*

An illustration of this shortfall in the mechanistic understanding of disease lies in costs that the phar-
maceutical industry has incurred due to the failures of proposed therapeutics in Phase II clinical trials
(Fig. 1.5).* A large proportion of those costs are due to a lack in therapeutic efficacy, demonstrating the
shortcomings in biological target validation. Given the large proportion of therapeutics that target kinases,
there is a financial interest for a fuller understanding of kinase function and regulation, and by extension,
in the molecular interactions they undertake.> The development of alternative investigative tools for the

study of kinases and their interactions is therefore a contribution towards this need.
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Fig. 1.5 Phase II clinical trial failures during 2011-2012. Of the 148 failures in that time period, 105
reported the reason for failure, the proportions of which are plotted in the chart. Reprintedbypermission-
fromMacmillanPublishersLtd: Nature Reviews Drug Discovery 12(8): 569, Copyright © 2013.*

1.9 Advantages and Disadvantages of Chemical Modification

The use of phosphocysteine to mimic phosphoserine or phosphothreonine is a potential alternative in-
vestigative tool for kinase study, and has some distinct advantages over the more traditional, biologically-
oriented methods in producing active forms, or phosphoforms of recombinant kinases. The key advantages
over using acidic residue substitutes (aspartate or glutamate) have already been explained, but some of the

advantages over enzymatic activation are less obvious.

As already mentioned, phosphoform homogeneity is a trait that can be difficult to achieve when enzymatic
methods of phosphorylation are used. The issue of homogeneity becomes particularly apparent when a
kinase of interest has two activation loop phosphorylation sites, and becomes yet more apparent if the
interest lies in the intermediate phosphorylation states of a kinase. Having the same enzyme phospho-
rylating both phosphorylation sites further compounds this problem, since there would be no biological
method in selectively phosphorylating a particular site. Despite these obstacles, interest in these interme-
diate phosphorylation states arises since they may be important in regulating a kinase’s behaviour, so the

understand of their purpose is central to pharmaceutical target validation.

The problem of a phosphoform mixture can however be overcome. Success is most likely if one of the
phosphorylation sites is serine/threonine and the other tyrosine, since it may be possible to selectivity
dephosphorylate one of the positions over the other. This can be achieved by the use of phosphatases.
Phosphatases are the enzymatic counterparts to kinases so while kinases phosphorylate, phosphatases
dephosphorylate. Like kinases, phosphatases which are involved in cell signalling are also generally sub-

divided according to the phosphorylated residues they act upon.>® Thus, using the action of a phosphatase
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with specific activity, selective dephosphorylation of one of the kinase’s phosphorylation sites may be
possible, and has been demonstrated in the literature.®? If however the two phosphorylations occur at
related phosphorylation sites (both serine/threonine, or both tyrosine), the separation of phosphoforms is
likely to be difficult. The phosphoforms may be resolved by their difference in surface charge, but given
that the charge difference between such closely related species will be small, physical separation is un-
likely to yield satisfactory results. Regardless of success, as both of these methods require access to the
bis-phosphorylated phosphoform during their preparation, any mono-phosphorylated phosphoform that
results from either of these two processes cannot be guaranteed to be free from the bis-phosphorylated

one.

A more common solution to obtaining the mono-phosphorylated states of a kinase where both phospho-
rylation sites are serine/threonine is again through mutation. In this regime, the phosphorylation site that
is not of interest is mutated to an unreactive residue, which is usually one with aliphatic side-chain such
as alanine, so that enzymatic phosphorylation at the other position can still continue. '>??? This substitu-
tion means that a hydroxyl group is missing from the position where the mutation has been made, so no
phosphorylation can occur at this position. The mutation also results in the lost opportunity for hydrogen
bonding at the unphosphorylated position. This is turn can have deleterious consequences for the kinase’s
behaviour, which can lead to inconsistent or spurious conclusions. !>?? With the chemical modification
method however, the different destinies of the two phosphorylation sites are encoded in the difference in
reactivity between the thiol of cysteine, and the alcohol or phenol of serine/threonine or tyrosine, so phos-
phorylation at one site can occur while in the presence of the native residue at the other phosphorylation

site.

The installation of phosphocysteine by chemical means is not without its drawbacks though. Like the
other methods of mimicry of acidic residue substitution and cysteine sulphonation described previously,
cysteine phosphorylation is likely to be a suitable mimic only to phosphoserine and phosphothreonine.
A more serious flaw arises from the synthetic strategy, which goes through the geometrically flat, Dha
intermediate, a virtue of converting the a-carbon from an sp? to an sp? centre. It means that the L-amino
acid stereochemistry is lost when the tetrahedral centre is reformed on attack of the thiophosphate nucle-
ophile to form phosphocysteine. The key question of the project therefore is whether phosphocysteine
produced by this synthetic strategy is a sufficient mimic of the phosphoserine or phosphothreonine that it

is supposed to substitute, in the context of kinases.
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1.10 MAPK Kinases and Choice of Model

The other, minor disadvantage of using cysteine for chemical modification becomes apparent on selecting
suitable model kinases for the study at hand. Given that the chemical modification method relies on
cysteine, an obvious selection criterion for a model kinase would be that it doesn’t have any cysteines in its
primary sequence, or at least has very few. Although cysteine is a rare amino acid, it is not natively absent
in most proteins, where a bioinformatic analysis of all the human protein kinase primary sequences?
showed that there are no kinases that have no cysteines in their primary sequence (Fig. 1.6). Instead, given

the pharmacological motivations of this project, model kinases were selected from those of therapeutic

interest, and only human kinases were used.

Frequency

0 10 20 30 40 50
Number of Cysteines

Fig. 1.6 Histogram of cysteine frequency in human kinases.

The MAP kinase (mitogen-activated protein kinases) family of kinases represent one of the most closely
studied family of kinases. Interacting with many of the cell surface receptors,>’ MAP kinases are therefore
implicated in many of the cell’s functions, but they mainly respond to signals of cellular stress and to
growth factors.>® Being some of the most intensely studied kinases, MAP kinase cascades have been
classified into tiers. Not including the surface receptor, a MAP kinase cascade has a minimum of three
tiers and can have as many as five, with each tier of kinases interacting nearly exclusively with those in
the tier below. Four, relatively distinct cascades have been identified (p38, JINK, ERKS and ERK1/2),°
usually referred to by the kinase in the MAPK tier (Fig. 1.7). Although there is some cross-talk between
the cascades,®® MAP kinases generally have few interaction partners, as exemplified by the Ras-Raf-
MEK-ERK pathway. This results in the relatively linear cascade arrangement, particularly in the MAPKK
(MAP kinase kinase) and MAPK tiers and makes them ideal candidates for use as model kinases, since

their linear arrangement makes their biological interactions simpler to characterise. Kinases from the
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MAPKK and MAPK tiers where thus selected as models, namely p38a and MEK1, both of which have

also been studied for their disease implications.

MAP4K
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MAP3K
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targets

Fig. 1.7 Summary of the MAP kinase signalling network, showing the tiered structure according to their
classification (far right). The Ras-Raf-MEK-ERK pathway shows a near linear cascade. Reprinted from
Fig. 1 from H. Rubinfeld and R. Seger, The ERK cascade: a prototype of MAPK signaling, Molecular
Biotechnology 31(2): 151-174, Copyright © 2005 Springer and Humana Press Inc.; with kind permission
from Springer Science and Business Media.>®

p38a comes from the MAPK tier of the p38 cascade. Being in the bottom tier of its cascade, p38«a in-
teracts with a host of transcription factors.®! Having a wide range of downstream interactions results in
p38a having a number of disease implications, where it has been studied mainly for its implications in in-
flammation, > and has received significant therapeutic interest in that field.%>%* It also has implications in

somatic, % cardiac® and neural®’

cellular regulation. p38« is phosphorylated at two sites in the activation
loop for full activation, Thr180 and Tyr182.33 Despite only the Thr180 phosphorylation site being suitable
for study by cysteine chemical modification, mono-phosphorylated p38a-pThr180 is precedented and has
been demonstrated to display different regulatory behaviours from the more common, bis-phosphorylated

phosphoform.3!-3?

MEKI1 on the other hand comes from the MAP2K tier of MAP kinases. Compared to p38a, MEK1

has few interaction partners, being only known to phosphorylate ERK1 and ERK2.% This specificity is
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reflected in its disease implications, where it is implicated in cancer,® but the linear cascade arrangement
downstream of MEK1 (and its homologue MEK?2) has given it much pharmacological attention, since it is
regarded as a bottleneck in what is otherwise a signalling network.’® ERK1 and ERK2, like p38« and the
other MAP kinases from the MAPK tier are phosphorylated at threonine and tyrosine for full activation.
8

MEKI is able to phosphorylate at both of these phosphorylation sites, making it a dual specificity kinase.®

MEK]1 is itself phosphorylated at two serine sites for full activation, Ser218 and Ser222. !

1.11 Project Aims

The aim of this project is to introduce phosphorylation onto kinases by chemical modification, resulting in
their active conformation. With two model kinases, p38a and MEKI1, the generality of the chemical mod-
ification method in activating kinases can be suitably challenged. Between these two model kinases, with
p38a containing a threonine activation loop phosphorylation site and MEK1 containing two serine phos-
phorylation sites, the question of whether phosphocysteine makes good mimics of both phosphothreonine

and phosphoserine can therefore be addressed.
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Chapter 2

Chemical Modification on p38a Kinase

To realise the aim of chemically installing phosphocysteine into the activation loop of a protein kinase,
p38a was chosen as one of the model kinases. The synthetic route used to do this involved reaction at

cysteine, so the variants used in the study had to be carefully selected.

2.1 Construct Design

Plasmid constructs containing variants of p38« were donated by Richard Bazin, Pfizer, Sandwich. These
variants, as received, had been designed for application in a fluorescence assay, in accordance with re-
ported literature.””? In these reports, fluorophores were attached to p38a via cysteine. However, p38a
contains native cysteines, some of which are surface accessible. As control over the site of modification
is crucial to installing the modification in the kinase activation loop, these natively occurring, surface
accessible cysteines had been mutated out to prevent undesired chemical modification at these positions
during the reactions (Fig. 2.1). Given the high accessibility of Cys119 and Cys162 in particular, both of
these residues had been mutated to serine in all p38« variants. Cys39 however, being surface accessible
but in a sterically crowded region of the protein and therefore sterically hindered, had been precautionar-
ily mutated to alanine. An A172C mutation had been made as the site of fluorophore attachment, again
according to the precedent, which was present in both variants. This gave rise to the two p38« variants

p38a-C119S/C162S/A172C (3) and p38a-C39A/C119S/C162S/A172C (4).

As in the case of the fluorophore attachment, the method of installing dehydroalanine as described in

Chapter 1 also relies on the reactivity of the cysteine thiol. These “surface cysteine-free” variants of
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Fig. 2.1 Crystal structure of p38a kinase highlighting the surface accessibility of native cysteine
residues. These cysteines are divided into three categories: highly solvent accessible Cys119 and Cys162
(magenta), hindered Cys39 (orange) and buried Cys211 (yellow). The site of chemical modification,
A172C is also highlighted (red, centre of structure). Drawn from 1R3C.pdb.”?

p38a were therefore directly relevant to the project aims, even though A172C is not a native site of
phosphorylation. Given that different protein modification reagents can have different site selectivity
profiles, it was decided to investigate both surface cysteine-free variants containing the A172C mutation

in parallel against the range of chemical modification reagents used over the study.

2.2 Variant Expression and Purification

Both p38a variants were expressed using the protocol established at Pfizer. Modifications were made to
the Pfizer purification procedure though, with the resulting procedure used being a mixture of the Pfizer
protocol and techniques used in the literature.”! GST affinity chromatography was carried out according to
the Pfizer protocol whilst the tag digestion was carried out using the techniques described in the literature.
After tag rebinding, the purification protocols from both sources were the same. This purification method

resulted in highly purified protein for both variants (Section 2.11.3).
2.3 Implementation and Optimisation of Reaction Conditions for Dehy-

droalanine Installation

The p38« variant 4 containing fewer cysteines was chosen as the first reaction testing model, since it
was less likely to react multiple times with dibromide 1 (Scheme 2.1). Dibromide 1 is used to generate

dehydroalanine (Dha) in place of cysteine as the first step towards the phosphocysteine installation on the
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kinase. Dibromide 1 was synthesised according to literature procedures.*? Along with the implementation
of Dha installation on kinases, optimisation with a small range of buffers and varying buffer compositions

was attempted.
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Scheme 2.1 Generation of Dha on p38« variant 4 with dibromide 1. The remaining cysteines are also
highlighted: buried cysteine (yellow) and cysteine reaction site (red).

The design premise on buffer composition was that the reaction buffer should be as similar as possible to
the storage buffer, which in turn is important for protein stability and enzymatic competence. In previous
work concerning the application of the bis-alkylation—elimination method for generating Dha in proteins,
PBS was commonly used as a reaction buffer.*> The use of a phosphate buffer with kinases was deemed
to be undesirable since their enzymatic reaction involves phosphate. Chemical reaction conditions that
allowed the kinase to be phosphate naive were therefore sought. Co-solvents have also been employed
in some procedures, most notably DMF, although other procedures had omitted this, therefore implying
that the methodology would be applicable to proteins that may be unstable to organic solvent.*? The use
of organic co-solvent was considered potentially detrimental to the enzymatic activity ’* of the kinase and
was therefore excluded from the reaction conditions. Finally, since the substrate of the chemical reaction

75-77

is a protein, the use of protein stabilising agents in the buffer were considered potentially beneficial

to the enzymatic competence of the kinase. These stabilising agents needed to be tested to find out if
they were tolerated by the chemical reaction. Thus, HEPES was tested as the buffering agent instead of

phosphate, and the tolerance of the chemical reaction to HEPES, TCEP and glycerol was also tested.

The reaction of p38« variant 4 with dibromide 1 was run with 3 variations of p38« storage buffer (50 mM

HEPES pH 7.8, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP):
1. HEPES buffer (50 mM HEPES pH 7.5)

2. p38a storage buffer but at pH 7.5 and without TCEP
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Scheme 2.2 Further reaction of Dha product 5 with TCEP resulted in the presence of this buffer com-
ponent.

3. A 3:1 mixture of p38« storage buffer with HEPES buffer

In conditions 1. and 2., only the desired product containing Dha product 5§ was observed (Fig. 2.2a
and 2.2b) while with Condition 3., although 5 was the main product, a sideproduct corresponding to
subsequent reaction of 5 with TCEP was also observed, resulting in the TCEP addition product 6 (Fig.
2.2c and Scheme 2.2). Confirmation of the adduct came with the addition of more TCEP, upon which 6
became the major product (Fig. 2.2d). It was thus concluded that the reaction could be run in the presence
of glycerol, but not with even small quantities of TCEP. A further change to the pH (7.5 to 8.0) was made

later on to be consistent in this parameter with the literature precedent for this reaction.*3
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Fig. 2.2 Deconvoluted MS spectra of reactions of p38« variant 4 with dibromide 1 under different buffer
conditions: (a) in HEPES buffer, (b) in p38« storage buffer at pH 7.5, without TCEP, (c¢) and (d) in 3:1
mixture of p38a storage buffer with HEPES buffer. Additional TCEP had been added to give the product
in (d). (e) MS of the unmodified 4 is shown for comparison. Expected mass change from unmodified 4
upon: Dha formation: —34 Da, TCEP addition product formation: +285 Da.
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2.4 Chemical Reagent Regioselectivity

With suitable reaction conditions for Dha installation in hand, this chemical reaction could be tried against
both the available p38« variants. Since the mutations of the p38« variants had been designed solely from
a structural perspective, an additional purpose of this test was that the cysteine accessibility on these
variants had to also be tested experimentally. In investigating reagent regioselectivity, the variants were

not only tested against dibromide 1, but also against Ellman’s reagent (7) (Scheme 2.3). Ellman’s reagent

has strong precedence for being used as an indicator of cysteine surface accessibility. ’37°
8 from 3
1 5 from 4
o) o) ,
> " “‘7
R Y W4
H:N - Br Br  NH; S*C %% QR‘Q‘
A 7
HO,C
SHo] <02N{\ }
Containing:
1 surface Cys (shown)
(1 hindered Cys in 3 only) CO,H
1 buried Cys >
NO,

Scheme 2.3 Chemical reactions for testing cysteine surface accessibility.

Comparison of mass spectra (MS) taken during these reactions showed that while reaction with Ellman’s
reagent had the potential for multiple adduct formation, according to the number of overall cysteines in the
variants (Fig.2.3a and 2.3b), reaction with dibromide 1 resulted in the formation of a single product (Fig.
2.3c and 2.3d). This demonstrated firstly that different reagents have different reactivity profiles against
the available cysteines of the variants, and secondly that although the more accessible cysteines are more
likely to be the ones that react from the perspective of design, it is also possible for other, more hindered
or buried cysteines to react with a modification reagent. In terms of using Ellman’s reagent and structure
aided design to predict the reactivity of cysteines, both of these methods therefore function merely as

indictors.

The rate of reaction at the different cysteines vary, as exemplified by the full conversion to the mono-

Ellman’s adduct, resulting in this adduct being the lowest modified state. This difference in rate according
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(¢) p38« variant 3 with dibromide 1 after 4.5h at 37°C.  (d) p38« variant 4 with dibromide 1 after 4 h at 37 °C.

TOF MS ES+ TOF MS ES+

100 41436 8.32e3 100 41404 1.03e4

mass o

r T T T T T T T T T T mass
40000 40500 41000 41500 42000 42500

% %

A

4
0% T T T T ¥ T T 1 7 T T mass 0+ ; T i T 7 T 7 ? 7 T
40000 40500 41000 41500 42000 42500 40000 40500 41000 41500 42000 42500
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mass

Fig.2.3 Deconvoluted MS spectra demonstrating the different reactivity profiles, with respect to cysteine
of (a) and (b) Ellman’s reagent, and (c) and (d) dibromide 1 with p38« variants 3 and 4 ((d) reproduced
from Fig. 2.2b for ease of comparison). Multiple peaks are observed in the MS from the reactions with
Ellman’s reagent, whereas a single peak is observed for the Dha formation with dibromide 1. (e) and
(f) MS of the unmodified p38« variants 3 and 4 are shown for comparison. Expected mass change from
unmodified p38« variant upon: Dha formation: —34 Da, Ellman’s adduct formation: +197 Da.

to a cysteine’s stereoelectric environment then gives rise to the range of modification states observed
(Fig. 2.3a and 2.3b). As for the reaction with dibromide 1, given that only single site modification was
observed, even at prolonged reaction times with both variants (Fig. 2.3c and 2.3d), it was assumed that
the reaction with 1 occurred at the designed site at position 172. This was later confirmed by LC-MS/MS,
as well as further observations of reaction rates (Sections 2.8.2 and 2.9). As the requirement of single
site modification with dibromide 1 had been met by both variants, but only one variant containing the
A172C mutation was required for further study, variant 3 (referred to exclusively as p38a-Cys172 later
in the discussion) was chosen for the majority of further tests, particularly in the procedures described in

Chapter 3, since its mutation profile is closer to the wild-type.

2.5 Chemical Tests against Installed Dehydroalanine

On top of the mass spectral evidence that Dha had been installed in both p38« variants, chemical tests were
required to provide further evidence of this. A series of suitable control reactions as had been previously

used*? were applied to the Dha products (8 and 5) of both p38« variants (Scheme 2.4):
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1. Reaction of the Dha product with (3-mercaptoethanol (positive reaction control)
2. Treatment of the Dha product with Ellman’s reagent (negative reaction control)

3. Reaction of the Dha product with sodium thiophosphosphate (desired modification reaction)

9 from 8
10 from 5

O,N

CO,H
R n
Multiply modified

Containing: ::; :rom g product:

(1 hindered Cys in 8 only) rom n=1-2from 8
1 buried Cys n=0-1from 5
(one Cys shown)

Na3PO3S
R EE——
S—P—OG

Scheme 2.4 Chemical reactions for determining the success of Dha installation in p38« variants.

The Dha products (8 and 5 respectively) of both p38« variants 3 and 4 reacted completely with f3-
mercaptoethanol (3-ME) to give the 3-ME adducts 9 and 10 (Fig. 2.4a and 2.5a). These adducts were
stable products, and their presence was monitored over a few hours, unlike the products formed during
disulphide bridge reduction.” The formation of 9 and 10 therefore demonstrated that a reactive moiety,
namely Dha had been installed on the p38« variants. A similar observation was made for the reaction be-
tween sodium thiophosphate and the Dha products 8 and 5, where masses corresponding to the expected

phosphocysteine (pCys) derivatives were observed (Fig. 2.4c and 2.5¢), giving the phosphocysteine prod-

ucts 11 and 12 respectively.

With free cysteine thiols still remaining in the Dha products, the results from the treatment of Dha products
8 and 5 with Ellman’s reagent were less well defined. The number of Ellman’s adducts formed were

consistent with the remaining numbers of cysteines in both cases (Fig.2.4b and 2.5b), and consistent with

25



TOF MS ES+ TOF M3 E3+

100 41481 27804 100 41798 1.68e3
41599
= B
A an
0% 7 T T T T T T 7 mass 0 T T T T T T T T T T mass
40000 40500 41000 41500 42000 42500 40000 40500 41000 41500 42000 42500
(a) (b)
TOF MS ES+ TOF MS ES+
41518 13283 41404 1.52e4
100 100
41401
e
0 T T T T T T T T mass 0+ T T T T T T T T T T mass
40000 40500 41000 41500 42000 42500 40000 40500 41000 41500 42000 42500
(c) (d)

Fig. 2.4 Deconvoluted MS of products from control reactions on Dha product 8: (a) from reaction with
[3-mercaptoethanol. Expected mass change from 8: +78 Da, (b) from reaction with Ellman’s reagent.
Two cysteines are expected to remain, which is demonstrated from a series of two adduct products being
formed. Expected mass change from 8: +197 Daxn where n =1 or 2, (¢) from reaction with sodium
thiophosphate. Expected mass change from 8: 4114 Da. The MS shows incomplete conversion to the
mass of the desired product. (d) Deconvoluted MS of Dha product 8.
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Fig. 2.5 Deconvoluted MS of products from control reactions on Dha product 5: (a) from reaction with
3-ME. Expected mass change from S: +78 Da, (b) from reaction with Ellman’s reagent. One cysteine is
expected to remain, which is demonstrated by further conversion to only one adduct product. Expected
mass change from 5: 4197 Da, (¢) from reaction with sodium thiophosphate. Expected mass change from
5: +114 Da. (d) Deconvoluted MS of Dha product 5 (reproduced from Fig. 2.2a for ease of comparison).
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the consumption of one cysteine being converted to Dha in each case. However, due to the presence of
multiple products arising from the different reactivities of the remaining cysteine(s), this resulted in the
low definition of this test. Since the results were not clear-cut, it was concluded that this test was of limited
utility. For consistency, this test was used for all installations of Dha made on p38«, but was discontinued

when working with MEK1.

2.6 Reaction Site Shift and Further Mutation

The successful installation of phosphocysteine at position 172 in p38a demonstrated that the scope of this
chemical transformation could be expanded to kinases. Further, the studies on the A172C variants had
given good grounding to the technical requirements and the reaction condition requirements of protein
modification on p38«. However, position 172 is not a native phosphorylation site. Instead, p38« is phos-
phorylated natively at two sites, Thr180 and Tyr182 (Fig. 2.6). As the primary intension of the project is to
use chemical modification as an additional tool for biological functional studies, and as phosphocysteine
is unlikely to be a suitable surrogate for Tyr182, attention was turned only to phosphorylation at position

180.

Fig. 2.6 Crystal structure of p38« kinase highlighting the two residues that are natively phosphorylated
in active p38a: Thr180 (red) and Tyr182 (orange). Drawn from 1R3C.pdb.”3

Appropriate site-directed mutagenesis was therefore done to reverse the A172C mutation and to install
a new chemical modification site at 180 via T180C mutation. At the same time, mutation to obtain the
wild-type sequence was carried out in parallel, which although was not used in the study of p38« activity,
it was used in the verification of the biological recognition of MEK1 (Section 5.4). The plasmid construct

encoding the new p38« variant p38a-C119S/C162S/T180C (13, also referred to as p38a-Cys180 later
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on in the discussion) was suitably expressed and the protein purified in a similar manner to the other two

p38« variants (Section 2.11.3).

2.7 Installation of Dehydroalanine on p38c-C119S/C162S/T180C

Containing: Multiply modified
1 hindered Cys (shown) product: n = 1-2
1 buried Cys

Scheme 2.5 Dha formation and Dha controls reactions on p38« variant 13.

Dha was similarly installed onto p38« variant 13, using the conditions established on p38« variants 3
and 4 (Fig. 2.7a and Scheme 2.5), with the results from the 3-ME and Ellman’s reagent control reactions
giving the products as would be expected on a p38a variant with two native cysteines remaining (Fig.
2.7b and 2.7c). Addition of thiophosphate on the Dha product 14 however proved to be a little more
challenging than for the Dha products already investigated, where more extensive efforts were taken for

the reaction’s optimisation.

2.8 Thiophosphate Reaction Optimisation on p38a-C119S/C162S/T180C

The major impetus for more detailed investigation into the thiophosphate addition reaction was the
slower reaction kinetics of thiophosphate addition onto the Dha product 14 compared to Dha product 8
(Scheme 2.6 and Section 2.8.2). Since prolonged exposure to elevated temperatures (37 °C) could result in
decreased enzymatic activity for assays further downstream (Section 3.5), and yet elevated temperatures

were necessary for the reaction to be complete in a practical time, shorter reaction times were desired

28



TOF MS ES+

100 41373 1.07e5

0% 7 7 i T et 7 T T i T mass
40000 40500 41000 41500 42000 42500
(a)

TOF M5 ES+ TOF M5 ES+

100 41451 34484 100 41767 17984

41569

0 T T T T T T T T T T T mass 0y T T T T T T T T T T mass
40000 40500 41000 41500 42000 42500 40000 40500 41000 41500 42000 42500

(b) (c)

Fig. 2.7 Deconvoluted MS of the products from Dha formation on p38« variant 13 and from subsequent
control reactions with the Dha product. (a) Dha product 14. (b) From reaction of Dha product with 3-ME.
Expected mass change from 14: +78 Da. (c¢) From reaction of Dha product with Ellman’s reagent. Two
cysteines are expected to remain, which is demonstrated from the series of two adduct products being
formed. Expected mass change from 14: 4197 Daxn where n = 1 or 2.

in order to avoid problems to enzymatic activity. Thus, buffer conditions and pH were screened to see
whether changes in these parameters could cause changes in reaction rate. However, before optimisation
studies on the thiophosphate reaction could be done in earnest, improvement to the investigative methods

were required.

Scheme 2.6 Thiophosphate addition onto Dha product 14.

2.8.1 Practical Considerations and Quantitative Mass Spectrometry

Although MS is not widely considered a quantitative technique, it was hypothesised that this consider-
ation would not apply to this study. The hypothesis was based on the postulate that since the chemical
modifications made here were small compared to the size of the protein, the changes to the physiochemical
properties of the protein would also be insignificant. This in turn would result in all chemically modified
protein species ionising similarly, therefore giving MS signals that are proportional to the quantity of a
given protein species. Since quantitative analysis of the collected data would improve the richness of the

data, efforts were made to make this type of analysis of the MS data routine.

29



While developing the workflow for routine quantitative analysis, the opportunity was also taken to stream-
line the existing workflow. Major limitations of the LC-MS method previously used were the sample size
(~40 L of 1 mg/mL protein) and the time (35 min) required to run each sample, both of which were
excessive. The LC-MS system used was miniaturised using a shorter column (predominantly ProSwift®
RP-4H monolith, 1x50 mm column from Dionex) so that both of these parameters would be 1/3-1/2 of
their original values. This reduction in time and sample requirements allowed more samples to be screened

per unit time.

With the capacity for more samples to be run in a given time, there is more data that needs processing and
analysing. These tasks were also streamlined and much of the data handling workflow was automated.
The increased LC-MS and data handling capacity then allowed for 4-5 samples per reaction to be executed
and analysed quantitatively over the reaction timescale (4—8 h). Since one of the aims in optimisation was
to get shorter reaction times, the quantitative data was used for kinetic analysis of the reactions, and this

analysis was used as a further guide in reaction optimisation.

The quantitative nature of the MS technique used was tested after the conversion to thiophosphate adduct
16 had been optimised. In an experiment where the thiophosphate adduct 16 and the Dha product 14 were
combined in known ratios and the samples analysed, it was found that peak height in the MS was suitably
proportional to species quantity (Fig. 2.8). The streamlining of the LC-MS and data analysis workflow
was instrumental to the collecting of large biological kinetic assay datasets further downstream (Sections

3.5 and 5.4), where the same techniques were used.
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Fig. 2.8 Calibration curve made with mixtures of known proportions of thiophosphate adduct 16 (green)
and Dha product 14 (blue) and the resulting read-out from LC-MS analysis.
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2.8.2 Comparison of Reactions on p38«a at Positions 172 and 180

The slower reaction rate of thiophosphate addition to Dha product 14 compared to Dha product 8 (referred
to at this point as p38a-Dhal80 and p38a-Dhal72 respectively to emphasise the difference in reactive
cysteine position, with all other cysteine mutations being equal) could easily be determined using the
quantitative analysis workflow (Fig. 2.9). In making this conclusion, the assumption was also made
that despite the difference in the position of the reactive cysteine, both p38« variants p38a-Cys180 (13)
and p38a-Cys172 (3) had folded in the same way. This assumption was considered reasonable for two
reasons. Firstly, the difference between the two variants lies in the highly flexible activation loop, so the
small changes in polarity which occur from these single residue changes are unlikely to radically affect
the structure of the kinase as a whole. Secondly, the literature precedent on making mutations in the

activation loop was that it still resulted in the active kinase,”' which must therefore have folded correctly.
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Fig. 2.9 Kinetic analysis of conversion of Dha product (blue) to thiophosphate adduct (green) for Dha
products: (a) p38a-Dhal80 (14) and (b) p38a-Dhal72 (8).

With the folds of the two variants likely to be the same, this difference in chemical reaction rate must
therefore arise predominantly from the difference in reaction site position, and more specifically in the
differences of the steric and electronic nature of the two positions. To support this notion, the surface
accessibility and electrostatic surfaces for p38a were calculated (Fig. 2.10). It was observed that while
there was little difference in the sterics between positions 180 and 172 (Fig. 2.10a), this was not the case
with the net charge. Position 180 was found to have net negative charge, while position 172 was net
positive (Fig. 2.10b). These calculations as made on the p38« crystal structure were therefore consistent
with the observation in thiophosphate addition reaction rate, since attacking a negatively charged region

(as in the case on p38a-Dhal80) with a highly negatively charged nucleophile is likely to be more difficult,
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therefore causing a reduction in chemical reaction rate and making this reaction slower. Further, it was
concluded that the difference in electronics between the two positions had a greater effect than the sterics
on reaction rate. The difference in reaction rate also constitutes evidence that the cysteine designed for
chemical modification (either at 180 or 172) was indeed the one being chemically modified, since it would
not be expected to see such difference in chemical reaction rate at corresponding cysteines in the same

position (as mentioned previously in Section 2.4).

(@) (b)

Fig. 2.10 Electrostatic and surface accessibility calculations for p38«. (a) Surface accessibility calcula-
tions show that the two reaction sites have similar solvent accessibility. The position of the native cysteines
are also highlighted. Levels of accessibility: >100% (blue), 100-75% (green), 75-50% (orange), 50-25%
(yellow), 25—-0% (white), 0% (grey). (b) The region around Thr180 has net negative charge (red) while the
region around Alal72 is positive (blue).! Drawn from 1R3C.pdb,”? a structure with p38c in its DFG-in
conformation.

The converse was found to be true for the reaction rate of Dha incorporation with dibromide 1, although

the effect was less pronounced (Fig. 2.11).
2.8.3 Effect of Buffer Composition

With the electronics of the reaction site being the dominant factor in the rate of thiophosphate addition
onto Dha, strategies to mask the charge were sort after. It was thus perceived that a change in buffer

composition could result in this masking to give the increase in reaction rate. The p38a reaction buffer
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Fig. 2.11 Kinetic analysis of conversion of unmodified p38« variant (red) to Dha product (blue) for
p38a variants: (a) p38a-Cys180 (13) and (b) p38a-Cys172 (3). The reaction goes via a mono-alkylated
bromide adduct (cyan), which is a long-lasting intermediate.

(50 mM HEPES pH 8.0, 50 mM NaCl, 5% glycerol) used until now was therefore compared against buffer

with a higher concentration of sodium chloride (150 mM) in the hope that the increase in ionic strength

of the buffer could cause such masking. As a further comparison, HEPES and phosphate buffer (50 mM

pH 8.0) were used as standards.
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Fig. 2.12 Kinetic plots of thiophosphate addition reactions on p38a-Dhal80 (blue) under various buffer
conditions: (a) in p38« reaction buffer, (b) in p38« reaction buffer with elevated NaCl concentration, (c)

in HEPES buffer, (d) in phosphate buffer.
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It was found that changing salt concentration (comparing Fig.2.12a and 2.12b) had little effect on the rate
whilst omission of glycerol increased the rate (comparing Fig. 2.12c¢ and 2.12d), but led to an increase in
protein precipititation. There was little difference in the rate when different buffering agents were used
(comparing Fig.2.12c and 2.12d). However, given the buffer design considerations and criteria described

in Section 2.3, none of the modified buffer conditions were adopted.

2.8.4 Effect of pH
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Fig. 2.13 Kinetic plots of thiophosphate addition reactions on p38a-Dhal80 (blue) under varying buffer
pH: (a) pH 10.0, (b) pH 8.0, (¢) pH 6.0.

pH in the range of 6—10 were tried. Upon comparison, higher pH was found to give a faster reaction rate
(Fig. 2.13). This is unsurprising, given that higher pH will result in an increased level of deprotonation
of the thiol sulphur, thus making it a stronger nucleophile. The pH optimal for the chemical reaction
however was very likely to cause the protein to be structurally unstable (Fig. 2.14),%! which in turn would
be detrimental to the activity of an enzyme. A change in reaction pH was therefore not adopted for further

synthetic use.
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Fig. 2.14 Distribution of optimum pH for protein stability for a set of 380 proteins. Reprinted, by
permission, from: Proteins 78: 2699-2706, Copyright © 2010 Wiley-Liss, Inc.®!

2.8.5 One-pot Strategy for Thiophosphate Addition

Containing:
1 surface Cys (shown)
1 buried Cys

Scheme 2.7 Simultaneous treatment of p38« variant 4 with dibromide 1 and sodium thiophosphate did
not produce the desired installation of phosphocysteine, but resulted in a mixture of products.

A one-pot strategy for converting the unmodified p38« variant to the phosphocysteine product was also
attempted, still with the aim of shortening total reaction time (Scheme 2.7). Using p38« variant 4 as the
model, the p38« variant was treated simultaneously with dibromide 1 and sodium thiophosphate. How-

ever, rather than finding the thiophosphate exclusively reacting with any Dha product that was formed, the
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thiophosphate also reacted directly with the unmodified p38« variant. The result was a mixture of Dha
product and thiophosphate disulphide adduct 17 and in fact, no desired phosphocysteine product was ob-
served (Fig. 2.15a). The formation of the thiophosphate disulphide adduct was confirmed upon treatment
of unmodified p38« variant 4 with sodium thiophosphate (Fig. 2.15b). Thiophosphate addition onto Dha

therefore cannot occur exclusively in the presence of an available cysteine thiol.
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Fig. 2.15 Deconvoluted MS from the treatment of p38« variant 4: (a) with dibromide 1 and sodium
thiophosphate (one-pot reaction). Both the masses for the Dha product and thiophosphate disulphide
adduct were observed. (b) with sodium thiophosphate only. (c¢) Deconvoluted MS of the unmodified
4 is shown for comparison. Expected mass change from unmodified 4 upon: Dha formation: —34 Da,
thiophosphate addition onto Dha: +80 Da, disulphide formation with thiophosphate: +112 Da.

2.8.6 Summary of Phosphocysteine Formation Trails on p38a-C119S/C162S/T180C

Reaction trials of thiophosphate addition on Dha product 14 did not yield a more efficient way of adding
this functionality to the protein, but it did more generally give scope to the reaction’s tolerance to buffer
and pH conditions. Instead, simply a longer reaction time (8 h) had to be adopted to get high conversion to
the desired phosphocysteine product 16 (Fig. 2.16), which subsequent characterisation and testing showed
that this longer reaction time was not associated with a loss in kinase activity or structural stability.
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Fig. 2.16 (a) Deconvoluted MS spectrum showing high conversion to phosphocysteine product 16, (b)
MS of the starting Dha product 14 is shown for comparison (reproduced from Fig. 2.7a for convenience).
Expected mass change from Dha product 14 upon thiophosphate addition: +114 Da.
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2.9 Structural and Functional Characterisation of Modified p38« Vari-

ants

MS could only be used to determine that a single chemical modification had occurred on each of the p38«a
variants. Although indirect, there was also reasonable evidence that this modification had occurred at
the desired site (Section 2.8.2). However, the structural and exact functionalised state of the chemically

modified variants remained unprobed. Some of the questions that needed to be answered in this area were:
1. Whether the secondary structure of the p38« variants had been retained upon chemical modification.

2. Regarding their secondary structure, whether the different variants had responded similarly to their
treatment to chemical modification, given that different variants were subjected to different reac-
tion conditions, the alternative being that the prolonged reaction times had deleterious effects on

secondary structure.

3. Whether direct evidence of modification at the site designed for chemical modification could be

obtained.

Circular dichroism (CD) spectra were taken to address the first two points, while MS/MS was used to
determine the third. Of the three p38« variants mentioned in the work until now, only two of them, namely
p38a-Cys172 (3) and p38a-Cys180 (13) were taken for further study using the techniques mentioned

here, as well as for the methods described in the next Chapter.
2.9.1 Circular Dichroism

Comparison of spectral profiles revealed no significant differences between the spectra of chemically
modified derivatives (termed “chemical variants”, a term which also includes the unmodified variant) of
both p38a variants p38a-Cys172 and p38a-Cys180 (Fig. 2.17), suggesting that chemical modification
had not significantly altered the proteins’ secondary structure. In order to study the behaviour to thermal
changes of the derivatives, the spectra were also collected over a range of temperatures, first ascending
and then descending. This allowed the data to be analysed for the melting and subsequent annealing char-
acteristics of all the p38«a chemical variants. Knowing the protein melting temperature would then verify

whether the reaction temperatures used were suitable for the protein, in that it would give an indication
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of the temperature range which could have adverse effects on protein secondary structure and enzymatic

function.
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Fig. 2.17 CD spectra of all chemical variants of p38a-X180 and p38a-X172 (X = Cys, Dha or pCys),

overall showing no significant changes between the unmodified variants (Cys variants, left) and phospho-
rylated variants (pCys variants, right).

Choosing the wavelength of maximum negative ellipticity at 10 °C as the wavelength for comparison, the
temperature melt plots revealed a linear trend in both melting and annealing stages (Fig. 2.18). This is
atypical of protein melt curves, which are usually sigmoidal.®? Protein melting temperatures therefore
could not be determined from this experiment. However, more general observations taken from the two
curves showed that although there was a regain of ellipticity on protein cooling in the annealing curve
(Fig. 2.18b), this regain was not complete when compared to the start of the melting curve (Fig. 2.18a),

suggesting that the refolding of the protein ended in misfolding.

2.9.2 Melting Point Determination

Since melting temperature could not be determined from CD, differential scanning fluorimetry (DSF)
with SYPRO orange dye was used to do this. 3384 In this technique, the increase in temperature causes the
melting protein to start exposing hydrophobic regions, which the dye binds to. The binding in turn causes
the dye to fluoresce. Melting temperatures of 45—46 °C were found for the chemical variants derived

from both p38a-Cys172 and p38a-Cys180, with the melting portion of the curve starting at 35-37 °C
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Fig. 2.18 Representative melting and annealing curves of p38a-Cys180 taken using CD.

(Fig. 2.19). Since the reaction temperature is somewhat below the melting temperature, and is actually
around the threshold temperature where melting starts, it was concluded that the different reaction times
at 37 °C used between the two p38« variants were unlikely to cause significant differences on protein

secondary structure degradation.

151

Fluorescence
-

05+

30 35 40 45 50 55 60
Temperature/°C

Fig. 2.19 Representative melting curve of p38a-Cys180 taken using DSF.

2.9.3 Establishing a Suitable Digest Protocol for MS/MS Analysis

To answer the question of whether the chemical modification had been made at the desired site, MS/MS
detection of tryptically digested proteins was carried out. Using LC-MS/MS to detect the peptide contain-
ing the position of modification (position 172 or 180) would then give direct evidence of modification at

this site.

In establishing a suitable digestion protocol, the protocol needed to be compatible with all the chemical
derivatives of the p38« variants (Cys, Dha and pCys), so that the same protocol could be used on all these
derivatives. Reported in-solution tryptic digestion protocols commonly involve the initial treatment of the

protein of interest with DTT at 80-95 °C.%38¢ The purpose of these conditions are for the reduction of
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disulphide bridges and the denaturation of the protein respectively. However, the use of a reducing agent
such as DTT is not compatible with the Dha products of the p38« variants. These reducing agents can
also act as nucleophiles and therefore add to the Dha. Furthermore, the use of such elevated temperatures
for denaturation is not compatible with phosphocysteine, where the phosphate is labile. The labile nature
of the phosphate on phosphocysteine was demonstrated on heating samples at 95 and 60 °C, where it
was found that hydrolysis of the phosphate occurred at 95 °C (Fig. 2.20a), but not at 60 °C (Fig. 2.20b).

Modifications to the standard protocol were therefore required.

TOF MS ES+ TOF MS ES+
100 41435 400 100 41517 1.69e4
& =
41403
0 T T T T T T T T T T mass 0% T 7 ; t t l”\ T f T 7 mass
40000 40500 41000 41500 42000 42500 40000 40500 41000 41500 42000 42500
(a) after heating at 95 °C (b) after heating at 60 °C

Fig. 2.20 Deconvoluted MS obtained on testing p38a-pCys172 for hydrolysis by heating. Expected
mass change from p38a-pCys172 upon hydrolysis: —80 Da.

The digestion conditions were changed to ones that could be tolerated by all groups introduced through
chemical modification. The temperature used for protein denaturation was therefore reduced. As the
melting curves from DSF showed that the protein is fully melted beyond 55 °C (Fig. 2.19), 60 °C was used
as the temperature for denaturation. Along similar lines, DTT was omitted from the digestion protocol.
Observation of the crystal structure of p38a showed that the cysteines were distributed sparsely around
the structure (Fig. 2.1), suggesting that no disulphide bonds were formed in the folding of this protein.
Omission of DTT from the standard protocol was therefore deemed unlikely to have any detrimental effect.
Upon testing variations on the digest protocol with and without DTT and using sequence coverage as the
marker for protocol success, it was found that the omission of DTT from the protocol did not adversely
impact sequence coverage (Table 2.1). Hence, the modifications in denaturation temperature and method
were adopted for general use in digesting samples for MS/MS analysis on p38«. All the chemical variants

derived from p38a-Cys172 and p38a-Cys180 were digested using this modified protocol.

2.9.4 LC-MS/MS Data Analysis

The digested samples were analysed by LC-MS/MS using collision-induced dissociation (CID) as the
peptide fragmentation method, and the datasets subsequently analysed using MASCOT. Due to the num-

ber of datasets requiring analysis and the number of peptides of interest in each dataset ([3 cysteines in
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Table 2.1 Sequence coverage obtained after LC-MS/MS analysis of samples prepared. Sections of pro-
tein sequence in black represent sections which have no peptide match from the MS/MS data. Top:
with DTT for disulphide bridge reduction (56% coverage), Bottom: without DTT (69% coverage).
p38a-pCys180 was used as the protein for the tests. Note: The numbering of the residues is off-set
by 2 (i.e. 182 here corresponds to 180 used throughout the rest of this discussion) since the numbering has

not been corrected for the uncleavable leader sequence from the N-terminal tag.
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each p38a variant] x [1-3 possible modification states at each cysteine position]), the use of MASCOT
facilitated the data analysis process in both being a tool able to handle the volume of data at hand, and in

ensuring consistency of analysis between datasets.

Three peptides of interest per sample arise since not only is the interest in showing that the chemical mod-
ification has been incorporated at the correct position (either position 172 or 180, the positive results), but
that there was no unwanted modification at the remaining cysteines (at Cys39 or Cys211 respectively, the
negative results). In the negative results, analysis of data revealed that the native Cys39 was detected in all
samples. This cysteine like all cysteine-containing peptides was detected as the carbamidomethyl deriva-
tive, since the free thiol had been capped in the digestion protocol to prevent disulphide formation. This
practise is also common in many digestion protocols and for the purposes of this discussion, the detection
of cysteine in MS/MS analysis refers to this capped state. 386 No significant levels of other chemical mod-
ifications were detected at this position and in most samples, no other modified peptides were detected at
all. As for the positive results and peptides containing the site designed for chemical modification (both

172 and 180), MASCOT analysis detected Cys172 and Cys180 in the chemically unmodified variants
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p38a-Cys172 and p38a-Cys180, while it found Dhal72 and Dhal80 respectively in the Dha derivatives.
However, the presence of peptides containing pCys172 or pCys180 in the phosphocysteine derivatives
were not detected, as was also the case with Cys211 in all datasets (Table 2.2).

Table 2.2 Detection status for all cysteine-containing peptides in MS/MS analysis, using CID as the
fragmentation method. Key: v = expected and detected, X = expected but undetected, X = not expected
and not detected.

Cys39 Cys172/180 Cys211
Chemical Mutant \ \ \ | pCys || CAM | \
p38a-Cys172
p38a-Dhal72
p38a-pCys172 X
p38a-Cys180
p38c-Dhal80
p38a-pCys180 X

> X X X X X

It should be noted that MASCOT detects peptides of interest by considering whether the peaks in MS/MS
corresponding to a peptide could occur at random. Having more peaks in the MS/MS that correspond to
a predicted peptide decreases the probably that the spectrum is a random observation. This probabilistic
nature of peptide detection means that the presence of any peptide can never be completely ruled out.
Thus, by stating that “no significant levels of other chemical modifications were detected”, it is meant that
there were MS/MS spectra that contained peaks corresponding to peptides chemically modified at Cys39,

but these peaks could not be significantly differentiated from a random background.

2.9.5 MS/MS Detection of Phosphopeptides

MS/MS analysis so far had detected Dha at the site designed for chemical modification, but had not de-
tected phosphocysteine. The labile nature of the phosphate on phosphocysteine during sample preparation
or under the MS conditions was suspected to be the problem. Since a number of precautions had already
been taken to prevent the phosphate of phosphocysteine from being hydrolysed during sample prepara-
tion, the fragmentation method used in MS/MS analysis was subsequently suspected at having prevented
phosphocysteine detection. Loss of phosphate is precedented when certain MS fragmentation methods

are used,87-88

making some fragmentation methods more suited to phosphopeptide analysis than others.
Other fragmentation methods (CID, ETD and HCD) were therefore tried (this work done in collaboration
with Ritu Raj and Dr. Shabaz Mohammed). Analysis of the data collected using data-dependent decision

tree (DDDT) allowed for a suitable, automated choice of fragmentation method (between CID and ETD)
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for the MS2 analysis, for peptides already found in the MS. Analysis of the data collected using this
method was then able to identify both the phosphocysteine-containing phosphopeptides at positions 172
and 180, corresponding to p38a-pCys172 and p38a-pCys180 respectively (Section 2.11.9). The detection
of phosphocysteine-containing phosphopeptides therefore constitutes the full package of direct evidence

that the chemical modification was installed at the desired position.

2.9.6 Searching for Cys211-containing peptide

Attempts were also made to detect peptides containing Cys211, either with the cysteine itself or if there
were chemicals modification thereof (Dha or phosphocysteine). Prediction of tryptic digestion showed
that the peptide containing Cys211 was 31 residues long (Table 2.3). As previous analyses had not iden-
tified a peptide containing Cys211, it was thus hypothesised that the length of this peptide could prevent
it from being readily ionised in LC-MS/MS analysis. Using p38a-Cys180 as the test subject for diges-
tion, the sample preparation protocol was modified to vary the digestion protease used (Asp-N, Glu-C
and pepsin were tried). MASCOT analysis of LC-MS/MS datasets from these samples yielded reasonable
sequence coverage in all cases, but none of the datasets revealed a Cys211-containing peptide (Table 2.4).

Table 2.3 Peptides containing Cys211 after digestion of p38« using various proteases.

] Enzyme \ Cys211-Containing Peptide Peptide Length ‘
Trypsin APEIMLNWMHYNQTVDIWSVGCIMAELLTGR 31
Pepsin (at pH 1.3) SVGCIMAE 8
Asp-N DIWSVGCIMAELLTGRTLFPGT 22
Glu-C IMLNWMHYNQTVDIWSVGCIMAE 23

Changing the MS/MS fragmentation method also failed to detect Cys211-containing peptide. Finally,
the last thing that could be changed in the protocol was the use of liquid chromatography (LC). As this
peptide of interest is not only long but lipophilic, it was postulated that the peptide could adhere strongly
onto the chromatography column of the LC system and therefore never reach the MS for detection. The
peptide’s lipophilic nature is illustrated in the crystal structure, where the peptide comes from a buried
a-helix in the helix bundle (Fig. 2.21). To overcome the burden of LC, MALDI (done in collaboration
with Inga Pfeffer) was used, thus avoiding any use of LC, but again, this method was unable to identify

even a parent ion corresponding to the [M+H]™ mass (Fig. 2.22).

In conclusion, the peptide containing Cys211 could not be detected. The main purpose of this peptide’s

detection had been to directly show that unwanted chemical modification had not occurred at this position.

43



Table 2.4 Sequence coverage obtained after LC-MS/ MS analysis of samples prepared by digestion with
different proteases. Cys211 is underlined. Section of protein sequence in black represent sections which
have no peptide match from the MS/MS data. From top to bottom: (a) with trypsin, (b) with pepsin, (c)
with Asp-N, (d) with Glu-C. The coverage shows that Cys211-containing peptide was identified in the
trypsin digested sample, however, the data reveals that this is insignificant. Note: the numbering of the
residues is off-set by 2 (i.e. 182 here corresponds to 180 used throughout the rest of this discussion) since

the numbering has not been corrected for the uncleavable leader sequence from the N-terminal tag.
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Fig. 2.21 Crystal structure of p38« kinase highlighting the Cys211-containing peptide (red), which is
completely embedded. Drawn from 1R3C.pdb. "3

Without the identification of the peptide, there is no direct evidence that this position was not chemically

modified. There is however much indirect evidence:

1. Peptides from the other native cysteine (Cys39) were detected, where there was no unwanted chem-

ical modification.
2. Whole protein MS showed that only a single modification event had taken place over the protein.

3. In the (hypothetical) situation where there is modification at Cys211, there would have to be a
sub-population of protein that is only modified at position 211. This sub-population would be in
addition to the sub-population of protein modified at the desired position (172 or 180), for which
there is direct MS/MS evidence. Only then would the previous point be satisfied. This situation

would be statistically unlikely.

It was thus concluded that the chemical modifications had been installed only in the desired positions of

172 and 180 on the p38« variants p38a-Cys172 and p38a-Cys180, without any off-target modification.

2.10 Summary

The design, execution and evidence of chemical modification on p38«a kinase have been described in
this chapter. The initial focus was on expanding the substrate scope of the “tag-and-modify” chemical
modification methodology. This modification strategy uses Dha as a reactive intermediate, which can
then be further functionalised. The expansion in scope was to apply this chemistry to protein kinases.
As the modification method relies on cysteine, the emphasis in designing p38« variants was on making

them “cysteine-free”. Two distinct cysteine-free variants were therefore studied, p38« variants 3 and 4.
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Fig. 2.22 MALDI MS spectrum of a tryptically digested sample of p38a-Cys180. No peak correspond-
ing to the Cys211-containing peptide (monoisotopic mass: 3648.746) was observed.
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Testing of these variants revealed that stringent exclusion of native cysteine was not required, leading to
the retention of two of the four cysteines native to p38a. The variant p38a-C119S/C162S/A172C (variant

3, designated as p38a-Cys172) was hence adopted as the first major variant for further study.

Turning attention to creating chemically modified variants of more biological relevance, attention then
turned to a second major p38« variant, p38a-Cys180, derived from p38a-Cys172. The change in reaction
site was accompanied by a change in cysteine reactivity, prompting a more in-depth investigation into the
tolerances to reaction conditions of the two main chemical reactions used, namely Dha formation by bis-
addition—elimination with dibromide 1, and thiophosphate addition onto Dha. While choosing the optimal
reaction conditions, efforts were also taken to safeguard the enzymatic integrity of the p38« variant being
chemically modified. Optimisation of the chemistry was therefore two-fold: both for the high conversion
of the chemical reaction, as well as for the stability and structural integrity of the protein. Efforts were
also taken to better understand the chemical modification reactions and the scope over which they could
operate in. This process eventually led to the high conversion to products where phosphocysteine had

been installed once onto each of the p38« variants.

Further evidence was required to show that this single-site installation of thiophosphate was at the intended
position, and that the proteins’ structures had indeed been retained. The required evidence was obtained
through MS/MS analysis, and CD and DSF studies respectively. It could therefore be concluded that
p38a variants have been chemically modified as their design had intended, and that the desired products

p38a-pCys172 and p38a-pCys180 had been obtained: the two phosphocysteine derivatives.

In the next chapter, the biological function and activity of p38a-pCys172 and p38a-pCys180 will be
explored, and the optimisation of the biology and the assays used to demonstrate the activity of p38a will

be explained and detailed.

2.11 Experimental

2.11.1 General Measures
Synthetic Chemistry

Infrared spectra were recorded using a Bruker TENSOR 27 spectrometer. Nuclear magnetic resonance

(NMR) spectra were recorded using a Bruker AV-400 spectrometer, proton NMR (*H NMR) at 400 MHz
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and carbon NMR (3C NMR) at 101 MHz. Chemical shifts (5) are reported in parts per million (ppm)
and are referenced relative to the residual proton-containing solvent (‘\H NMR: 2.52 ppm for DMSO;
13C NMR: 41.2 ppm for DMSO). Accurate mass spectra (ESI) were recorded using a Micromass Bruker
MicroTOF instrument. TLC was performed using aluminium plates pre-coated with Merck Kieselgel 60
F254. The plates were visualised using either ultraviolet (UV) light or potassium permanganate staining,

as appropriate. All other chemicals were bought from common suppliers and used as purchased.
Molecular Biology

Media and Bacterial Strains: All bacterial handling was done in a sterile environment, either within
close proximity to a Bunsen burner flame or inside a biological safety cabinet. Samples of p38a mutant
plasmid constructs p38a-C119S/C162S/A172C and p38a-C39A/C119S/C162S/A172C were kindly sent
by Dr. Richard Bazin and co-workers, Pfizer, Sandwich, Kent. LB was bought as pre-formulated dry gran-
ules (Melford) and diluted according to the manufacturer’s specifications. SOC and NZY " media were
prepared from biological laboratory reagents. 2YT medium was bought as pre-formulated dry granules
(Sigma Aldrich) and diluted according to the manufacturer’s specifications. All other biological labora-
tory buffer and media reagents were bought from common suppliers and used as purchased. BL21(DE3)
and NovaBlue E. coli chemically competent cells (Novagen) were handled according to the manufac-
turer’s instructions, thawing on ice before incubation with DNA. NovaBlue was used for cloning, while
BL21(DE3) was used for protein expression. XL1-Blue E. coli chemically competent cells (Agilent)

likewise were handled according to the manufacturer’s instructions. XL 1-Blue was used for cloning.

Mutagenesis and Bioinformatics: Site-directed mutagenesis was done using PfuUltra DNA polymerase
AD (Agilent), dNTPs (Sigma Aldrich) and Dpnl (NEB). Primers for mutagenesis were designed using the
MutaPrimer design function in SimVector 4 from Premier Biosoft, which follows the guidelines given by
Stratagene. The sequences were then sent to Life Technologies (Invitrogen) for custom oligonucleotide
synthesis. Plasmid purification was done by using the QIAprep® Miniprep Kit (Qiagen) according to the
manufacturer’s recommendations. LyseBlue reagent had been added to buffer P1 from the Miniprep kit to
aid identification of cell lysis. DNA and protein concentration determination was done using a NanoDrop
1000 spectrophotometer (Thermo Scientific), which allowed the calculation of yield. The wavelengths

used were a ratio of 260/230 nm and 280/260 nm respectively. The extinction coefficients for proteins
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were calculated using the ProtParam tool (ExPASy).%%0 Other bioinformatics tools from the ExPASy

website for various applications were also used.

Protein Expression and Purification: Fast protein liquid chromatography (FPLC) was done using
an AKTA Purifier™ system (Amersham Biosciences, now part of GE Healthcare). Pre-packed columns
for FPLC and G-25 desalting columns (SpinTrap™, MiniTrap™ and MidiTrap™) were purchased from
GE Healthcare. Unless otherwise stated, the analytes were filtered before loading onto the column for
each chromatographic step. Dialysis was performed using Slide-A-lyser® MWCO 10000 dialysis cas-
settes (Thermo Scientific). Concentration of protein was performed using Vivaspin 500, 15 or 6, MWCO
10000 spin columns (Sartorius Stedim Biotech) as appropriate. Autoclaving was performed at 121 °C
for 10-15 min. Solutions which were used as media or buffers and which could not be autoclaved were
filtered through either 0.2 um cellulose acetate filters, 0.2 um polyamide filters, or 0.2 um Minisart® filter
cartridges (Sartorius Stedim Biotech), as appropriate. In particular, all filtrations of buffers, solutions and
lysates involved in protein purification or chemical reactions involving proteins were done through 0.2 um
filters. Filtration of volumes of <2 mL (for HPLC) was done using 0.2 um spin filters (Corning). HPLC
samples were otherwise clarified by centrifugation (13 200 rpm, 10-20 min, 4 °C). Microcentifugation
was performed using an Eppendorf Centrifuge 5415R. Shaking incubation was performed using either a
New Brunswick Scientific Innova® incubator shaker or a New Brunswick Scientific Model G25 incuba-
tor shaker. Plate incubation was performed using a Heracus B6030 incubator. Low speed centrifugation
of large volumes (>2 mL) was performed using a Beckman Coulter Allegra™ X-12R centrifuge. High
speed centrifugation of large volumes (>2 mL) was performed using a Beckman Coulter Avanti™ J-25

centrifuge. Sonication was performed using a Sanyo Soniprep 150 sonicator, equipped with a microtip.

SDS-PAGE protein analysis was done using NuPAGE® gels (Invitrogen). The samples (5 ulL) were
prepared by mixing with equal volumes of 2 x SDS gel-loading buffer (100 mM Tris-HCI1 pH 6.8, 4% SDS,
0.2% bromophenol blue, 20% glycerol), with 3-mercaptoethanol (200 mM) being added to the buffer just
before use. The samples were mixed by vortexing and heated at 95 °C for 10 min. The samples were run
on 10% bis-tris gels as appropriate. The gels were run in MOPS running buffer (50 mM MOPS pH 7.7,
50mM Tris base, 0.1% SDS, 1 mM EDTA) at 200 V. Samples (5-9uL) were loaded as appropriate.
Staining of the gels was done with Instant Blue™ Coomassie® stain for 12-18 h and destained with

MilliQ water for a minimum of 18 h.
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Solid LB agar medium was prepared by suspending LB granules (6.25 g) and agar (3.75 g) in MilliQ
water (250 mL). The suspension was autoclaved as previously described to give a solution which once
sufficiently cooled, was supplemented with the appropriate antibiotic (ampicillin: final concentration:

100 ug/mL) and poured into petri dishes (10-20 mL per plate).

Glycerol Stocks: For cloning strains (NovaBlue XL1-Blue), glycerol stocks were made by adding bac-
terial broth (750 uL) to glycerol solution (250 uL. of a 60% stock solution in water) and stored directly at
—80 °C. For expression strains (BL21(DE3)), glucose (28 uL of a 2 M stock solution in water) was added

as a supplement before adding the bacterial broth (722 pL) and stored as above.

Gene Sequence Analysis

DNA sequencing was done by Geneservice, Oxford using the primers pGEX forward (5'-GGGCTGGCA
AGCCACGTTTGGTG-3’) and pGEX reverse (5'~CCGGGAGCTGCATGTGTCAGAGG-3') for genes con-
tained in pGEX vectors. The forward and reverse complimentary sequences returned from the gene
sequencing service were analysed by sequence alignment of the two returned sequences, followed by
base-by-base string comparison to the desired reference sequence. Sequence data manipulation and com-
parison was done using scripts written in MATLAB. In the case of serious mismatching between observed
and desired sequences, the raw data were visualised and evaluated using FinchTV version 1.4.0. Plasmid
sequences displayed are consensus sequences spliced together from the results of a pGEX forward/pGEX

reverse pair read. Examples of the scripts and functions used are in Appendix A.

Protein Modification Reactions

Sodium thiophosphate was bought from Sigma Aldrich and used as purchased. Shaking incubation of
the reactions was performed using PHMT-PSC-18 from Grant Bio. Incubation without shaking was done
in a waterbath at the appropriate temperature. LC-MS analysis was done on a Micromass LCT Premier
instrument using a ProSwift® RP-4H monolith, 1 x50 mm column (Dionex). A linear gradient was run
from 5-95% of solvent mixture B (1% formic acid in acetonitrile) into solvent mixture A (1% formic
acid in water). The gradient was run with a flow rate of 0.4 mL/min over 4 min for the ProSwift column.
Modified proteins used in subsequent reactions had their yield determined by volume measurement using
a Gilson-type pipette, and concentration measurement by UV absorbance as described previously, making

the assumption that the functional group incorporated in the chemical reaction did not have a large effect
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on the extinction coefficient as predicted for the protein’s unmodified sequence. In determining the protein
concentration in reaction mixtures during reaction monitoring, the samples of the reaction mixtures were
first filtered and compared against a blank “reaction” (the reaction buffer with the other reagents, but no
protein), which was also filtered. Analysis of the MS data collected was done using MassLynx version
4.1. Deconvolution of the protein ion series was done using the in-built maximum entropy algorithm with

calibration of the MS done with equine myoglobin from heart.

Quantification of MS Data

LC-MS datasets were processed using MassLynx as described above. Data from the deconvoluted spectra

were output from MassLynx as a spectrum list for quantitative analysis using MATLAB R2012b.

In MATLAB, quantities of the species expected to be present in the sample were estimated from relative
peak intensity. The spectrum baseline was set at the median of all the values in the spectrum list. The
peaks were picked by taking the maximum intensity values in the ranges where the peaks corresponding
to the species of interest were expected. The proportion of each species was then calculated for each
timepoint and plotted accordingly. Examples of related scripts for MS kinetic data analysis are given in

Appendix B.

Enzymatic Reactions

All proteolytic enzymes were bought from common suppliers and used as per manufacturer’s instructions.

All other chemicals and buffer components were bought from common suppliers and used as purchased.

2.11.2 Synthesis of Protein Modification Reagents

Preparation of 2,5-dibromoadipoyl dichloride

0) o) 1.socl, © O
HO OH 2-NBS,CCly ¢f" gy g/ cl
18

Adipic acid (10.00 g, 68.4 mmol, 1.0eq.) was suspended in thionyl chloride (30 mL, 414 mmol, 6.0eq.)
and the mixture heated under reflux at 80 °C under a drying tube of CaCl; in air. After 30 min heating,

all the adipic acid had dissolved. Heating was continued for a further 1.5h, after which the mixture
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was returned to room temperature and diluted with carbon tetrachloride (40 mL). N-bromosuccinimide
(24.27 g, 136 mmol, 2.0 eq.) and conc. HBr (4 drops of a 36% solution in water) were subsequently added
and the mixture returned to reflux at 80 °C for 2 h. As the reaction progressed, the reaction mixture first
turned red and red vapour was observed and after 1 h, transiently lost its colour before turning black. The
mixture was then cooled to 0 °C and allowed to stand for 30 min before being filtered and washed with
Et,0 (40 mL). The filtrate was concentrated in vacuo to give 2,5-dibromoadipoyl dichloride (18) as a dark

red oil. The product was not further purified or characterised but directly subjected to the next reaction.

Preparation of 2,5-dibromo-adipic acid diamide

NH,OH

0 O (25% aq) 0 0

Cl Br Br Cl HoN  Br Br NH
18 1

To a stirred solution of NH4OH (80 mL of a 25% solution in water, 1180 mmol, 17.2eq.) at 0 °C was
added dropwise the crude acid chloride 18 over 25 min. The mixture was allowed to stir at 0 °C for 1 h
before being filtered to give a dark green precipitate and a dark filtrate. The precipitate was titurated
by suspending in 1:1 methanol:HoO (80 mL) and heating the mixture at 60 °C for 30 min before further
filtration. The precipitate was further washed with methanol (80 mL) and dried to give 2,5-dibromo-adipic
acid diamide (1, 11.281 g, 55%) as a white powder: vyax (film) 3196, 1666 (C=0), 1606, 1418, 1321,
1220 cm~!; 'H NMR (400 MHz, DMSO) & ppm 7.71 (2 H, s, NHy), 7.30 (2 H, br s, NH>), 4.29-4.36 (2
H, m, 2xCHBr), 1.76-2.10 (4 H, m, CH,CH>); '3C NMR (101 MHz, DMSO) & ppm (both diastereomers
reported) 170.84, 170.78 (C=0), 49.2, 48.9 (CH>,CHBr), 33.4, 33.3 (CH2CHBYr); m/z (LRMS: ESI+) 327,

325 ([M+Na]T); in agreement with previous data.*

2.11.3 Protein Expression and Purification

Cloning of pGEX-2T-p38c-Cys172 and pGEX-2T-p38a-C39A/C119S/C162S/A172C Plasmids

Transformation: Plasmid DNA of pGEX-2T-p38a-C119S/C162S/A172C (referred to as p38a-Cys172)
(1 puL) and pGEX-2T-p38a-C39A/C119S/C162S/A172C was transformed into NovaBlue E. coli chemical
competent cells (25 uL) by heat shock. The DNA was incubated with the thawed cells on ice for 5 min

before heat shock was performed at 42 °C for 30 s, returning immediately on ice. After incubating on ice
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for a further 2 min, the cells were fed with SOC medium (125 pL) before incubation at 37 °C, 250 rpm for

15 min.

Bacterial Culturing: The cells were plated onto LB agar medium supplemented with ampicillin
(100 ug/mL) at different cell concentrations (80 uL, SOpuL and 20 uL + 20 L SOC medium) and incu-
bated at 37 °C for 14 h. All plates had bacterial lawns growing on them with small numbers of distinct
colonies growing on plates of lowest cell concentration. 2 colonies were picked and grown up further in
liquid LB medium (2x 10 mL) supplemented again with ampicillin (100 pg/mL) in a shaking incubator at

37°C, 250 rpm for 17 h.

DNA Purification and Storage: After glycerol stocks were made, the remaining cells were then pelleted
by centrifugation (3000 rpm, 20 min, 4 °C). The resulting cell pellet was resuspended in P1 buffer and the
plasmid DNA purified out using the QIAprep® Miniprep kit. The plasmid DNA was eluted in EB buffer
and stored at —20°C. DNA sequencing confirmed that the sequences of the plasmid samples received

were as expected.
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Sequence of pGEX-2T- p38a-C119S/C162S/A172C (pGEX-2T-p38c-Cys172):

46
91
136
181
226
271
316
361
406
451
496
541
586
631
676
721
766
811
856
901
946
991
1036
1081

ATG
ACC
GGT
ACC
AGC
AAG
ACA
ACA
AAA
CGT
CIG
ATT
GGT
AAT
TGT
ACA
ACA
CGC
GCC
GAA
CAG
GAT
GAT
ATT
TAA

AGC
ATT
AGC
GGT
ATT
CAT
CCG
CAT
CIG
GGC
AAA
CTG
TAT
TGG
ATT
GAT
CCG
AAT
AAT
AAA
GCA
GAA
CTG
AGC

CAG
TGG
GGT
CIG
ATT
ATG
GCA
CIG
ACC
CTG
CCG
GAT
GTIT
ATG
ATG
CAT
GGT
TAT
GTG
ATG
CTG
CCG
CTG
TTT

GAA
GAA
GCA
CGT
CAT
AAA
CGT
ATG
GAT
AAA
AGC
TTT
GCA
CAT
GCA
ATT
GCC
ATT
TTT
CIG
GCA
GTIT
ATT
GTIT

CGT
GTIG
TAT
GTIT
GCC
CAT
AGC
GGT
GAT
TAT
AAT
GGT
ACC
TAT
GAA
GAT
GAA
CAG
ATT
GTIT
CAT
GCA
GAT
CCG

CCG
CCG
GGT
GCA
AAA
GAA
CTG
GCA
CAT
ATT
CIG
CTG
CGT
AAT
CTG
CAG
CTG
AGC
GGT
CTG
GCA
GAT
GAA
CCT

ACC
GAA
AGC
GTT
CGT
AAT
GAA
GAT
GTG
CAT
GCA
TGT
TGG
CAG
CTG
CTG
CTG
CTG
GCA
GAT
TAT
CCG
TGG
CCA
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TTT
CGT
GTT
AAA
ACC
GTG
GAG
CTG
CAG
AGC
GTT
CGT
TAT
ACC
ACC
AAA
AAA
ACC
AAT
AGC
TTT
TAT
AAA
CTG

TAT
TAT
TGT
AAA
TAT
ATT
TTT
AAT
TTC
GCA
AAT
CAT
CGT
GTIG
GGT
CIG
AAA
CAG
CCG
GAT
GCC
GAT
AGC
GAT

CGT
CAG
GCA
CIG
CGT
GGT
AAT
AAT
TTA
GAT
GAA
ACC
GCA
GAT
CGT
ATT
ATT
ATG
CTG
AAA
CAG
CAG
CTG
CAA

CAG
AAT
GCA
AGC
GAA
CTG
GAT
ATT
ATC
ATT
GAT
GAT
CCG
ATT
ACC
CTG
AGC
CCG
GCA
CGT
TAT
AGC
ACC
GAA

GAA
CIG
TTT
CGT
CTIG
CTIG
GTG
GTG
TAT
ATT
AGC
GAT
GAA
TGG
CIG
CGT
AGC
AAA
GTT
ATT
CAT
TTT
TAT
GAA

CTG
TCT
GAT
CCG
CGT
GAT
TAT
AAA
CAG
CAT
GAA
GAA
ATT
AGC
TTT
CIG
GAA
ATG
GAT
ACC
GAT
GAA
GAT
ATG

AAT
CCG
ACC
TTT
CTG
GTT
CTG
AGC
ATT
CGT
CIG
ATG
ATG
GTT
CCG
GTT
AGC
AAT
CTG
GCA
CCG
AGC
GAA
GAA

AAA
GTIT
AAA
CAG
CTG
TTT
GTG
CAG
CIG
GAT
AAA
ACC
CIG
GGT
GGT
GGT
GCA
TTT
CTG
GCA
GAT
CGT
GTG
AGC



Sequence of pGEX-2T- p38c-C39A/C119S/C162S/A172C:

1 ATG AGC CAG GAA CGT CCG ACC TTT TAT CGT CAG GAA CTG AAT AAA
46 ACC ATT TGG GAA GTG CCG GAA CGT TAT CAG AAT CTIG TCT CCG GTT
91 GGT AGC GGT GCA TAT GGT AGC GTIT GCA GCA GCA TTT GAT ACC AAA

136 ACC GGT CTIG CGT GTT GCA GTT AAA AAA CTG AGC CGT CCG TTT CAG
181 AGC ATT ATT CAT GCC AAA CGT ACC TAT CGT GAA CTG CGT CTIG CTG
226 AAG CAT ATG AAA CAT GAA AAT GTG ATT GGT CTG CTG GAT GTT TTT
271 ACA CCG GCA CGT AGC CTG GAA GAG TTT AAT GAT GTG TAT CTG GIG
316 ACA CAT CTG ATG GGT GCA GAT CTG AAT AAT ATT GTG AAA AGC CAG
361 AAA CTG ACC GAT GAT CAT GTIG CAG TTC TTA ATC TAT CAG ATT CTG
406 CGT GGC CTG AAA TAT ATT CAT AGC GCA GAT ATT ATT CAT CGT GAT
451 CTG AAA CCG AGC AAT CTG GCA GTIT AAT GAA GAT AGC GAA CTG AAA
496 ATT CTG GAT TTT GGT CTG TGT CGT CAT ACC GAT GAT GAA ATG ACC
541 GGT TAT GTT GCA ACC CGT TGG TAT CGT GCA CCG GAA ATT ATG CTG
586 AAT TGG ATG CAT TAT AAT CAG ACC GTIG GAT ATT TGG AGC GTT GGT
631 TGT ATT ATG GCA GAA CTG CTIG ACC GGT CGT ACC CTG TTT CCG GGT
676 ACA GAT CAT ATT GAT CAG CTIG AAA CTG ATT CTG CGT CTG GTT GGT
721 ACA CCG GGT GCC GAA CTG CTG AAA AAA ATT AGC AGC GAA AGC GCA
766 CGC AAT TAT ATT CAG AGC CTG ACC CAG ATG CCG AAA ATG AAT TTIT
811 GCC AAT GTG TTT ATT GGT GCA AAT CCG CTG GCA GTT GAT CTG CTIG
856 GAA AAA ATG CTG GTT CTG GAT AGC GAT AAA CGT ATT ACC GCA GCA
901 CAG GCA CTG GCA CAT GCA TAT TTT GCC CAG TAT CAT GAT CCG GAT
946 GAT GAA CCG GTT GCA GAT CCG TAT GAT CAG AGC TTT GAA AGC CGT
991 GAT CTG CIG ATT GAT GAA TGG AAA AGC CTG ACC TAT GAT GAA GTIG
1036 ATT AGC TTT GTT CCG CCT CCA CTG GAT CAA GAA GAA ATG GAA AGC
1081 TAA

General Procedure for Mutagenesis of pGEX-2T-p38ca-Cys172 Plasmid

Mutagenesis Primers: The following primers were used to further generate p38a-C119S/C162S/T180C

(referred to as p38a-Cys180):

C172A forward: 5'-GGATTTTGGTCTGGCGCGTCATACCGATGATGAAATGACCG-3/

C172A reverse: 5'~-CGGTCATTTCATCATCGGTATGACGCGCCAGACCAAAATCC-3/

T180C forward: 5'-CCGATGATGAAATGTGCGGTTATGTTGCAACCCGTTGG-3/

T180C reverse: 5'~CCAACGGGTTGCAACATAACCGCACATTTCATCATCGG-3'

Mutagenesis Reaction: The mutagenesis reactions were made up by adding the following components

in the given order:

55



Substance Concentration Quantity/pLL

dNTPs 10 mM each 0.25
forward primer 12.5uM 0.25
reverse primer 12.5uM 0.25
MilliQ water - 9.625 (10.25 if no DMSO was used)
Pfu DNA polymerase 2.5U/uL 0.25
10x reaction buffer - 1.25
DMSO (optional) - 0.63
plasmid 10 or 50 ng/uL. 0.25
’ final volume ‘ 12.5

In this way, 2 reactions with different DNA template concentrations were run for each mutation made.

The reactions were then heated in a thermal cycler using the programme:

Segment | No. of Cycles | Temp./°C Time
1 1 95 30s
2 16 95 denaturation 30s
55 annealing 1 min
68 extension 15 min
3 1 4 s

After this time, Dpnl (0.25 uL of a 10 U/uL solution) was added and the mixture incubated for 1-2h at
37 °C. The extent of DNA synthesis was determined by running samples (2.5 uL.) of the reaction mixtures
on a 0.8% agarose gel supplemented with ethidium bromide (5.3 uLL of a 1% stock solution) in TAE
buffer (50 mL) with the gel run at 150V in TAE buffer. The samples were loaded with 6 x DNA loading
dye (0.5 uL). The gel was visualised under a UV lamp and only those reactions where plasmid DNA was
observed were transformed into E. coli. Where there were 2 reactions containing the same template/primer

combination, only the reaction with lower template concentration was subsequently used.

Transformation: The selected reaction mixtures were transformed into XL.1-Blue E. coli supercompetent
cells by heat shock. Reaction mixture (1 uL) was added to aliquots of freshly thawed cells (25 uL.) and
incubated on ice for 5 min. Heat shock was then performed at 42 °C for 40s before returning the cells
onto ice and incubating for a further 2 min. The cells were fed with NZY™ broth (250 uL) and incubated

in a shaker incubator at 37 °C, 250 rpm for 1 h.

Bacterial Culturing: The cells were plated onto LB agar supplemented with ampicillin (100 ug/mL).

The plates were incubated at 37 °C for 21-24 h. 3 colonies of each construct were then selected from the
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plates and cultured further in LB medium (3 x10mL), again supplemented with ampicillin (100 pg/mL)

and the cultures incubated for a further 13-22 h in a shaker incubator at 37 °C, 250 rpm.

DNA Purification and Storage: Glycerol stocks of the cultures were made before cells were harvested
by centrifugation (3750 rpm, 10 min, 4 °C) of the cultures and the supernatant decanted off. The cells
were resuspended in P1 buffer for plasmid purification by Miniprep, where the manufacturer’s protocol
was used. DNA sequencing confirmed the colonies containing the desired constructs, which were selected

for either expression or further rounds of mutagenesis.

Sequence of pGEX-2T- p38a-C119S/C162S/T180C:

1 ATG AGC CAG GAA CGT CCG ACC TTT TAT CGT CAG GAA CTG AAT AAA
46 ACC ATT TGG GAA GTG CCG GAA CGT TAT CAG AAT CTIG TCT CCG GTT
91 GGT AGC GGT GCA TAT GGT AGC GTIT TGT GCA GCA TTT GAT ACC AAA

136 ACC GGT CTG CGT GTT GCA GTT AAA AAA CTG AGC CGT CCG TTIT CAG
181 AGC ATT ATT CAT GCC AAA CGT ACC TAT CGT GAA CTG CGT CIG CTG
226 AAG CAT ATG AAA CAT GAA AAT GTG ATT GGT CTG CTG GAT GTT TTIT
271 ACA CCG GCA CGT AGC CTIG GAA GAG TTT AAT GAT GTG TAT CTG GTIG
316 ACA CAT CTG ATG GGT GCA GAT CTG AAT AAT ATT GTG AAA AGC CAG
361 AAA CTG ACC GAT GAT CAT GTG CAG TTIC TTA ATC TAT CAG ATT CTIG
406 CGT GGC CTG AAA TAT ATT CAT AGC GCA GAT ATT ATT CAT CGT GAT
451 CTG AAA CCG AGC AAT CTG GCA GTIT AAT GAA GAT AGC GAA CTG AAA
496 ATT CTG GAT TTT GGT CTG GCG CGT CAT ACC GAT GAT GAA ATG TGC
541 GGT TAT GTT GCA ACC CGT TGG TAT CGT GCA CCG GAA ATT ATG CTG
586 AAT TGG ATG CAT TAT AAT CAG ACC GTG GAT ATT TGG AGC GTT GGT
631 TGT ATT ATG GCA GAA CTG CTIG ACC GGT CGT ACC CTG TTT CCG GGT
676 ACA GAT CAT ATT GAT CAG CIG AAA CTG ATT CTG CGT CTG GTT GGT
721 ACA CCG GGT GCC GAA CTG CTG AAA AAA ATT AGC AGC GAA AGC GCA
766 CGC AAT TAT ATT CAG AGC CTG ACC CAG ATG CCG AAA ATG AAT TTIT
811 GCC AAT GTG TTT ATT GGT GCA AAT CCG CTG GCA GTT GAT CTG CTG
856 GAA AAA ATG CTG GTT CTG GAT AGC GAT AAA CGT ATT ACC GCA GCA
901 CAG GCA CTG GCA CAT GCA TAT TTT GCC CAG TAT CAT GAT CCG GAT
946 GAT GAA CCG GTT GCA GAT CCG TAT GAT CAG AGC TTT GAA AGC CGT
991 GAT CTG CTIG ATT GAT GAA TGG AAA AGC CTG ACC TAT GAT GAA GTIG
1036 ATT AGC TTT GTT CCG CCT CCA CTG GAT CAA GAA GAA ATG GAA AGC
1081 TAA

General Procedure for Protein Expression of p38a Variants

Transformation: Plasmid DNA of pGEX-2T-p38« variants (1puL each) were transformed into
BL21(DE3) E. coli chemical competent cells (20-25uL) by heat shock. The heat shock conditions
used were the same as that described for cloning. After feeding with SOC medium (100-125 uL), the

cells were incubated in a shaker incubator at 37 °C, 250 rpm for 1 h.
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Bacterial Culturing: The cells were plated on LB agar plates supplemented with ampicillin (100 pg/mL)
at different cell concentrations (5 uL and 20 uLL + 40 uLL. SOC medium, 50 uL) and incubated at 37 °C for
14-16h. 2-3 colonies were selected and cultured further in liquid LB medium (2-3x10mL), supple-

mented again with ampicillin (100 ug/mL) in a shaking incubator at 37 °C, 250 rpm for 15-15.5h.

Protein Expression: After glycerol stocks of the cell starter cultures were made, one of the cultures
(2x1-4 mL) was used a inoculate a larger culture in 2YT medium (2x 800 mL) supplemented with ampi-
cillin (100 pg/mL). These larger cultures were grown to ODggo = 0.4 at 37 °C, 180 rpm. The temperature
was reduced to 20 °C and the cultures grown further to ODgog = 0.65-0.85 before protein expression was
induced with IPTG (800 uL of a 1 M solution in water, final concentration: 1.0 mM). Expression was
allowed to continue at 20 °C, 180 rpm for 14.5-16 h. The cells were harvested by pelleting with centrifu-
gation (8000 rpm, JA10 rotor, 3 10 min, 4 °C). The pellets were flash frozen in liquid nitrogen and stored

at —80 °C.
Protein Purification of p38a-Cys172 and p38a-C39A/C119S/C162S/A172C

Cell Lysis: The frozen pellets (10 g) were combined and thawed on ice. Ice cold GST lysis buffer (PBS
pH 7.3, 0.5mM TCEP) (40 mL) was added and the mixture stirred until the pellets were completely
resuspended. Lysozyme (50 mg) was added and the mixture stirred on ice for a further 1.5 h, after which
the cells were sonicated using a sonicator equipped with a microtip (15x2 s blasts). DNase (1 mg) was
then added and the mixture stirred on ice for 20 min before centrifugation (22 000 rpm, JA25.50 rotor,

20 min, 4 °C) and the supernatant taken.

GST Affinity Chromatography: The supernatant was further clarified by sequential filtration through
0.8 um, 0.45 pm and 0.2 um filters before loading onto a pre-packed 5 mL. GSTrap™ HP GST affinity
column using an ATKA Purifier® system, chasing through (5mL, 1 CV) with GST lysis buffer. The
column was washed (40 mL, 8 CV) with GST wash buffer (PBS pH 7.3, 1% Triton X-100) and further
washed (50 mL, 10 CV) with GST lysis buffer. Elution was with a linear gradient (75 mL, 15CV, SmL
fractions) from lysis buffer to GST elution buffer (50 mM Tris pH 8.0, 20 mM L-glutathione). The fractions
containing the p38a mutant fusion protein, as determined from the FPLC report file and by SDS-PAGE

analysis, were combined.
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GST Tag Cleavage: The buffer of the combined fractions was exchanged by dialysis (MWCO 10 000)
overnight against PBS pH 7.3. The protein solution was warmed to room temperature and thrombin
(350U) added. Incubation was continued at room temperature with gentle rocking for 3.5 h with sam-
ples being taken at regular intervals for timecourse monitoring. After this time, PMSF (50-110 uL. of
a 10 mg/mL solution in isopropanol) was added to a final concentration of 0.3 mM. Some filamentous

precipitation was also observed after around 2.5 h.
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p38a Variant 4:
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GST Tag Rebinding: The digested protein was filtered before passing through a pre-packed 5 mL
GSTrap™ HP GST affinity column. The fractions in the flow-through containing protein, as determined
from the UV trace and from SDS-PAGE analysis were combined, while the column was regenerated by

elution (75 mL, 15 CV) with GST elution buffer.
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Anion Exchange Chromatography: The protein was diluted 2x with anion exchange start buffer
(25 mM HEPES pH 7.5, 5% glycerol, 0.5 mM TCEP) before being re-filtered and loaded onto a 5 mL
HiTrap™ Q HP anion exchange column. The column was washed (50 mL, 10 CV) with anion exchange
start buffer before the protein was eluted using a linear gradient (100 mL, 20 CV, 5 mL fractions) from
start buffer to 50% anion exchange elution buffer (same as start buffer but with 1.0 M NaCl). The protein
corresponding to the major peak in the UV trace from the FPLC report file and with the correct mass as

determined from SDS-PAGE analysis was taken and these fractions were combined.

p38a Variant 3:
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p38a Variant 4:
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Size Exclusion Chromatography and Storage: The protein was concentrated by Vivaspin (MWCO
10000) to a final volume ~2.5 mL before filtering. The protein was loaded onto a HiLoad™ 16/60 Su-
perdex 75 gel filtration column and filtered (180 mL, 1.5 CV, 1.2 mL fractions) into p38« storage buffer
(50 mM HEPES pH 7.8, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP). The fractions containing the protein
were combined and stored either without further concentration in aliquots (100 pl) or with further con-
centration by Vivaspin (MWCO 10 000) in aliquots (50 uL). Aliquots were flash frozen in liquid nitrogen
before being stored at —80 °C. Yields: p38« variant 3: 7mL of a 1.8 mg/mL solution in p38« storage
buffer, p38«a variant 4: 3.6 mL of a 3.5 mg/mL solution in p38« storage buffer; p38« variant 3: (calcu-
lated mass: 41437, observed mass: 41437), p38« variant 4: (calculated mass: 41405, observed mass:

41404).

64



p38a Variant 3:

— UV1 280nm — Fractions
mAU
600 ~
400
200 ~
0 il Sk i ,’:" 9 < <fh M
0 150 ml

kDa — e = ——

225 |
150 -4
100 &
75 | -
-

50‘

~— p38a

35 * <~..'...-4

25

-
e —

T 38 8 %2 9323385

B 0O 0o oo o o a

<

TOF MS ES+

313

0/ e miz
800 900 1000 1100 1200 1300 1400 1500 1600 1700

_ 41437 TOF M3 ES+

100 1.56e4

EIQ_

Por, At tpsty e - . JJJI‘WMVWWMW«
0T ""I'J"'I' UL N L B R B LS L m el 1 =21
40000 40500 41000 41500 42000 42500

65



Protein sequence obtained by translation of the corresponding gene sequence:

tag GS
1 MSQERPTFYR QELNKTIWEV PERYQNLSPV GSGAYGSVCA AFDTKTGLRV
51 AVKKLSRPFQ SIIHAKRTYR ELRLLKHMKH ENVIGLLDVE TPARSLEEFEN
101 DVYLVTHLMG ADLNNIVKSQ KLTDDHVQFL IYQILRGLKY IHSADIIHRD
151 LKPSNLAVNE DSELKILDFG LCRHTDDEMT GYVATRWYRA PEIMLNWMHY
201 NQTVDIWSVG CIMAELLTGR TLFPGTDHID QLKLILRLVG TPGAELLKKI
251 SSESARNYIQ SLTQMPKMNE ANVFIGANPL AVDLLEKMLV LDSDKRITAA
301 QALAHAYFAQ YHDPDDEPVA DPYDQSFESR DLLIDEWKSL TYDEVISFVP
351 PPLDQEEMES
p38a Variant 4:
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Protein sequence obtained by translation of the corresponding gene sequence:

tag
1
51
101
151
201
251
301
351

MSQERPTFYR
AVKKLSRPFOQ
DVYLVTHLMG
LKPSNLAVNE
NQTVDIWSVG
SSESARNYIQ
QALAHAYFAQ
PPLDQEEMES

QELNKTIWEV
SITHAKRTYR
ADLNNIVKSQ
DSELKILDFEG
CIMAELLTGR
SLTOMPKMNF
YHDPDDEPVA

Protein Purification of p38a-Cys180

PERYQONLSPV
ELRLLKHMKH
KLTDDHVQFL
LCRHTDDEMT
TLEPGTDHID
ANVFIGANPL
DPYDQSFESR

GSGAYGSVAA
ENVIGLLDVF
IYOILRGLKY
GYVATRWYRA
QLKLILRLVG
AVDLLEKMLV
DLLIDEWKSL

p38a-Cys180 was purified using a similar procedure as used for p38a-Cys172:

Cell Lysis: A pellet (14.0 g) containing p38a-Cys180 was thawed on ice and re-suspended (60 mL) in ice-
cold GST lysis buffer (PBS pH 7.3, 0.5 mM TCEP). Lysozyme (70 mg) was then added and the mixture
stirred at 4 °C for 2 h before being sonicated with a sonicator equipped with a microtip (15x2 s blasts,

60% amplitude, 1291 ] total energy). The lysate was further treated with DNase (1 mg) at 4 °C for 1h

GS
AFDTKTGLRV
TPARSLEEFN
IHSADITIHRD
PEIMLNWMHY
TPGAELLKKI
LDSDKRITAA
TYDEVISFEVP

before pelleting by centrifugation (20 000 rpm, JA25.50 rotor, 40 min, 4 °C) and the supernatant taken.

GST Affinity Chromatography: The cleared lysate was further clarified by filtration (0.2 um filter) and
loaded in 2 batches onto a pre-packed GSTrap™ HP GST affinity column (GE Healthcare) on an ATKA

Purifier™ system. On each run, the lysate was chased through (5 mL, 1 CV) with more lysis buffer before
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washing, first (40 mL, 8 CV) with GST wash buffer (PBS pH 7.3, 1% Triton X-100), then again (50 mL,
10CV) with lysis buffer. The bound proteins were eluted (75 mL, 15CV, 5mL fractions) by a linear
gradient from lysis buffer to GST elution buffer (50 mM Tris pH 8.0, 20 mM L-glutathione). The fractions
containing the desired protein from both separations were determined from the UV trace of the FPLC

report file and from SDS-PAGE analysis, and combined.
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GST Tag Cleavage: The combined fractions were partially concentrated (23 mL final volume) by Vi-
vaspin (10 000 MWCO) before dialysis against PBS at 4 °C for 16 h. Thrombin (400 U of a 1 U/uL solu-
tion) in PBS was added and the protein incubated at room temperature with gentle rocking for 4 h before
the thrombin was inhibited with PMSF (170 uL of a 10 mg/mL solution) in isopropanol and the protein

returned on ice. Small amounts of filamentous precipitate had formed in this reaction.
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GST Tag Rebinding: After filtering, the protein was re-loaded (2mL fractions collected) onto the
GSTrap™ HP GST affinity column, again in 2 batches and in each run, the column was washed (10 mL,
2 CV) with lysis buffer before elution (75 mL, 15 CV) with 100% elution buffer. The fractions from the
flow-through containing the target protein of both batches were determined from the UV trace of the FPLC

report file and from SDS-PAGE analysis, and combined.
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Anion Exchange Chromatography: The combined fractions were diluted 2x with anion exchange start
buffer (25 mM HEPES pH 7.5, 5% glycerol, 0.5 mM TCEP), re-filtered, and loaded as a single batch onto
a5SmL HiTrap™ Q HP anion exchange column (GE Healthcare). The column was further washed (50 mL,
10 CV) with start buffer before elution (100 mL, 20 CV, 5 mL fractions) with a linear gradient from start
buffer to 50% anion exchange elution buffer (same as start buffer but with additional 1.0 M NaCl). SDS-

PAGE analysis of the fractions determined that the desired protein corresponded to 2 distinct peaks in the
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UV trace of the FPLC report file, with the first peak being the major one. Protein corresponding to this

major peak was taken as the desired protein and further treated.
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Size Exclusion Chromatography and Storage: The protein was concentrated (~3 mL) before being
loaded onto a HilLoad™ 16/60 Superdex 75 gel filtration column and filtered (180 mL, 1.5 CV) into p38«
storage buffer (50 mM HEPES pH 7.8, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP). The fractions contain-
ing the target protein were determined from the UV trace of the FPLC report file and from SDS-PAGE
analysis, pooled, and concentrated by Vivaspin. The protein was then divided into aliquots, flash frozen

in liquid nitrogen and stored at —80 °C; Yield: 2.8 mL of a 8.2 mg/mL solution in p38« storage buffer;

(calculated mass: 41407, observed mass: 41 404—41 409).
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Protein sequence obtained by translation of the corresponding gene sequence:

tag
1 MSQERPTFYR
51 AVKKLSRPFQ
101 DVYLVTHLMG
151 LKPSNLAVNE
201 NQTVDIWSVG
251 SSESARNYIQ
301 QALAHAYFAQ
351 PPLDQEEMES

QELNKTIWEV
SITHAKRTYR
ADLNNIVKSQ
DSELKILDFG
CIMAELLTGR
SLTOMPKMNEF
YHDPDDEPVA

2.11.4 Chemical Modification: Optimised Procedures

Synthesis of p38ca-Dhal72

Containing:

1 surface Cys (shown)
1 hindered Cys

1 buried Cys

p38a-Cys172 (500 uL of a 1.8 mg/mL solution, 22 nmol, 1.0 eq.) in p38« storage buffer (50 mM HEPES,
pH 7.8, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP) was thawed on ice and the buffer exchanged using a
G-25 MiniTrap™ desalting column (GE Healthcare) to p38a reaction buffer (the same as storage buffer
but without TCEP). A suspension of 1 (252 uL of a 3.9 mg/mL suspension, 3.3 umol, 150 eq.) in p38«
reaction buffer was added and the mixture was shaken at 37 °C, 550 rpm for 4 h. LC-MS after this time
showed >95% conversion to the Dha product. The reaction mixture was desalted using a G-25 MidiTrap
column to give p38a-Dhal72, which was either kept on ice for immediate use, or flash frozen in liquid
nitrogen and stored at —80 °C for short-term use: Yield: 755 puL of a 0.68 mg/mL solution in p38« reaction

buffer, 57%, (calculated mass: 41403, observed mass: 41 404).
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PERYONLSPV
ELRLLKHMKH
KLTDDHVQFL
LARHTDDEMC
TLEFPGTDHID
ANVEFIGANPL
DPYDQSFESR

GSGAYGSVCA
ENVIGLLDVF
IYQILRGLKY
GYVATRWYRA
QLKLILRLVG
AVDLLEKMLV
DLLIDEWKSL

GS
AFDTKTGLRV
TPARSLEEFN
IHSADITIHRD
PEIMLNWMHY
TPGAELLKKI
LDSDKRITAA
TYDEVISEVP
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Synthesis of p38ca-pCys172

p38a-Dhal72 (470 uL of a 0.48 mg/mL solution, 5.4nmol, 1.0eq.) in p38«a reaction buffer (50 mM
HEPES, pH 8.0, 50mM NaCl, 5% glycerol) was thawed on ice. To the thawed protein was added
batchwise (5 min intervals) sodium thiophosphate (~pH 8.0, 5x7.11 uL of a 690 mg/mL suspension,
5%27 umol, 5x5000eq.) in HoO/HCI and the mixture shaken at 37 °C, 550 rpm for 4h. LC-MS after
this time showed >95% conversion to the Dha product. The reaction mixture was desalted back to re-
action buffer using a G-25 MiniTrap column, followed by repeated concentration/dilution by Vivaspin
(MWCO 10000) to give p38a-pCys172, which was kept on ice for immediate use: (calculated mass:

41517, observed mass: 41 515).

73



1094
806
1187
Ea
- Mz
800 00 1000 1100 1200 1300 1400 1500 1600 1700
~ 41515 TOF M3 ES+
100 4 77ed
2]
ﬂMAMMMWMM
o\ " —r—T—"—T7T T T Mass
40000 40500 41000 41500 42000 42500

Synthesis of p38a-Dhal80

Containing:

1 surface Cys (shown) @)
1 hindered Cys

1 buried Cys

p38a-Cys180 13 was thawed on ice and the buffer exchanged using a G-25 MiniTrap™ desalting column
(GE Healthcare) to p38« reaction buffer (50 mM HEPES pH 8.0, 50 mM NacCl, 5% glycerol). To the
resulting protein (580 pL of a 2.51 mg/mL solution, 35 nmol, 1.0 eq.) was added a suspension of dibromide
1 (410 L of a 3.9 mg/mL suspension, 5.3 pumol, 150 eq.) in the same buffer. The mixture was then shaken
at 37°C, 550 rpm for 2h. LC-MS showed >95% consumption of the unmodified protein p38a-Cys180
with some residual bromide adduct intermediate 19. The reaction mixture was desalted again using a G-25
MidiTrap™ desalting column (GE Healthcare) and the protein incubated on ice for 18 h. LC-MS showed
>95% conversion to the Dha product p38a-Dhal72. The reaction mixture was divided into aliquots and
kept on ice for immediate further use: Yield: 1250 uL of a 0.87 mg/mL solution in p38« reaction buffer,

75%, (calculated mass: 41 373, observed mass: 41 375).

74



963 TOF MS ES+
100 920 1035 =50

1150 1215 1211

0 AR Trrrrrrrs Trrrrrrre TrrrrT m/z
8600 800 1DCID 11CID 12[]0 1300 14[]0 1500 1600 1700

- 41375 TOF MS ES+
100 2.08e4
aE_

0 ||'|||“JUMM'|MN|'|||| mass
40000 40500 41000 41500 42000 42500

Synthesis of p38a-pCys180

Sodium thiophosphate was added portion-wise (6x 13.7 uL of a 690 mg/mL solution at pH 8, 6 x53 umol,
6x5000 eq.) at 5 min intervals to p38a-Dhal80 (500 uL of a 0.87 mg/mL solution, 10.5 nmol, 1.0eq.) in
p38a reaction buffer (50 mM HEPES, pH 7.5, 50 mM NaCl, 5% glycerol). The sodium thiophosphate
solution was made by dissolving sodium thiophosphate (68.2 mg) in water (27.6 uL.) and the pH adjusted
with 5M HCI (29.6 uL). The reaction mixture was then heated with shaking at 37 °C, 550 rpm for 8 h.
LC-MS after this time showed >90% conversion to the thiophosphate adduct. The reaction mixture
was desalted back to reaction buffer using a G-25 MiniTrap column, followed by repeated concentra-
tion/dilution by Vivaspin (MWCO 10 000) to give the thiophosphate product p38a-pCys180: (calculated

mass: 41487, observed masses: 41 489).
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2.11.5 Chemical Modification: Control Experiments

Treatment of p38« Variant 3 with Ellman’s Reagent

Containing:

1 surface Cys (shown)
1 hindered Cys Multiply modified
1 buried Cys product: n = 1-3

A freshly thawed solution of 3 (80 uLL of a 1.8 mg/mL solution, 3.5 nmol, 1.0 eq.) in p38« storage buffer

(50 mM HEPES pH 7.8, 50mM NaCl, 5% glycerol, 0.5 mM TCEP) was diluted (60 uL) with HEPES

buffer (50 mM HEPES pH7.5). A solution of Ellman’s reagent (20.7uL of a 6.65 mg/mL solution,

350 nmol, 100eq.) in HEPES buffer was then added and the mixture mixed end-over-end at 4 °C for

30min. After this time, a sample (20 uL) of the reaction mixture was diluted further with HEPES buffer

(40 uL) and analysed by LC-MS. LC-MS showed a mixture of Ellman’s adducts corresponding to 1-3

modifications being made to the protein, with the singly modified protein being the predominant product;

(calculated masses: 41634, 41831 and 42028, observed masses: 41632, 41830 and 42024).
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Treatment of p38c Variant 4 with Ellman’s Reagent

Containing:
1 surface Cys (shown) Multiply modified
1 buried Cys product: n = 1-2

A freshly thawed solution of 4 (40 uL of a 3.5 mg/mL solution, 3.4 nmol, 1.0 eq.) in p38« storage buffer
(50mM HEPES pH 7.8, 50mM NaCl, 5% glycerol, 0.5 mM TCEP) was diluted (60 uL) with HEPES
buffer (50 mM HEPES pH7.5). A solution of Ellman’s reagent (20.2 uL of a 6.65 mg/mL solution,
340 nmol, 100eq.) in HEPES buffer was then added and the mixture mixed end-over-end at 4 °C for
30 min. After this time, a sample (20 uL) of the reaction mixture was diluted further with HEPES buffer
(40 L) and analysed by LC-MS. LC-MS showed a mixture of Ellman’s adducts corresponding to 1-2
modifications being made to the protein, with the singly modified protein being the predominant product;

(calculated masses: 41602 and 41799, observed masses: 41600 and 41798).
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Treatment of p38a-Dhal72 (8) with (3-mercaptoethanol
8 9

To an aliquot of p38a-Dhal72 (8) (136 uL of a 0.69 mg/mL solution, 2.3 nmol, 1.0 eq.) was added a solu-

tion of (3-mercaptoethanol (3.46 uL. of a 5% solution, 31.7 umol, 14 000 eq.) in reaction buffer. The mix-

ture was shaken at room temperature, S00 rpm for 2 h and the reaction followed by LC-MS. LC-MS after

1 h showed ~90% conversion while LC-MS after 2 h showed >95% conversion to the mercaptoethanol

adduct 9 (calculated mass: 41481, observed mass: 41481).
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Treatment of p38a-Dhal72 (8) with Ellman’s Reagent

Containing: Multiply modified
1 hindered Cys (shown) product: n = 1-2
1 buried Cys

To an aliquot of p38a-Dhal72 (8) (136 uL. of a 0.69 mg/mL solution, 2.3 nmol, 1.0eq.) was added a
solution of Ellman’s reagent (13.8 uL of a 6.5 mg/mL solution, 0.23 pmol, 100 eq.) in reaction buffer.
The mixture was shaken at room temperature, 500 rpm for 2h. LC-MS after this time showed complete

conversion to the single and double Ellman’s adducts in a 3:5 ratio (calculated masses: 41600 and 41797,

observed masses: 41599 and 41798).
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Treatment of p38ca Variant 4 with Dibromide 1

Containing:
1 surface Cys (shown)
1 buried Cys

The buffer of a freshly thawed aliquot of p38« variant 4 (150 uL. of a 3.5 mg/mL solution, 13 nmol, 1.0eq.)

was exchanged from p38«a storage buffer (S0 mM HEPES pH 7.8, 50 mM NaCl,5% glycerol, 0.5 mM

TCEP) to p38« reaction buffer (50 mM HEPES pH 8.0, 50 mM NaCl, 5% glycerol) using a SpinTrap™

G-25 desalting column. To resulting protein aliquot (150 uL.) was further diluted with more reaction buffer

(270 uL) before a suspension of 1 (147 uL of a 3.9 mg/mL suspension, 1.9 umol, 150 eq.) in reaction buffer

was added and the reaction shaken at 37 °C, 500 rpm for 4 h. After this time, the reaction mixture was

filtered and the product concentrated (2.1 mg/mL) by Vivaspin. The product was kept on ice and used

directly in subsequent reactions. LC-MS showed >95% conversion to the singly modified Dha product 5

(calculated mass: 41371, observed mass: 41374).
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Treatment of Dha Product 5 with 3-mercaptoethanol

This procedure is similar to the one used on p38a-Dhal72. To an aliquot of Dha product 5 (58 uL of
a 2.1 mg/mL solution, 2.9 nmol, 1.0eq.) was added a solution of [3-mercaptoethanol (10 uL of a 2.5%
solution, 45.8 pmol, 15700 eq.) in reaction buffer. The mixture was shaken at room temperature, 500 rpm
and the reaction followed by LC-MS over 2 h. LC-MS after 1 h showed >95% conversion to the mercap-

toethanol adduct 10 (calculated mass: 41449, observed mass: 41450).
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Treatment of Dha Product 5 with Ellman’s Reagent

Containing: Multiply modified
1 buried Cys (shown) product: n = 0-1
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This procedure is also similar to the one used on p38a-Dhal72. To an aliquot of Dha product 5 (58 uL of a
2.1 mg/mL solution, 2.9 nmol, 1.0 eq.) was added a solution of Ellman’s reagent (17.8 uLL of a 6.5 mg/mL
solution, 0.29 umol, 100 eq.) in reaction buffer. The mixture was shaken at room temperature, 500 rpm
and the reaction followed by LC-MS over 2h. LC-MS after 1h showed ~50% conversion to the sin-

gle Ellman’s adduct with further conversion (~60%) after 2 h (calculated mass: 41568, observed mass:

41568).
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Treatment of Dha Product 5 with Sodium Thiophosphate

5 12

~
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FA N

To an aliquot of Dha product 5 (58 pLL of a 2.1 mg/mL solution, 2.9 nmol, 1.0 eq.) was added a solution of
sodium thiophosphate (19 pL of a 700 mg/mL solution, 73 umol, 25 000 eq.) in water. The thiophosphate
solution was made prior addition by dissolving sodium thiophosphate (64.2 mg) in water (26.0 uL.) and

balancing the pH with HCI (27.9 uL of a 5M solution in water) to pH 7.5. The mixture was shaken at
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37°C, 500 rpm and the reaction followed by LC-MS over 3.5h. LC-MS after 3h showed >95% con-
sumption of 5, with white precipitate being observed after 3.5h. LC-MS after 3 h also showed >90%
conversion to the thiophosphate adduct 12 (calculated mass: 41485, observed mass: 41486).

32 1272, 1273 TOF MS ES+

1007 » dibe
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800 Q00 1000 1100 1200 1300 1400 1300 1600 1700
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Treatment of p38a-Dhal80 (14) with 3-mercaptoethanol

To an aliquot of p38a-Dhal80 (14) (163 uL of a 0.9 mg/mL solution, 3.5 nmol, 1.0eq.) in p38« reaction
buffer was added a solution of 3-mercaptoethanol (7.4 uL of a 5% solution, 5.3 umol, 1500 eq.) in reaction
buffer. The reaction was incubated with shaking at room temperature, 500 rpm and the progress of reaction
monitored by LC-MS over 3h. LC-MS after 1 h showed >90% conversion of 14 to the mercaptoethanol
adduct 15 with no further observable changes over a prolonged reaction time; (calculated mass: 41452,

observed mass: 41451).
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Treatment of p38a-Dhal80 (14) with Ellman’s Reagent

Containing: Multiply modified
1 hindered Cys (shown) product: n = 1-2
1 buried Cys

To an aliquot of p38a-Dhal80 14 (163 uL of a 0.9 mg/mL solution, 3.5nmol, 1.0eq.) in p38« reaction

buffer was added a solution of Ellman’s reagent (21.6 uL. of a 6.5 mg/mL solution, 0.35 umol, 100 eq.) in

reaction buffer. The reaction was incubated with shaking at room temperature, 500 rpm and the progress

of reaction monitored by LC-MS over 3h. LC-MS after 1h showed the complete conversion of 14 to

either the mono- or di-functionalised Ellman’s adduct in a 1:2 ratio with no further change on prolonged

incubation; (calculated mass: 41570 and 41767, observed masses: 41569 and 41767).
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Treatment of p38a Variant 4 with Sodium Thiophosphate

NaPO3;S
—_—
Containing:
1 surface Cys (shown)
1 buried Cys

The buffer of a freshly thawed aliquot of 4 (50 uL of a 3.5 mg/mL solution, 4.2 nmol, 1.0eq.) was ex-
changed from p38« storage buffer (50 mM HEPES pH 7.8, 50 mM NaCl,5% glycerol, 0.5 mM TCEP)
to p38a reaction buffer (50 mM HEPES pH 8.0, 50 mM NaCl, 5% glycerol) using a SpinTrap™ G-25
desalting column (GE Healthcare). After protein samples were taken, a solution of sodium thiophosphate
(0.97 uLL of a 700 mg/mL solution, 3.8 umol, 1000 eq.) in water was added. The thiophosphate solution
was made prior addition by dissolving sodium thiophosphate (25.8 mg) in water (10.5 uL) and balancing
the pH with HCI (11.2 L. of a 5 M solution in water) to pH 7.5. After 2 h, LC-MS still showed no conver-
sion of the starting material but after 3 h, LC-MS showed that all the start material had been consumed and

converted to the disulphide thiophosphate adduct 17 (calculated mass: 41517, observed mass: 41516).
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2.11.6 Chemical Modification: Optimisation Experiments

General Procedure for Treatment of p38ca Variant 4 with Dibromide for Buffer Screening

Containing:
1 surface Cys (shown)
1 buried Cys

A freshly thawed aliquot of p38a variant 4 (50 pL. of a 3.5 mg/mL solution, 4.2nmol, 1.0eq.) in p38a

storage buffer (50 mM HEPES pH 7.8, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP) was diluted (50 pL)

with p38a reaction buffer (either 50 mM HEPES pH 7.5, or same as p38« storage buffer but pH 7.5 and

without TCEP). The diluted protein was loaded onto a SpinTrap™ G-25 desalting column with more of

the appropriate reaction buffer (40 uL) as a stacker. The column had been pre-equilibrated according to the

manufacturer’s instructions. The protein was eluted from the column by centrifugation (800 x g, 1 min,

4°C).

A suspension of dibromide 1 (49.1 uL of a 2.6 mg/mL suspension in reaction buffer, 0.42 pymol, 100eq.)

was added and the reaction shaken at 37 °C, 1000-1400 rpm for 4 h. The suspension had been made sep-
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arately by vortexing and sonicating the dibromide in the buffer. The reaction was followed with samples
taken after 1, 2.5, 3.5 and 4 h. Analysis of the samples by LC-MS showed quantitative conversion to the

Dha product 5 after 4 h; (calculated mass: 41371, observed mass: 41371+1).

In 50 mM HEPES pH7.5:
; 963 TOF MS ES+
100 262
EQ_
0 UL UL LU UL LI UL LR I LN I LN I L I m/z
800 a00 1000 1100 1200 1300 1400 1500 1600 1700
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0T e T MAsSs
40000 40500 41000 41500 42000 42500

In reaction buffer (50 mM HEPES pH7.5, 50 mM NaCl, 5% glycerol):
941 953 TOF M3 ES+
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General Procedure for Treatment of p38a-Dhal80 (14) with Sodium Thiophosphate for Buffer

Composition Screening

An aliquot of p38a-Dhal80 (14) (143 uL of a 1.15 mg/mL solution, 3.9 nmol, 1.0eq.) in an appropriate
buffer was thawed on ice before sodium thiophosphate was added portion-wise (5% 5.4 uL. of a 660 mg/mL
solution at pH 8.0, 5x20 umol, 5x5000eq.) at 5min intervals. The sodium thiophosphate solution had
been made by dissolving sodium thiophosphate (107 mg) in water (43.4 uL) and the pH balanced with 5M
HCI (46.7 uL). The reaction mixture was then heated with shaking at 37 °C, 550 rpm for 3 h, following
the reaction by LC-MS. LC-MS showed >70% in all cases conversion. Prolonged reaction time (6 h
total) gave rise to ~85% of the thiophosphate product 16: (calculated mass: 41487, observed masses:

41486-41488).

The buffers used were:
1. p38a reaction buffer (50 mM HEPES, pH 8.0, 50 mM NacCl, 5% glycerol)
2. p38a reaction buffer with added NaCl (50 mM HEPES, pH 8.0, 150 mM NaCl, 5% glycerol)
3. HEPES buffer (50 mM HEPES, pH 8.0)

4. phosphate buffer (50 mM sodium phosphate, pH 8.0)

2.11.7 Calibration Curve Determination for Species Quantification in MS

The concentration of pure samples of p38a-Dhal80 and p38a-pCys180 in p38« reaction buffer (HEPES
pH 8.0, 50 mM NaCl, 5% glycerol) were carefully measured using the BSA assay (Thermo Scientific). Af-
ter normalisation of the protein concentration (final concentration: 0.5 mg/mL), the two chemical variants

were mixed in known quantities (0, 20, 40, 60, 80 and 100% p38a-Dhal80 in p38a-pCys180). Samples
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of these mixtures were then analysed by LC-MS. The individual species were then quantified from the

deconvoluted spectra as previous described (see Section 2.11.1).
2.11.8 Model Surface and Homology Calculations
Electrostatic Calculations

The crystal structure file (1R3C.pdb) was prepared for electrostatic surface calculation using PDB2PQR °1-2
(CHARMM forcefield) before use of the ABPS PyMOL plugin®? for calculation of the surface itself. The

resultant images were manipulated in PyMOL.
Surface Accessibility Calculations

Surface accessibility was assessed using the Naccess program,** calculated using crystal strcuture file
IR3C.pdb. The default probe size (1.4 A) was used. Conversion of the percentage data from Naccess into
colour information for the figures was done using scripts written in Python. The relative percentages of
total side-chain accessibility were used for this conversion. The percentage data used is plotted below.

Due to the methods used in the calculation, percentages of over 100% are possible.
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2.11.9 Methods for Characterising (Modified) Proteins
General Procedure for Measurement of Circular Dichroism Spectra

Prior to measuring the spectra, samples not already in p38«a reaction buffer (50 mM HEPES pH 8.0,
50 mM NaCl, 5% glycerol) were desalted into this using a combination of G-25 SpinTrap™ desalting col-
umn (GE Healthcare) and repeated concentration/dilution by Vivaspin (MWCO 10 000). Samples were

then diluted (0.36-0.72 mg/mL) to an appropriate final volume (190-220 uL), loaded into a cuvette with
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thin pathlength (1.0 mm) before the spectra were collected using a Chirascan (Applied Photophysics).
(Collection parameters: Wavelength: 180-260 nm, Wavelength step size: 1.0 nm, Repeat scans: 5). The
spectra were collected as a temperature melts (Temperature range: 10°C—90°C—10°C, Temperature
step: 10 °C; Temperature equilibration time: 450s). Data collected were exported as raw data and re-
processed in MATLAB to give the final 3D plots (mean average of repeat scans taken, spectra smoothed
using Savitzky-Golay filtering. Smoothing parameters: MATLAB function: sgolayfilt from Signal
Processing toolbox; Polynomial order: 1; Window size: 5). Examples of the MATLAB scripts used for

the data processing and plotting are given in Appendix C.

General Procedure for the Measurement of Protein Melting Temperature by Differential Scanning

Fluorimetry

Samples of unmodified and Dha products derived from p38a-Cys172 and p38a-Cys180 were diluted (fi-
nal stock concentration: 10 uM) with p38a reaction buffer (50 mM HEPES, pH 8.0, 50 mM NaCl, 5%
glycerol). The protein was further diluted with p38a reaction buffer (7.5 uL) before 2x SYPRO or-
ange dye (32.5puL) was added (final sample volume: 50puL). Samples were made up on a white PCR
plate. Fluorescence for all the samples was then measured using a qPCR instrument. Assay parame-
ters: Temperature range: 25—95 °C; Temperature step size: 1 °C; Temperature equilibration time: 1 min.
Instrument: MJ Mini Personal Thermal Cycler for heating, coupled to a Mini Opticon for detection (Bio-
rad). Instrument driven using software: Opticon Monitor v. 3.1.32. The collected data were then fitted
to the 4-parameter logistic function in MATLAB.3 The MATLAB scripts used in the analysis is given in

Appendix D.
General Procedure for LC-MS/MS Analysis including Sample Preparation

The protocol is adapted from the one associated with the “in-solution tryptic digestion and guanidination

kit” (Thermo Scientific), with modifications made to the reduction step.

Sample Preparation: A sample of the protein of interest (10.5 uL) was diluted with ammonium bicar-
bonate (15 uL of a 50 mM solution) in water. The volume was made up with water (1.5uL) and the
mixture heated at 60 °C for 10 min. Iodoacetamide (3 uL. of a 100 mM solution in water) was then added,
the reaction mixture protected from light and incubated at room temperature for 30 min. The sample was

digested by the addition of trypsin (1.0 uL of a 0.1 ug/uL solution), incubating at 37 °C for 2 h. A second
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batch of trypsin (1.0 uL) was added and incubation continued at either 30 °C for 18 h, or 37 °C for 2 h.
The digested sample was flash frozen in liquid nitrogen and stored at —80 °C for further purification of the

peptides.

Sample Purification: Peptides obtained from digestion were desalted using a C18 Sep-Pak cartridge
(Waters). The cartridge was equilibrated by washing (5SmL) with solution B (65% acetonitrile, 35%
water, 0.1% formic acid), followed by washing (10 mL) with solution A (98% water, 2% acetonitrile,
0.1% formic acid). The sample was loaded onto the cartridge and the cartridge further washed (10 mL)
with solution A. The peptides were then eluted (2x1 mL) with solution B, collecting the two fractions
separately. The majority of the acetonitrile was removed in vacuo before the peptides were dried by

lyophilisation. Finally, the dried peptides were redissolved in solution A (20 pL).

Data Collection and LC-MS/MS Analysis: The sample of redissolved, purified peptides was given to
the Mass Spectrometry Service to analyse by LC-MS/MS. In this service (run by Lingzhi Gong), the pro-
tein digests were analysed using a nanoACQUITY UPLC coupled to SYNAPT HDMS interfaced with
a nanoelectrospray source (Waters Corporation, Milford, MA, USA). Protein digests were injected on a
5 mm symmetry C18 trap column (180 mm %20 mm) and washed for 1 min at 15 mL/min with 0.1% (v/v)
formic acid. Peptides were then separated and eluted for MS analysis using a gradient of acetonitrile con-
taining 0.1% (v/v) formic acid at 300 nL/min over 23 min on a nanoACQUITY UPLC column (BEH130
C18 1.7 um particle size, 75 mm inner diameter x 250 mm length). The column temperature was set at
35°C. The reference for the nanolockspray was set to the doubly charged peak of Glu-Fiprinopeptide
B at a concentration of 500 fmol/uL, flowing at 400 nL/min. The reference was constantly infused and
sampled at 30 s intervals. The eluted peptides were analyzed in the positive ionization mode over a mass
range of 50-1990 m/z with a scan time of 0.6 s. The online-eluted peptides were analysed using an MSE

method collecting MS/MS data using collision energy ramping from 15-35eV.

Data Analysis: The data were collected using MassLynx (v. 4.1) and any necessary file reformatting (to
.PKL file format) was done using ProteinLynx (v. 2.2.5). The data were then analysed using the MAS-
COT database search engine (MatrixScience, v. 2.4 CBRG Cluster): (Search parameters: Peptide toler-
ance: +50 ppm, Number of 13C. 2, MS/MS tolerance: 0.2 Da, Peptide charge: 2+, 3+ and 4+, Variable
modifications considered: Acetyl (Protein N-term), Carbamidomethyl (C), Cys—Dha (C), Deamidated

(N), Deamidated (Q), Oxidation (C), Oxidation (M) and Phospho (C)). The data displayed below are: 1.
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Sequence coverage of each analysis with the peptides detected in red, 2. Highlighted peptides of interest

that are present, 3. MS fragmentation spectra for the corresponding peptides.

p38a-Cys172:

1
51
101
151
201
251
301
351

Peptide: R. YQONLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

Start End Observed
2292.0771

26

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

47

YROELNKTIW
FQSIIHAKRT
MGADLNNIVK
NEDSELKILD
VGCIMAELLT
IQSLTOMPKM
AQYHDPDDEP
ES

Mr (expt)
2291.0698

EVPERYONLS
YRELRLLKHM
SQKLTDDHVQ
FGLCRHTDDE
GRTLFPGTDH
NFANVFIGAN
VADPYDQSFE

Mr (calc)
2291.0529

PVGSGAYGSV
KHENVIGLLD
FLIYQILRGL
MTGYVATRWY
IDQLKLILRL
PLAVDLLEKM
SRDLLIDEWK

(C)

Appm S
7.41 9

CAAFDTKTGL
VFTPARSLEE
KYIHSADIIH
RAPEIMLNWM
VGTPGAELLK
LVLDSDKRIT
SLTYDEVISF
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Peptide: K. ILDFGLCR.

Start End

168

175

994.

H + Carbamidomethyl

Observed Mr (expt)
993.4974

5047

(C)
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Mr (calc)
992.5113

Appm Sc
994 49
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p38a-Dhal72:

Peptide: R. YONLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

Start End Observed
2292.0630

26

Peptide: K. ILDFGLCR.H + Cys->Dha

1
51
101
151
201
251
301
351

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

47

YROELNKTIW
FOSITIHAKRT
MGADLNNIVK
NEDSELKILD
VGCIMAELLT
IQSLTQMPKM
AQYHDPDDEP
ES

Mr (expt)
2291.0557

EVPERYONLS
YRELRLLKHM
SQOKLTDDHVQ
FGLCRHTDDE
GRTLFPGTDH
NFANVFIGAN
VADPYDQSFE

Mr (calc)
2291.0529

PVGSGAYGSV
KHENVIGLLD
FLIYQILRGL
MTGYVATRWY
IDQLKLILRL
PLAVDLLEKM
SRDLLIDEWK

(C

Appm
1.25

CAAFDTKTGL
VFTPARSLEE
KYIHSADIIH
RAPEIMLNWM
VGTPGAELLK
LVLDSDKRIT
SLTYDEVISF
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Start End Observed Mr (expt)
168 175 902.5085 901.5012

Mr (calc)
901.5022

Score
36

Appm
-1.05

Expect
0.0074
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p38a-pCysl72:

Peptide: R. YONLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

Start End Observed
2292.0637

26

1
51
101
151
201
251
301
351

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

47

YROELNKTIW
FQSIIHAKRT
MGADLNNIVK
NEDSELKILD
VGCIMAELLT
IQSLTOMPKM
AQYHDPDDEP
ES

Mr (expt)
2291.05064

EVPERYOQONLS
YRELRLLKHM
SQKLTDDHVQ
FGLCRHTDDE
GRTLFPGTDH
NFANVFIGAN
VADPYDQSFE

94

Mr (calc)
2291.0529

PVGSGAYGSV
KHENVIGLLD
FLIYQILRGL
MTGYVATRWY
IDQLKLILRL
PLAVDLLEKM
SRDLLIDEWK

(C)

Appm
1.56

CAAFDTKTGL
VFTPARSLEE
KYIHSADIIH
RAPEIMLNWM
VGTPGAELLK
LVLDSDKRIT
SLTYDEVISF

Score
75

Expect
le-07
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Peptide: K. ILDFGLCR.

Start End

168

175

H + Carbamidomethyl

Observed Mr (expt)
994 .

5047 993.4

(C)

Mr (cal

974 992.51

c)

13 994

Appm Score
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Expect
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p38a-Cys180:

1
51
101
151
201
251
301
351

Peptide: R. YONLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

YROELNKTIW
FQSIIHAKRT
MGADLNNIVK
NEDSELKILD
VGCIMAELLT
IQSLTOMPKM
AQYHDPDDEP
ES

EVPERYOQONLS
YRELRLLKHM
SQKLTDDHVQ
FGLARHTDDE
GRTLFPGTDH
NFANVFIGAN
VADPYDQSFE

95

PVGSGAYGSV
KHENVIGLLD
FLIYQILRGL
MCGYVATRWY
IDQLKLILRL
PLAVDLLEKM
SRDLLIDEWK

(C)

CAAFDTKTGL
VFTPARSLEE
KYIHSADIIH
RAPEIMLNWM
VGTPGAELLK
LVLDSDKRIT
SLTYDEVISF



Start End Observed Mr (expt) Mr (calc) Appm Score Expect

26 477 2292.0615 2291.0542 2291.0529 0.60 83 1.6e-08
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Peptide: R. HTDDEMCGYVATR.W + Carbamidomethyl (C)
Start End Observed Mr (expt) Mr (calc) Appm Score Expect
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p38a-Dhal80:

Peptide: R. YQNLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

Start End Observed
2292.0593

26

Peptide: R. HTDDEMCGYVATR. W

1
51
101
151
201
251
301
351

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

47

YROELNKTIW
FQSIIHAKRT
MGADLNNIVK
NEDSELKILD
VGCIMAELLT
IQSLTQOMPKM
AQYHDPDDEP
ES

Mr (expt)
2291.0520

EVPERYONLS
YRELRLLKHM
SQKLTDDHVQ
FGLARHTDDE
GRTLFPGTDH
NFANVFIGAN
VADPYDQSFE

Mr (calc)
2291.0529

PVGSGAYGSV
KHENVIGLLD
FLIYQILRGL
MCGYVATRWY
IDQLKLILRL
PLAVDLLEKM
SRDLLIDEWK

(C

Appm
-0.36

CAAFDTKTGL
VFTPARSLEE
KYIHSADIIH
RAPE IMLNWM
VGTPGAELLK
LVLDSDKRIT
SLTYDEVISF
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+ Cys—->Dha (C)
Start End Observed Mr (expt) Mr (calc) Appm
188 1463.6230 1462.6157 1462.6147 0.69
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p38a-pCys180:

1
51
101
151
201
251
301
351

Peptide: R. YONLSPVGSGAYGSVCAAFDTK.T + Carbamidomethyl

Start End Observed
2292.00618

26

GSMSQERPTF
RVAVKKLSRP
FNDVYLVTHL
RDLKPSNLAV
HYNQTVDIWS
KISSESARNY
AAQALAHAYF
VPPPLDQEEM

47

YROELNKTIW EVPERYQONLS
FOSIIHAKRT YRELRLLKHM
MGADLNNIVK SQKLTDDHVQ
NEDSELKILD FGLARHTDDE
VGCIMAELLT GRTLFPGTDH
IQSLTQOQMPKM NFANVFIGAN
AQYHDPDDEP VADPYDQSFE
ES
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Start End Observed Mr (expt) Mr (calc) Appm Score Expect
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LC-MS/MS Analysis for Detection of Phosphopeptides from p38a Variants

Protein digestion, LC-MS/MS analysis and subsequent analysis of the data was done by Ritu Raj.

Protein Digestion: p38a-pCys180 (40 ug) was buffer exchanged using Vivaspin™ (MWCO 10 000 Da)
against ammonium bicarbonate buffer (50 mM solution) to a final protein concentration of 0.4 mg/mL.
Urea (48 mg, 8 M final concentration) was then added and the sample incubated at room temperature for
10 min with occasional vortexing. The protein was reduced with DTT (200 mM solution in water) at 56 °C
for 25 min and alkylated with iodoacetamide (400 mM solution in water) at room temperature for 30 min
in the dark. The sample was diluted 4 x with ammonium bicarbonate buffer and trypsin added (final
enzyme:protein 1:50 (w/w) ratio). The sample was incubated overnight at 37 °C. The digested protein

was diluted (final concentration: 100 fmol/uL) with water. Variant p38a--pCys172 was treated similarly.

LC-MS/MS Analysis: The samples were analysed on an Orbitrap Elite (Thermo Fisher Scientific, DE)
connected to a UHPLC Proxeon EASY-nLC 1000 and an EASY-Spray nano-electrospray ion source with
EASY-Spray column (Thermo Fischer Scientific, DK). Peptides were trapped on an Acclaim PepMap®
trapping column (100 um i.d. x 20 mm, 5 um C18) and separated on an EASY-spray Acclaim PepMap®
analytical column (75 um i.d. x 500 mm, RSLC C18, 2 um, 100 A). Samples were loaded at a pressure of
500 bar with 100% solvent A (0.1% formic acid in water) and the peptides separated by a linear gradient

(length: 15 min, 7% to 30% solvent B (0.1% formic acid in acetonitrile), flow rate: 200 nL/min). Full
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scan MS were acquired in the Orbitrap (350-1500 m/z, resolution 120 000, AGC target 1 x 105, maximum
injection time 250 ms). CID and ETD spectra were acquired in Ion Trap (resolution 7500, AGC cation
target 3 X 10%, AGC Anion target 2 X 10°, maximum injection time 100 ms). After the MS scans, the
5 most intense peaks were selected for fragmentation based on data-dependent decision tree (DDDT).
The signal threshold for fragmentation of parent ion was set to 500 ion counts. For CID fragmentation,
the normalized collision energy and default charge state was set to 35% and 2 respectively. For ETD
fragmentation, reaction time was set to 50 ms and supplemental activation was enabled. Charge state
screening was enabled; parent ion with unassigned charge state and charge state 1 was rejected. Dynamic
exclusion was enabled (exclusion size list 75, exclusion duration 5s). The setting for DDDT was as
such: ETD fragmentation was followed for charge states 3, 4 and 5 with m/z less than 750. For charge
states greater than 5, ETD fragmentation was always performed. In all other cases, CID activation was
performed. In a separate experiment, HCD was used. All the settings for the instrument were kept the
same, except HCD spectra were acquired in Orbitrap and the 3 most intense peaks were selected for

fragmentation and normalized collision energy was set to 32%.

Data Analysis: The raw data files generated were processed using MaxQuant software (Version 1.4.1.2),
integrated with Andromeda search engine as described elsewhere.®°’ For identification of phosphocys-
teine peptides, Andromeda searched peak lists against the sequence of p38c, as well as against a list
of common contaminants. Trypsin was selected as specific digestion mode with maximum number of
missed cleavages set to 4. In case of p38a-pCys180 protein; acetylation (N-term), carbamidomethyla-
tion (C), cysteine to serine, oxidation (M), phosphorylation (STY), threonine to carbamidomethylation,
threonine to cysteine, threonine to Dha, and threonine to phosphocysteine were used as variable modifi-
cations. For p38a-pCys172, similar rational variable modifications were used. All spectra were manually

validated.
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2.11.10 Procedures Used in Optimising LC-MS/MS Analysis Protocol

Test for Phosphocysteine Stability against Temperature

Samples of p38a-pCys172 were incubated at either 60 °C or

analysed by LC-MS.

After treatment at 95 °C:

95 °C for 10 min. The samples were then

TOF MS ES+
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General Procedure for Investigating the Necessity of DTT in Sample Preparation

To a solution of p38a-pCys180 (10.5 puL) in p38a reaction buffer (S0 mM HEPES pH 8.0, 50 mM NacCl,
5% glycerol) was added DTT solution (5 pL. of a 200 mM solution in 100 mM Tris pH 7.8) and the mixture
incubated at room temperature for 1h. Iodoacetamide solution (20 uL. of a 200 mM solution in 100 mM
Tris pH 7.8) was added and the mixture incubated at room temperature for a further 1h. Finally, more
DTT solution (20 uL) was added and the mixture incubated for a final 1 h. Trypsin (2 uL of a 0.1 pg/uLL
solution in trypsin storage buffer) was added and the reaction put to 37 °C for 20 h. The reaction was flash
frozen in liquid nitrogen and stored at —80 °C before subsequent purification by solid phase extraction.
The steps involving DTT were variably omitted and in the case of omission, heating at 60 °C for 10 min

was used for denaturation.

General Procedure for Proteolytic Digest with Alternative Proteases

A solution of p38a-Cys180 kinase (~ 1 mg/mL) in p38« reaction buffer (50 mM HEPES pH 8.0, 50 mM
NaCl, 5% glycerol) was diluted with ammonium bicarbonate solution. The mixture was heated at 60 °C
for 10 min. After cooling to room temperature, iodoacetamide solution was added, the reaction protected
from light and incubated at room temperature for 30 min. For digestions with pepsin, hydrochloric acid
(1 uL of a 2.5 M solution in water, final pH: ~1.5) was added. The kinase was then digested by addition
of proteolytic enzyme, incubating at 37 °C. After digestion, samples were either diluted and directly
analysed by LC-MS/MS by the Mass Spectrometry service, or desalted before the samples were analysed,

as described previously (see Section 2.11.9).

The exact quantities and enzymes used for all the trials are summarised in the table:

| Entry | Enzyme | Kinase Volume/uL | [NH)HCO3)/mM | [(NH4)HCO3] Volume/pL |

1 pepsin 10.5 50 15
2 Asp-N 20 100 88
3 Glu-C 20 100 88

] Entry \ Iodoacetamide Volume/uL \ Reaction Time/h \ [Enzyme)/mgmL~T | Enzyme volume/pL ‘

1 3 1 0.5 1
2 12 18 0.04 5
3 12 18 0.1 4
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Chapter 3

Functional Evaluation of p38a Kinase

after Chemical Modification

Having successfully installed phosphocysteine in p38a-Cys172 and p38a-Cys180 in the previous chapter,
the enzymatic activity of the resulting chemical variants, p38a-pCys172 and p38a-pCys180 needed to be

tested. To do this, a suitable assay had to be developed.

3.1 p38a Preliminary Activity Assay

ATF2 (activating transcription factor 2) was chosen as the protein substrate for the activity assay as it
is a natural substrate of p38«, and because the protein was readily available. A protein, rather than a

9899 was seen to be important as a substrate since one of the questions to be answered is whether

peptide,
phosphocysteine is a sufficient mimic of phosphothreonine, in the context of mimicking kinase phospho-
forms. For this question to be sufficiently investigated and challenged, the chemically modified kinase

must be biologically recognised, which requires a protein substrate.

The preliminary activity assay aimed to determine if there was any enzymatic activity at all among the
chemically modified derivatives (Dha and pCys) derived from p38a-Cys172 and p38a-Cys180, as well
as any activity in the parent species themselves. A number of factors caused doubt as to whether any of

the p38a chemical variants would display enzymatic activity:
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Scheme 3.1 ATF2 is phosphorylated by p38a using ATP as a co-factor.

1. phosphocysteine is a suitable mimic of phosphothreonine electrostatically, but not sterically; phos-
phothreonine has a methyl group which is not present in phosphocysteine. Enzymatic activity
would be difficult to discern if sterics is the more important factor in giving an active conformation

in p38a.

2. The p38a chemical variants were at most only phosphorylated once, whereas p38« requires dual

phosphorylation for full activation.

Considering that these two factors could potentially reduce the signs of a p38« chemical variant being
active, a super-stoichiometric quantity of kinase ([p38« variant] = 4 uM, [ATF2] = 3 uM) was used to
ensure that any activity near the basal level would be detected. Basal activity is the low level of enzymatic
activity that some kinases possess, even without activation by phosphorlyation, and can thus be variable in
magnitude between kinases (also see Section 1.3). MS was used as the substrate detection method, having
been already used extensively in the chemical modification stage of the work. All of the different p38«

species were then tested to determine whether they would phosphorylate the ATF2 substrate (Scheme 3.1).

No detectable levels of ATF2 phosphorylation were observed for the chemical variants from p38a-Cys172,
while for the p38a-Cys180 derivatives, phosphorylated ATF2 was gratifyingly only found in the presence
of p38a-pCys180 (Fig. 3.1). This result also suggested that all the inactive chemical variants did not pos-
sess any basal activity. MS detection of enzymatic reaction products had thus shown that p38a-pCys180
had activity, but given the variable noise/signal ratio of this detection method, any extremely low levels

of activity from the other chemical variants could not be ruled out.
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(b) ATF2 after treatment with p38a-Cys180
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Fig. 3.1 Deconvoluted MS spectra of ATF2 after 3 h of treatment with various p38« chemical variants.
Only (f) shows a mass corresponding to single phosphorylation of ATF2. Expected mass change from
unmodified ATF2 upon single phosphorylation: +80.

3.2 Preliminary Radioassay for p38a Chemical Variants

To confirm the findings of the preliminary MS study, and to confirm that the inactive p38a chemical vari-

ants did not possess basal activity, incorporation of radioactive phosphate was used as a complementary

assay method. In this method, [y-32P]-ATP is included in the enzymatic reaction mixture. Since it is the

~-phosphate of ATP that is transferred onto the substrate, the use of [y-3?P]-ATP causes the substrate to

be radioactively labelled. Subsequent separation of the enzymatic reaction mixture by SDS-PAGE and

gel autoradiography then completes the phospho-substrate detection, a process which will henceforth be

referred to as electrophoretic radioassay (ERA). The choice of ERA was for a number of reasons:

1. Due to the sensitivity of this method, it is regarded as a “gold standard” for kinase assays '*’ and

therefore suitable for detection of low levels of enzymatic activity.

2. With the phospho-substrates being directly detected, the results from ERA could be directly com-

pared with those from MS detection.

3. With fewer assay components and therefore fewer variables, assays with direct detection can be

quantified with more certainty.
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Use of the ERA, over similar enzymatic reaction timescales as those used for the MS detection assay, con-
firmed that all the p38a chemical variants did not have basal activity, except for p38a-pCys180, which was
the only enzymatically active chemical variant. p38a-pCys180 was thus subsequently the only chemical
variant taken on for further studies (Fig. 3.2). The activity studies on the p38«-Cys172 derived chemical
variants acted as a negative control, since they showed that phosphorylation at the native phosphorylation
site was required for p38« activation, and that mere phosphorylation on the activation loop of p38« was
not sufficient. It is interesting to note that the Dha variant p38«-Dhal80 also did not have activity. The
sp? centre introduced on Dha incorporation would have a rigidifying effect on the activation loop, which
in turn could cause conformation change in the p38« variant and could thus confer activity. Finally, the
sensitivity of ERA was also demonstrated with 3?P incorporation being clearly visible, even as soon after
2 min in the timecourse of the p38a-pCys180 experiment (Fig. 3.2f, left-most dark spot). In comparison,
MS from the p38a-pCys180 experiment was only able to conclusively detect phosphorylated ATF2 after

~30min (Fig. 3.3).

3.3 Comparison of MS and Radiolabel Detection Assay Methods

Working on p38a-pCys180 as the remaining p38a chemical variant of interest meant that the high sensi-
tivity of ERA was no longer required, since its activity could be suitably detected by MS. Furthermore,
since ATF2 has two p38a: phosphorylation sites, Thr69 and Thr71, the use of MS detection had the ad-
vantage that it could discern unmodified substrate from mono- and bis-phosphorylated ATF2 (ATF2-P
and ATF2-PP respectively). This would potentially give a deeper insight into the mechanistic function of

p38a;, so the assay by MS detection was developed further.

As was the case in the chemical modification stage of this work (Section 2.8.1), the quantitative nature
of the MS data had to be tested and verified. Since pure phosphoforms of ATF2 cannot be obtained, the
calibration curve could not be made using MS alone. Instead, another MS detection assay was run with
p38a-pCys180, using the same conditions and timepoints as the ERA experiment. The data from the two

experiments were then directly compared. In doing so, the following assumptions were made:

1. All of the ATF2 species ionise in a similar fashion (same as in Section 2.8.1). Given the different
charges of the ATF2 species at different levels of phosphorylation (ATF2, ATF2-P and ATF2-PP),

this is a significant assumption.
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(c) ATF2 after treatment with p38a-Dhal72 (d) ATF2 after treatment with p38a-Dhal80
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(e) ATF2 after treatment with p38a-pCys172 (f) ATF2 after treatment with p38a-pCys180

Fig. 3.2 Gel autoradiographs of timecourse experiments over 2.5 h where ATF2 was treated with various
p38a chemical variants. Only (f) shows radiolabel incorporation onto ATF2, being the only gel with dark

spots.
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Fig. 3.3 Deconvoluted MS spectra taken over the timecourse experiment of ATF2 treatment with
p38a-pCys180. The appearance of a new peak is only apparent in (d).
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2. ATF2-PP in ERA gives twice the radioactive signal as ATF2-P, since it has been doubly labelled.

3. The component signal from ATF2-PP in ERA corresponds to double the MS signal from the same

ATF?2 species, again because this species has been doubly labelled in ERA.

It then follows that:

[v-32P on ATF2|gra = [ATF2-Plys + 2[ATF2-PP]ys (3.1)

where the quantities on both sides of Equation 3.1 can be termed as “effective phosphorylation signal”.
The direct comparison (Fig. 3.4) showed that there was a reasonable profile match in the effective phos-
phorylation signal from both ERA and MS. Further justification on the continued use of MS detection lay

in its potential for richer datasets, hence it was adopted for more extensive use.
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Fig. 3.4 The datasets from (a) ERA and (b) MS were (c) directly compared.
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3.4 Wild-Type Controls

A wild-type comparison was needed for the enzymatically active, p38a: chemical variant p38a-pCys180.
p38a-pThr180 would be the direct analogue of the synthetic mimic, however, its production involves ex-
tensive protein purification and can thus be difficult to produce.* Further, a production method reliant on
biological methods and extensive post-expression purification may not always lead to species homogene-

34,101

ity Rather than face potential technical difficulties in producing homogeneous p38a-pThr180, the

most widely available form of active p38a was taken as the standard, which would also be a more rep-
resentative comparison. Thus, commercially available, enzymatically activated wild-type p38« (termed
“active p38a-WT” and p38a-pThrpTyr) was used. As expected, p38a-pThrpTyr was shown to be active
upon its use in catalytic quantities (Fig. 3.5a) while inactive p38a-WT (Fig. 3.5b) was not.

53404 TorEEs 53244 e

100 100-
0 mass o s ; "N : h, Laoke

" Ly, ik st ol adalLl o P
50000 52000 54000 56000 58000 50000 52000 54000 | 58000 | 58000

= mass

(a) ATF2 after treatment with active p38a-WT (b) ATF?2 after treatment with inactive p38a-WT

Fig. 3.5 Deconvoluted MS spectra of ATF2 after 0.5 h treatment at room temperature with p38a-WT
of various activation states. Only (a) shows masses corresponding to mono- and bis-phosphorylation of
ATF2. Expected mass change from unmodified ATF2 upon mono-phosphorylation: +80.

A more stringent assessment of activity for the wild-type species was subsequently made with ERA.
Active p38a-WT in the same catalytic concentration ([p38a-WT] = 80 nM, [ATF2] = 3 nM) as that used
in the MS assay was tested and shown to be active, as expected (Fig. 3.6a). Conversely, the result from
the MS assay suggested detection of activity with inactive p38a-W'T was not expected, so on repeating
the experiment using the ERA, the stringency on conferring inactivity was increased by increasing the
concentration of inactive p38a-WT used ([inactive p38a-WT] = 800 nM, [ATF2] = 3nM). A 10x higher
concentration of inactive p38a-WT was used, compared to that used for active p38a-WT. Surprisingly

however, activity was observed in this “inactive” form (Fig. 3.6b).

MS of the two forms of p38a-WT showed that while the active form was predominantly bis-
phosphorylated (Fig. 3.7a), the “inactive” form was in fact partially mono-phosphorylated (Fig. 3.7c¢).
This partial phosphorylation would explain why this batch of p38a-WT was partially active. It is also
likely that completely unphosphorylated p38a-WT does not have any basal activity, and there are no

reports of basal activity in the literature. The exact cause of partial phosphorylation is mere speculation
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(a) ATF?2 after treatment with active p38a-WT (b) ATF?2 after treatment with inactive p38a-WT

Fig. 3.6 Gel autoradiographs of timecourse experiments over 2.5h where ATF2 was treated with
p38a-WT of varying activation state. Both phosphorylation states of p38a-WT showed radiolabel in-
corporation onto ATF2.

since no details are given in the product manual, ' but it is likely to be due to the bacterial strain used
in expressing the protein. '3 The mixture of phosphoforms found in the commercial p38a-WT samples,
particularly in active p38a-WT, only highlights the difficulty in producing highly homogeneous batches
of kinase phosphoforms by biological means, a problem which a semi-synthetic, chemical modification

approach is able to overcome (Fig.3.7b and 3.7d).
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Fig. 3.7 Deconvoluted MS of biologically and semi-synthetically derived p38c, both before and after
activation. (a) Enzymatically activated kinase exhibits three different phosphorylation states (observed
masses 43481, 43562 and 43641 for the ungluconoylated protein) '% while conversely, (b) the chemically
modified one only displays one phosphoform. (c¢) Even prior to activation, p38a-WT displays partial
phosphorylation due to phosphorylation during expression whilst (d) the synthetic precursor is pure. Fig-
ure reproduced from supporting information. !

3.5 Kinetic Comparison of Active Forms of p38«

3.5.1 Use of MS Detection in Kinetic Assay

In order to make a valid kinetic comparison between the two activated forms of p38«, the concentra-

tions used in both sets of experiments would have to be identical, in contrast to the preliminary ex-
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periments described so far. The main reason for using different p38« concentrations in previous ex-
periments was because the chemical variant p38a-pCys180 was much less active than active p38a-WT
(Fig. 3.8). This difference in activity whereby the mono-phosphorylated p38a is much less active than
the bis-phosphorylated form is also corroborated in the literature. 332 Therefore, to complete the assay in
a practical time while still allowing for some gradation of assay signal, different concentrations of p38a

had been used: 4 uM for p38a-pCys180 and 80 nM for active p38a-WT.
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(a) ATF?2 after treatment with p38a-pCys180 (b) ATF?2 after treatment with active p38a-WT

Fig. 3.8 Deconvoluted MS showing similar extents of substrate phosphorylation when ATF2 was treated
with (a) p38a-pCys180 and (b) active p38a-WT, even though the p38a-WT experiment had lower p38a
variant concentration and was taken after a shorter incubation time (4 uM and 1h for (a), compared to
80 nM and 30 min for (b)). (b) reproduced from Fig. 3.5b for convenient comparison.

Michaelis-Menten kinetics is the most commonly used method in evaluating enzyme kinetics, ' a point
illustrated by the various estimates of Michaelis-Menten kinetic constants for p38« against ATF2 in the
literature. 33196197 To mathematically simplify this model, the steady-state approximation is made. For
this approximation to be valid, the substrate (ATF2) needs to be in vast excess relative to the enzyme
(p38a kinase). '%>19 With the highest practically obtainable concentrations of ATF2 being in the uM
range (maximum of 14 uM), the concentration of p38a would have to be in the low nM range (80 nM was

chosen) in order to satisfy the condition of excess.

The enzyme and substrate concentration requirements had implications for both the assay detection
method used, and the assay time required. In order for accurate measurements to be made, the assay
signal must be well resolved and sufficient readings must be made over a range of signal strength, i.e. the
noise-signal ratio must be low. For the example of substrate phosphorylation, this can be overcome in

two ways:

1. The assay detection method would have to be sensitive enough to differentiate small variations in
substrate phosphorylation, so that the endpoint signal can still be small. This scenario requires a

sensitive detection method, or
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2. A wide extent of substrate phosphorylation is used so that the sensitivity of the assay method is less
important. The endpoint signal is also much larger in this case. This scenario lengthens the assay

time.

Particular attention was paid to measurements performed with p38a-pCys180, since it was the slower
of the two p38a active forms. ERA was investigated as to whether it would be a sufficiently sensitive
detection method to give an acceptable signal-noise ratio. However, testing over a 30 min timecourse
experiment showed that no discernible signals could be detected, when the p38«a concentration used was
that required of the kinetic assay (Fig. 3.9). Thus, if ERA were used as the assay method, despite being the
most sensitive method, timepoints would still have to be collected with intervals of 30 min—1 h. Given the
safety hazards involved with using radioactive materials, such an extended timecourse experiment using
ERA would pose unnecessary risks. MS detection was therefore chosen as the detection method not only

for the richer data it would provide, but also due to practical considerations.
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(c) with [p38a-pCys180] = 4 uM

Fig. 3.9 Gel autoradiographs of timecourse experiments over 30 min, where ATF2 was treated with
p38a-pCys180 at different concentrations. (a) No phosphorylation was observed over this time, while (b)
a signal was visible after ~15min. (c) Signals for all timepoints (except t = 0) were easily distinguished.
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3.5.2 Analysis of Results from Kinetic Assay

To determine the kinetic parameters, initial rates were determined by running timecourses (Fig. 3.10) over
a range of substrate concentrations. Plotting initial rate against initial substrate concentration showed
that the practical limitation on ATF2 concentration had not allowed for substrate saturation to be reached,
and that data had only been collected in the low substrate regime (Fig. 3.11). Thus, only the specificity

constant (k.q:/Kpnr) could be determined, and not the values of the component constants separately.
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(a) with p38a-pCys180 (b) with active p38a-WT

Fig. 3.10 Representative timecourses from the kinetic assay ([ATF2] = 14 uM). The three phosphoryla-
tion states of ATF2 can be discerned separately: ATF2 (blue), ATF2-P (green), ATF2-PP (red).
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Fig. 3.11 Plots of initial rate against initial substrate concentration from kinetic assay. As the plots did
not reach horizontal asymptotes, substrate saturation was not reached.

With MS detection providing data not just for the consumption of ATF2 but also on the production of
ATF2-P and ATF2-PP, the data were analysed to give specificity constants for all three levels of phos-
phorylation (Table 3.1). Comparison of global k.. /Ky (the consumption of unphosphorylated ATF2)
showed that active p38a-WT was 12.5x more active than p38a-pCys180. The values obtained were in

good agreement with those quoted in a previous study where biologically derived p38a-pThrpTyr and

115



p38a-pThr180 had been investigated. 3* The order of magnitude of the values estimated in this study were
also in good agreement with the ones quoted. This demonstrates that the technique of kinase activation
by chemical modification yields species that are similarly active to their wild-type counterparts, despite
the concerns expressed in Section 3.1, that is to say that the synthetic species p38a-pCys180 behaves
as a mimic of p38a-pThr180, as the design intended. This observation of mimicry in kinases, replacing
phosphothreonine with phosphocysteine has been further corroborated in the literature.*® The possibility
that the lower activity of p38a-pCys180 with respect to active p38a-WT could be due to loss of the cys-
teine phosphate '® under reducing conditions was discredited by control experiments, which showed that
there was no loss of the cysteine phosphate upon exposure to the conditions of the kinetic assay (done in
collaboration with Sébastien Galan).

Table 3.1 k.4 /Ky values, determined without taking the +40 Da adduct into account.

] p38a-pTpY p38a-pC180
(kcar/Knt global)/uM~Th™T [ 8.14+0.08 0.65 + 0.03
(keat/Kyv ATE-PYuM™' h™! | 5.304+0.33  0.59 & 0.03

(keat/Kni ATE-PP)/uM~'h™! | 2.8440.29 0.07+0.01

ratio ATF-P/ATF-PP 1.9+0.2 8.9+0.2

Interestingly, the two active forms of p38«a had different ratios between the specificity constants for
ATF2-P and ATF2-PP, which means that they produce ATF2-P and ATF2-PP to different extents.
p38a-pCys180 is relatively less efficient at producing ATF2-PP than producing ATF2-P, when compared
to active p38a-WT. The mechanism of ATF2 conversion to ATF2-PP by active p38a-WT has been shown
to occur via a distributive mechanism, whereby in order to achieve the bis-phosphorylation of ATF2,
p38a dissociates from ATF2-P (either ATF2-pThr69 or ATF2-pThr71) after the first phosphorylation,
before re-associating for the second.'%’ In the reported study, one of the pieces of “strong evidence” for
the distributive mechanism in active p38a-WT was that ATF2-P was in significant excess early on in
the timecourse. This observation has also been made in the current study for both active forms of p38«
(Fig. 3.10) and furthermore, the timecourse with p38a-pCys180 shows ATF2-P concentration being
higher than ATF2-PP concentration over the whole timecourse. Thus, not only does active p38a-WT
work according to a distributive mechanism, it is highly likely that p38a-pCys180 functions according to

this mechanism as well.

The timecourses also show that although active p38a-WT is more efficient at producing ATF2-PP than

p38a-pCys180, some ATF2-P still remains at the timecourse endpoint. This is demonstrated in the time-
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courses as a plateau in the curves for both active forms of p38«. This could be the result of enzyme
inactivation due to the extended time and elevated temperatures used in the assay. However, this is un-
likely to be a major factor, particularly in the case of p38a-pCys180 which has already endured 10h
at 37 °C during the chemical modification stage, yet still shows activity after this process. Instead, a

biological explanation is more likely.

ATF2-P encompasses two distinct species, ATF2-pThr69 and ATF2-pThr71, both of which have very
different behaviours in forming ATF2-PP when phosphorylated by p38a. It has been shown that for active
p38a-WT, while this active form doesn’t have a bias towards forming ATF2-pThr69 or ATF2-pThr71 from
ATF2, ATF2-pThr69 is converted 40 times slower to ATF2-PP than ATF2-pThr71 is converted. !%” This
therefore leads to a build-up of ATF2-pThr69 at the end of the reaction, which in this case, manifests in
the plateau in the timecourse of active p38a-WT. A similar phenomenon must also be evident in the case

of p38a-pCys180, to result in a similar plateau.

To determine the mechanistic action of p38a-pCys180 in more detail, the product profile after
p38a-pCys180 treatment was determined in more detail. MS/MS analysis was used to do this. Analysis
(in collaboration with Ritu Raj) of a sample taken near the p38a-pCys180 timecourse endpoint found that
the ATF2-P was predominantly ATF2-pThr69, with no evidence of ATF2-pThr71 being present (Section
3.8.7). This suggested that like active p38a-WT, the plateau in the p38a-pCys180 timecourse is due
to a lack in efficacy at converting ATF2-pThr69 to ATF2-PP, compared to the equivalent reaction with

ATF2-pThr71.

Active p38a-WT and p38a-pCys180 therefore follow very similar mechanisms of action, since they both
sequester ATF2-pThr69 towards the end of the reaction. However, they do so to different extents. This
difference is what causes there to also be a difference in the specificity constant ratios between the two
active forms, as mentioned previously (Table 3.1). For the ratios to manifest themselves as they are, when

compared to the corresponding relative rates for active p38a-WT, either:

1. the conversion of ATF2 to ATF2-pThr69 is relatively faster than the conversion of ATF2 to

ATF2-pThr71 for p38a-pCys180

2. the conversion of ATF2-pThr69 to ATF2-PP is relatively slower than the conversion of ATF2-pThr71

to ATF2-PP for p38a-pCys180
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Putting the comparisons into context, the literature shows that active p38a-WT produces ATF2-P with
the ATF2-pThr69: ATF2-pThr71 ratio being very close to unity and to reiterate, active p38a-WT converts
ATF2-pThr71 to ATF2-PP 40 times faster than it converts ATF2-pThr69 to ATF2-PP.'7 p38a-pCys180
on the other hand has different values for these ratios, where both of these ratios would be higher than
for active p38a-WT. A fitting of the timecourse to the proposed model of the distributive mechanism
(Scheme 3.2) to determine these ratios was not attempted for p38a-pCys180, however, it is likely that the
propensity of p38a-pCys180 to produce ATF2-P more readily than active p38a-WT comes mainly from
the former aforementioned condition (that the conversion of ATF2 to ATF2-pThr69 is relatively faster than
the conversion of ATF2 to ATF2-pThr71), since a small change in this ratio will have a large, proportional
change in this parameter, and therefore dominate the enzyme’s behaviour (i.e. adding 1 to 1 has a greater

effect than adding 1 to 40).

ATF2-pThr69

et

ATF2

Scheme 3.2 Schematic representation of the distributive mechanism for the phosphorylation of ATF2
by p38a. The arrows are drawn to represent the reactions as catalysed by p38a-pCys180, with the reac-
tions that are slower having small grey arrows. These difference in rates result in the sequesterisation of
ATF2-pThr69. Only the forward reactions are considered.

Closer examination of the original mass spectra from the timecourses showed that there was an additional
satellite peak associated with the peak of each ATF2 phosphorylation state, in all spectra (Fig. 3.12). This
peak was always at ~+40Da and was variable in porportion between spectra. It was found that MS
corresponding to samples which had been left to stand for longer at room temperature before analysis had
stronger satellite peaks, leading to the hypothesis that these satellites were due to cyanate adduct formation
with the urea quenching solution.!%>!0 Re-analysis of the data, taking these adducts into account by
adding their intensities to the main peak, resulted in the same comparative conclusions being drawn from
the re-calculated specificity constants (Table 3.2), thus suggesting that the hypothesis of adduct formation

was justified, and did not affect the conclusions already drawn.
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Fig. 3.12 Representative deconvoluted MS showing peaks corresponding to ATF (53247 Da), ATF-P
(53327 Da) and ATF2-PP (53407 Da). Associated with each peak is a satellite peak at ~ +40 Da, which
corresponds to cyanate adduct formation with the urea quenching solution. 10110

Table 3.2 k., /Ky values, as determined when taking the +40 Da adduct into account.

] p38a-pTpY p38a-pC180
(kear/Knt global)/uM~Th™T [ 7.43+0.21  0.60 + 0.03
(keat/Kn ATE-P)Y/uM™' h™! | 5.134+0.32  0.51 & 0.02

(keat/Kni ATE-PP)Y/uM~'h™! | 2.304+£0.24  0.09 +0.02

3.6 Effect of Inhibitors on Active Forms of p38«

As an additional means of probing potential differences in the structure and function of the two p38a
active forms, their behaviour in the presence of inhibitors was investigated. The purpose of this study
was to explore the hypothesis that the effects of a partially active form of p38« on inhibitor action could
be revealing as to the kinase’s structure and function. Since kinases have two main conformations, two
major strategies of inhibition have arisen, with each strategy targeting one of these conformations. Thus,
Type I inhibitors bias the binding of the active or DFG-in conformation, while Type II inhibitors prefer-
entially bind the inactive or DFG-out conformation.® A range of p38a-specific inhibitors were thus tested
(Scheme 3.3), some being Type I (VX745,'! TAK715,!'2 SB202190, 96113 and 20''4), some Type II

(BIRB7969 and 21!'%) and one that was unclassified (JX40115).
3.6.1 Inhibitor Assay Development

Before the inhibitors could be tested, a suitable assay needed to be developed, particularly with regards to
assay signal detection. Ideally, the assay method chosen would be easily scalable for the large number of

reaction conditions to be tested. For any given inhibitor tested, there would be ~20 conditions to test:
(~10 different inhibitor concentrations) x (2 active forms of p38a)
This estimate does not include the numerous replicates that would also be needed.

The assay detection methods employed so far were not easily scalable, having instead been chosen because

they are able to make direct measurements of substrate species (Section 3.2). The main reason for the lack
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Scheme 3.3 All the p38a-specific inhibitors tested in this study.

of scalability is because they are both stopped assays. Since measurement of species quantities in samples
cannot be taken while the enzymatic reaction is still running, the reaction must be quenched when a
sample is taken. This is the case for both the assay under MS detection, and in the ERA. Quenching was
therefore done using urea or SDS/EDTA respectively. A large number of conditions therefore means a

large number of samples to quench, which would be inconvenient and therefore not particularly scalable.

ATF2-P/
ATF2 ATF2-PP
p38a
variant
[ Y
ATP ADP
\ PEP '
kinase
lactate lactate pyruvate phosphoenol
dehydrogenase pyruvate (PEP)
(LDH)

NAD* NADH

Scheme 3.4 Reaction pathway for the NADH-linked assay with the kinase reaction (red box) and NADH
reporting reactions (blue box) highlighted.
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Instead, a NADH-linked assay was attempted (Scheme 3.4, in collaboration with Sébastien Galan). In this
assay regime, the ADP liberated on substrate phosphorylation is converted back to ATP by phosphoenol
pyruvate kinase, producing pyruvate. This subsequently drives a cascade of enzymatic reactions to convert
NADH to NAD™. The disappearance of NADH, which can be monitored continuously at 340 nm in
the UV, is then detected. Trials of this assay, using the same protein concentrations as for experiments
described with the WT controls (Section 3.4), did not detect any signal above background. The low
initial substrate (ATF2) concentration was suspected to have caused this. From a rough calculation of
the maximum absorbance difference that could be achieved, i.e. assuming all the ATF2 was converted to

ATF2-PP:

A=cec
A= (6220 M tem™!) x (6 x 1075 M) x (0.5 cm)

A =0.019 to 2s.1.

Considering that the change in UV absorbance was likely to be much less than 0.019, the spectrophotome-
ter would not have sufficient resolution to detect even this maximum absorbance difference accurately.
Further, as the concentration of substrate could not be practically increased to produce more NAD™, the
use of the NADH-linked assay for investigating p38« inhibition was abandoned. Instead, the already

established ERA was used, since it was a more scalable assay than MS detection.
3.6.2 Inhibitor Curves

Inhibition curves were determined for the inhibitors against both active forms of p38a (p38a-pCys180 and
active p38a-WT) (Fig. 3.13). For any given inhibitor, comparison of curves from the two active species
showed that any deviation in the profile of the curves was insignificant. This was confirmed with 1Csq
values that were very similar between the active forms for each inhibitor (Table 3.3). The same observation
was made for the Hill coefficients, an indicator of the steepness of the sigmoidal curve (Table 3.4), the
consistent determination of which had been improved by increasing the resolution of the inhibitor dilution
series used from a 5x dilution series to a 2x dilution series. Thus, although the activities of the two active

forms were different, the effect of inhibitors was the same.
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Fig.3.13 Normalised IC5( curves for all the inhibitors investigated (Key: VX745 (red), TAK715 (green),
BIRB796 (blue), JX401 (orange), SB202190 (black), 20 (magenta), 21 (cyan)) in the study for inhibition
against both p38a-pCys180 (dashed lines) and active p38a-WT (solid lines). The general correspondence
of the curves of the same inhibitor, between the two active forms of p38a was noted.

Table 3.3 1Csq values for all the inhibitors of the study, against both active forms of p38a.

Inhibitor | p38a-pC180/mM p38a-pThrpTyr/mM ‘
VX745 99 £8 136 +£5
TAK715 1091 + 64 1264 + 24
BIRB796 1128 + 68 1309 £ 40
IJX401 11+2 542
SB202190 14+1 13+1
20 68 +6 78+ 2
21 558 + 24 586 £ 9

Table 3.4 Hill coefficient values for all the inhibitors of the study, against both active forms of p38a.

Inhibitor | p38a-pCys180 p38a-pThrpTyr ‘
VX745 1.8+0.1 2.6+0.1
TAK715 3.8+0.7 4.8 +0.4
BIRB796 14.0 £ 5.6 99+1.1
JX401 2.0+0.1 0.9+ 0.04
SB202190 1.5+0.3 1.4+£0.1
20 2.0+0.1 2.14+0.2
21 12.6 £6.2 9.3+0.5
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However, the range of Hill coefficients obtained required further attention. It was noted that the Type 11
inhibitors were associated with high Hill coefficients (8-15), TAK715, which has been shown to bind to
both DFG-in and -out conformations in structural studies''® displayed Hill coefficients of intermediate
value, while all the known Type I inhibitors had lower Hill coefficients (1-2). This association suggested
that the Hill coefficient could be used as a marker for Type II inhibitor behaviour, under which JX401

would most likely be a Type I inhibitor.

Attempts were made to rationalise the association of high Hill coefficient and Type II behaviour by inves-
tigating the possible causes. One of these potential causes is that the p38a: species could form a dimer, 3
the aggregation of which could result in high Hill coefficients.!!” This hypothesis was unlikely for two
reasons. Firstly, dimer formation in isolated p38« is favoured upon cysteine oxidation,”®> which was pre-
vented either by the reducing conditions of the storage buffer used, or by the absence of oxidisable native

1

cysteines ''® in the case of p38a-pCys180. Secondly, oligomers had been observed in the purification

process, some of them presumably being dimers, but these had been separated from the monomers.

The purification process for p38« variants had involved a multistep procedure. After the initial affinity
chromatography stages of GST affinity chromatography, GST-tag cleavage and GST-tag rebinding, vari-
ants under purification were subject to anion exchange. This separated the majority of the oligomers from
the monomer, giving rise to two peaks in the FPLC UV trace (Fig. 3.14a), and subsequently two protein
batches which contained different -meric forms of the target p38« variant (p38a-Cys180 in the case of the
Figure displayed). The batch containing the monomers was used in the studies described. Confirmation
that the two batches were indeed different -meric forms came from intact protein MS, where both batches
had the expected molecular mass for the monomer, and from gel filtration, where the two batches were
treated separately and had major peaks at different retention times (Fig.3.14b and 3.14¢). The major peak
from the anion exchange chromatography gave rise to a peak with longer retention time in gel filtration,
showing that this peak corresponded to a lighter-meric form, namely the monomer. The separation of the
different -meric forms of the p38« variants demonstrates that under the experimental timescales and con-
ditions, the monomer is stable against multimer formation, and thus likely to have remained a monomer

in subsequent experiments.

It should however be noted that dimer formation in p38« has been proposed as part of the kinase’s regula-

tory process. This observation is for a different active form of p38«a though, where the reported mutant'°
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Fig. 3.14 FPLC UV traces from the purification of p38a-Cys180. (a) Anion exchange was used as an
intermediate step in the purification. The two main peaks correspond to the monomer (around Fraction
B9) and multimers (around Fraction B7) of p38a-Cys180. (b) The major peak from anion exchange gave
a product with longer retention time in gel filtration than (c¢) the minor peak, thus demonstrating that the

major peak was of a lighter -meric form, i.e. the monomer.

124



behaves as p38a-pThr323.3! This active form is able to autophosphorylate at Thr180 and forms homod-
imers in order to do so, but it is also able to form heterodimers with unphosphorylated p38ca. A full
discussion of this alternative regulatory pathway of p38« is outside the scope of this study, but it bears
little implication on this study since there are currently no known reports of the dimer remaining intact

once phosphorylated at Thr180.

Regardless, to further reduce the likelihood of dimer formation, additional detergent was added to the
buffer, ensuring that the detergent concentration was beyond the critical micelle concentration (CMC).
This distinction of CMC is important since although detergent had been included in the study of the
range of inhibitors, it was diluted to such a concentration that it would not have contributed to preventing
aggregation. Comparison of inhibition curves collected with or without additional buffer detergent showed
that there was no significant difference in the Hill coefficient between datasets collected with or without

the extra detergent (data not shown).

Another hypothesis for high Hill coefficient was that the slow binding kinetics of BIRB796%*!2% and
212! to the p38a variant was the cause. For this reason, the closely analogous inhibitors 20 and 21 had
been used in the aggregation detergent study, since the variable of inhibitor binding position would have
been minimised. In this hypothesis, it would follow that since 20 has faster binding kinetics than 21,'?! it

also has a lower Hill coefficient. Evidence for this hypothesis comes in the stoichiometric model: '

M inh% [(inh %)/100][E]
Kq 100 —inh % Ky

(3.2)

From Equation 3.2, it is found that when K is small, as in the case of BIRB796 and inhibitor 21, the
enzyme concentration in the second term in this equation becomes significant and the curve starts to ex-
hibit a steeper behaviour. ''” Another analogous pair of inhibitors to inhibitors 20 and 21 was required, 1?2
to test the hypothesis, with the extra requirement that both these inhibitors had faster binding kinetics.
However, due to the difficulty in obtaining samples of such analogous, propriety inhibitors, the study on
these inhibitors could not be undertaken. Thus, any causal effect, resulting in an association between Type

II inhibitors and high Hill coefficients could not be established.

125



3.7 Summary

After establishing robust methods for synthesising chemical variants of p38c, the chemical derivatives
from p38a-Cys172 and p38a-Cys180, and the parent species themselves, were all investigated for their
enzymatic activity. Only p38a-pCys180 was found to be active, which was confirmed by detecting
the phosphorylated species of ATF2 using MS and radiolabel detection. The activity of p38a-pCys180
demonstrated that phosphorylation of p38« at the native phosphorylation site at 180 was sufficient for con-
formational change to an active state. Conversely, phosphorylation at a site not natively phosphorylated,
position 172, did not confer activity, showing that not only is the event of phosphorylation important, the

phosphorylation must also be in the correct position and not just simply in the activation loop.

The activity of p38a-pCys180 was compared in more detail to that of enzymatically activated p38a-WT.
As expected, this second active form of p38a was more active than p38a-pCys180 due to its pre-
dominantly bis-phosphorylated state. By comparison to literature reported values, the activity of
p38a-pCys180 is consistent with the mono-phosphorylated p38a-pThr180,3* which is the naturally
occurring species that p38a-pCys180 is a mimic of. Given this similarity in the enzyme Kinetics,
p38a-pCys180 is therefore a sufficient mimic of p38a-pThr180. It can further be claimed that phospho-
cysteine is a sufficient mimic of phosphothreonine in kinases more generally, since activation by chemical
modification has also been demonstrated in other kinases requiring phosphorylation at threonine for

activation.*3

The development of a robust and practical MS detection method for the kinetic assay was instrumental
in the collection of the large amounts of data required to investigate the mechanistic workings of the two
active forms of p38a. Since ATF2 has two phosphorylation sites that are phosphorylated by p38«;, this
assay technique allowed the first and second phosphorylation events to be discerned independently. It was
thus observed that p38a-pCys180 is not only a slower enzyme than active p38a-WT, its product profile

is also different, since it has a higher tendency to retain the ATF2 at the mono-phosphorylated state.

Activity against inhibitors was used as a further discriminator for the extent of biological recognition capa-
bilities of p38a-pCys180. Inhibitors behaved similarity against both p38a-pCys180 and active p38a-WT,
suggesting that the binding modes of the inhibitors, and the ATP binding sites of the p38« active forms

were similar between the two forms. At the same time, a chance observation was made that the steepness
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of inhibition curves was not always the same, with Type II inhibitors generally having higher Hill coeffi-

cients than the Type I inhibitors. The exact cause of this phenomenon however could not be determined.

Having demonstrated the mimicry of phosphocysteine for phosphothreonine, the further scope of this
method will be explored in the next chapter, when attention is turned to whether phosphocysteine can also

be used as a mimic of phosphoserine in kinases.

3.8 Experimental

3.8.1 General Measures

Enzymatic Reactions and Activity Assay

ATF2 (Sigma Aldrich), ATP (Sigma Aldrich), active and inactive p38a-WT (Merck Millipore) and [ -
32P]-ATP (Perkin Elmer) were all used as per manufacturer’s instructions. Inhibitors VX745 (Key Or-
ganics), TAK715 (Tocris), BIRB796 (Selleckchem), JX401 (Tocris) and SB202190 (Sigma Aldrich) were
made into DMSO stock solutions (2mM) on arrival and stored at —20 °C. Samples of the remaining 2
inhibitors (20 and 21) were kindly sent by Dr. Lyn Jones and co-workers, Pfizer, Cambridge, MA, USA
and similarly made into stock solutions. All other chemicals and buffer components were bought from
common suppliers and used as purchased. LC-MS analysis was done on a Micromass LCT Premier instru-
ment using a Chromolith® FastGradient RP-18 endcapped 50 x2 mm monolithic HPLC column (Merck).
A linear gradient was run from 5-95% of solvent mixture B (1% formic acid in acetonitrile) into solvent
mixture A (1% formic acid in water). The gradient was run with a flow rate of 0.3 mL/min over 6 min for
the Chromolith column. All the other general measures taken for whole protein MS were as previously

described (Section 2.11.1, “Protein Modification Reactions” and “Quantification of MS Data”).

3.8.2 Measurement of the Activity of All Chemical Variants of p38c-X172 and -X180 by
MS Detection

Kinase activity buffer stock (5.00 uL. of a 10x stock containing 200 mM Tris pH 7.5, 20 mM DTT, 50 mM
[3-glycerophosphate, 2.0 mM NasVO,, 100 mM MgCls, 50 mM NaF) was diluted with water (13.4 uL).
A sample of p38« kinase chemical variant (10.0 uL. of a 20 uM solution) in p38« reaction buffer (50 mM

HEPES, pH 8.0, 150 mM NaCl, 5% glycerol) was added to the buffer, followed by ATP solution (5.00 uL
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of a 5.0 mM solution in water, pH 7.0). A sample (3.34 uL) corresponding to t = O was taken before the
substrate ATF2 (7.16 uL of a 18.9 uM solution) in ATF2 storage buffer (20 mM HEPES pH 7.5, 0.5 mM
EGTA, 1 mM DTT, 5 pg/mL aprotinin, 10 mg/mL leupeptin, 0.25 mg/mL AEBSF, 0.03% Brij-35, 150 mM
NaCl, trehalose 10%) pre-diluted with water (7.75 uL) was added. Samples (5 uL) were taken at given
timepoints (1, 5, 10, 30 and 60 min, then 3h and 16-18 h) and the samples quenched with urea (10 uL.
of a 10 M solution in water). The samples were then analysed by LC-MS for the mass of the substrate.
For all the reactions with p38a-X180 species, samples taken after 150 min were also analysed by SDS-
PAGE, which corroborated that the ATF2 in the assay reaction mixtures remained intact. MS displayed
are for the timepoint >16h: (Unmodified substrate: expected mass: 53 kDa (value provided from man-
ufacturer’s product specification sheet), observed range of masses: 53 242-53 248, Monophosphorylated
substrate: expected mass: 480 from unmodified substrate, observed range of masses: 53 326-53 327,

Diphosphorylated substrate: expected mass: 4160 from unmodified substrate, observed mass: 53 405).

The final concentrations of all the reaction components:

| Component | Final Concentration

p38a kinase 4.0 uM
ATP 500 uM
kinase assay buffer:

Tris 20 mM
DTT 2mM
[3-glycerophosphate 5mM
Na3 VO4 0.2mM
MgCl, 10 mM
NaF 5SmM
ATF2 3.0uM

ATF2 after Treatment with p38a-Cys172:
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ATF2 after Treatment with p38c-Cys180:
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ATF2 after Treatment with p38a-pCys180:
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SDS-PAGE Analysis of Assay Reaction Samples with p38-X180 Chemical Variants:
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3.8.3 Measurement of the Activity of All Chemical Variants of p38a-X172 and -X180 by

Electrophoretic Radioassay

Enzymatic Reaction

Kinase assay buffer stock (7.5 uL of a 10x stock containing 200 mM Tris pH 7.5, 20 mM DTT, 50 mM
[3-glycerophosphate, 2.0 mM Na3VOy,, 100 mM MgCl,, 50 mM NaF) was diluted with water (appropriate
quantity for a final reaction volume of 75 uL) and ATP (7.5 uLL of a 5 mM solution in water, pH 7.0) added.
Kinase (modified or unmodified mutant, 15.0 uL. of a 20 uM solution) in p38« reaction buffer and subse-
quently [y-32P]-ATP (8—13 uCi in 0.75-3 uL of solution) were added. A sample (3.34 pL) corresponding
to t = 0 was taken before initiating the enzymatic reaction with the addition of ATF2 (12.06 uL. of a
18.9 uM solution) in ATF2 storage buffer (20 mM HEPES pH 7.5, 0.5 mM EGTA, 1 mM DTT, 5 pg/mL
aprotinin, 10 mg/mL leupeptin, 0.25 mg/mL AEBSF, 0.03% Brij-35, 150 mM NacCl, trehalose 10%), pre-
diluted with water (11.13 uL.). Samples of further timepoints (2, 5, 10, 18, 30, 45, 60, 75, 90, 105, 120
and 150 min) were taken and the samples (5 uL.) quenched with 1.5x SDS/EDTA loading dye (10 uL)
(18.75 mM Tris pH 6.8, 45 mM EDTA, 18.75% glycerol 3.75%, SDS, 1.5% [3-mercaptoethanol, 0.15%
bromophenol blue) for SDS-PAGE analysis. Similar reactions were run with active and inactive p38a-WT
but with a different final kinase concentrations (80 nM and 800 nM respectively). The final concentrations

of all the reaction components:

] Component Final Concentration
p38a kinase 4.0uM
ATP 500 uM
[v-32P]-ATP 120-170 uCi/mL
kinase assay buffer:

Tris 20 mM
DTT 2 mM
[3-glycerophosphate 5mM
Na3VO, 0.2mM
MgCls 10 mM
NaF 5 mM
ATF2 3.0uM
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SDS-PAGE analysis

Gels were hand-cast using an appropriate casing block for the PROTEAN II xi Multi-Cell gel tank (Bio-

rad). 12% gels were made from pouring the solution (for 6 gels):

Stock Solution \ Quantity ‘
30% acrylamide (37.5:1 acrylamide:bisacrylamide) | 160 mL
1.0M Tris pH 8.8 150 mL.
water 82 mL
10% SDS 4 mL
10% APS 4 mL
TEMED 160 uL.

The gels were topped with sat. butanol after pouring. Once the gels were set, 5% stacking gels were

poured on top from the solution:

] Stock Solution \ Quantity ‘
30% acrylamide 17mL
1.O0MTrispH 6.8 | 12.5mL
water 68 mL
10% SDS 1 mL
10% APS I mL
TEMED 100 uL
bromophenol blue

An appropriate comb was inserted after pouring the stacking gel. Samples (10 uL) were loaded in alternate
lanes on the set gel with 1x blank SDS/EDTA loading dye (10 uL) (12.5 mM Tris pH 6.8, 30 mM EDTA,
12.5% glycerol 2.5% SDS, 0.1% bromophenol blue) in the otherwise unloaded lanes. The gels were run

in Tris/glycine running buffer (25 mM Tris base, 25 mM glycine, 0.1% SDS) for 1 h at 600 V, 1000 mA,

250 W.

Gel Image Acquisition

The dye front of the gels were cut off and the gels washed in EDTA solution (~100 mM) before mounting

between acetates and exposing to a phosphoscreen for 1.5 h.

To allow for quantification, a dilution series of the ATP (both ATP and [V—32P]—ATP) at concentrations

as used in the reaction was also made. The dilution series was spotted on Whatman paper No. 1 and
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exposed to the phosphoscreen at the same time as the gels. Finally, the screens were scanned using a
Storm Phosphoimager. The gels from all the variants showed timecourses of no conversion, except for
the ones with p38a-pCys180 in (f), active p38a-WT in (g), and inactive p38a-WT in (h). The gels are
displayed as triplicates. The remaining bright spots in the other gels are positive controls (except for in

(e) where the positive control was (f)).
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Data Analysis and Quantification

Gel densitometry was done using ImageQuant (GE Healthcare). In ImageQuant, square boxes of equal
size were drawn around each gel spot, and around a representative blank area of the gel for the background
reading. In a similar fashion, circles of equal size were drawn around spots corresponding to the ATP

standard dilution series. The intensity of all the pixels within all the selected areas was counted and
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the data were output into the appropriate programs (Excel or MATLAB) for further mathematical and

statistical analysis. A typical Phosphoimager scan showing gels above and standard dilution series below:

T TR TR TR .
--.-....--.

P

0000000

For quantification, the measured intensities from the standard dilution series were plotted against to the
known quantity of radiation put into each spot, giving rise to a standard curve. The gel spots containing

unknown quantities of radiation could then be quantified against this curve.
3.8.4 Quantitative Measurement for Comparison of MS to Electrophoretic Radioassay

Enzymatic Reactions

10x kinase assay buffer (7.5 uL) was diluted with water (20.16 uL) and ATP (7.5 uL of a 5 mM solution in
water) was added. ATF2 (12 uL) in ATF2 storage buffer was diluted with water (13 uL) and this solution
was added (24.84 uL) to the buffer/ATP master mix. After taking a sample (4.0 uL) for t = 0, kinase
(14.0 uL of a 20 uM solution) in p38« reaction buffer was added to initiate the reaction. Samples (5 uL.)
were taken at further timepoints (2, 5, 10, 18, 30, 45, 60, 75, 90, 105, 120, 150 and 180 min, times
corresponding to the radioassay) and quenched in urea solution (10 uL of a 10 M in p38« reaction buffer).
Samples were then analysed by LC-MS using a Chromolith® FastGradient RP-18 endcapped 50x2 mm

monolithic HPLC column (Merck).
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Data Analysis and Quantification

LC-MS datasets were processed using MassLynx as previously described (Section 2.11.1). Data from
the deconvoluted spectra were output from MassLynx as a spectrum list for quantitative analysis using

MATLAB R2012b.

In MATLAB, quantities of the three substrate species (unphosphorylated, monophosphorylated and
diphosphorylated) were estimated from relative peak intensity, setting the baseline at the median of all
the values in the spectrum list. The peaks were picked by taking the maximum intensities from the three

ranges where the peaks of these species were expected.

To convert the MS data so that it could be compared to the data from electrophoretic radioassay
(ERA), the MS signals from the two phosphorylated species were added according to the equation
[v-32P on ATF2]gra = [ATF2-P)ys + 2[ATF2-PPJys. Both the curves from MS and ERA were

normalised for the comparison.
3.8.5 Measurement of Activity in Wild-type Controls for p38ca

Assay reactions were set up in the same way as those for measuring the activity of the mutants except for
changes in the p38« kinase concentration used (10 uL. of a 80 nM solution) and the timepoints taken (0,

1,2,5,10, 15, 20, 25 and 30 min).
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Control: ATF2 after Treatment with Unactive p38a:
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3.8.6 Quantitative Measurement of the Kinetics of Enzymatically Active Forms of p38c

Enzymatic Reactions

A modified procedure to the one above was used. 10x kinase assay buffer (60 uL), water (4.8 uL.) and
ATP (60 uL of a 5mM solution in water) were combined to give a master mix. Aliquots (20 uL) were
taken and ATF2 (74.2 uL, final concentrations: 14, 8, 4, 2, 1 and 0.5 uM) in ATF2 storage buffer added.
After taking a sample (4.75 uL) for t = 0, kinase (4.75 uL. of a 1.6 uM solution of either p38a-pCys180
or p38a-pThrpTyr, final concentration: 80 nM) in p38« reaction buffer was added to initiate the reaction.
Samples (5 uL) were taken at further timepoints (0.5 h and every h for 10 h, then every 3—4 h for 36 h total
time for p38a-pCys180, 2, 5, 10, 18, 30, 45, 60, 75, 90, 105, 120, then every 180 min for 5 h total time for
p38a-pThrpTyr) and quenched in urea solution (10 uL of a 10 M in p38« reaction buffer). Samples were

then analysed by LC-MS.

Data Analysis and Quantification

The MS data were analysed and quantified using the procedure described in Section 3.8.4. The peak
proportions were then normalised to the starting ATF2 concentration. Determination of k.. /Ky was
done by taking the absolute value for the initial rates for each of the ATF2 species. This was plotted

against substrate concentration and from the gradient, k., /Ky could then be calculated. Finally, the
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standard error in the value for the gradient was estimated by inputting the [S] vs. rate data into Graphpad

PRISM v.5.01.

Example timecourses:

Timecourse of p38a-pCys180 on ATF2

Timecourse of Active p38a-WT on ATF2
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ATF2-PP:
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MS of a representative timecourse (for p38a-pCys180, [ATF2] = 14 uM):
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After 36 h:
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Data Reanalysis for Intermediate ATF2 Species Adducts

Close observation of the mass spectra revealed an adduct mass from the parent peak of +37-40 Da, which
could be explained by cyanate adduct formation from the urea quench. !°%!19 Reanalysis of the data were
done to take this adduct into account, adding the mass of the adduct onto the corresponding parent peak
and repeating the subsequent timecourse and kinetic analysis as described above. The two analyses re-

vealed the same trends as observed in the previous analysis.
Control to Determine Phosphocysteine Stability against Assay Buffer Conditions

Due to the potential for phosphocysteine to be unstable towards reducing buffer conditions, '® the sta-
bility of the chemically modified p38a-pCys180 was verified. In collaboration with Sébastien Galan,
the same buffer conditions as described in Section 3.8.6 were used. 10x kinase assay buffer (0.5 mL),
ATF?2 storage buffer (3.7 mL), water (40 uL), ATP (0.5 mL of a 5 mM solution, pH 7.0) and p38« reac-
tion buffer (217 uL) were combined. An aliquot (993 L) was taken and p38c-pCys180 added (6.64 uL.
of a 1.0 mg/mL solution in p38« reaction buffer, final concentration: 80 nM). The protein was left to
incubate at room temperature for 18 h. After this time, the protein was concentrated using Vivaspin

500 (MWCO 10000) and the concentrated sample analysed by LC-MS. Analysis showed no detectable
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amounts of dephosphorylation product (p38a-pCys180: calculated mass: 41 486, observed mass: 41487,

p38a-Cys180: calculated mass: 41 406).
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Control to Determine Thiophosphate Stability against DTT Treatment

In collaboration with Sébastien Galan, to p38a-pCys180 (10 uL of a 0.5 mg/mL solution) in p38« reaction
buffer was added DTT (10 puL of a 414 mM solution, final DTT concentration: 207 mM) in reaction buffer.
The mixture was incubated at room temperature for 18 h. LC-MS analysis after this time showed ~15%
conversion to the dephosphorylated product (p38a-pCys180: calculated mass: 41487, observed mass:

41487, p38a-Cys180: calculated mass: 41407, observed mass: 41 406).
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In a similar experiment, a lower DTT concentration (final concentration: 2.75 mM) was used. LC-MS

after 18 h showed no detectable dephosphorylation.
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3.8.7 LC-MS/MS Analysis for Detection of Phosphopeptides after ATF2 Phosphorylation

Protein Digestion

In collaboration with Ritu Raj, proteolytic digestion of phosphorylated ATF2 was done using the FASP
protocol '?* with 10 kDa Microcon filtration devices (Millipore). Protein sample (1-2 ug) was mixed with
urea solution (200 puL. of an 8 M solution in 50 mM ammonium bicarbonate buffer), loaded into the filtra-
tion devices and centrifuged (14 000 x g, 15 min). The concentrate was reduced in the filtration device by
adding DTT (100 pL of a 50 mM solution in 50 mM ammonium bicarbonate buffer) at 50 °C for 20 min,
followed by centrifugation (14 000 x g, 15 min). The sample was alkylated with iodoacetamide (100 uL.
of a 50 mM solution in 50 mM ammonium bicarbonate buffer) for 25 min in the dark. Excess alkylating
agent was removed by centrifugation (14 000 x g, 15 min), followed by washes of the centrifugal unit with
ammonium bicarbonate buffer (3100 uL). The resulting concentrate was diluted with ammonium bicar-
bonate buffer (SOuL of a 50 mM solution) containing trypsin (final enzyme:protein ratio: 1:50 (w/w)).
The sample was incubated overnight at 37 °C. Following overnight digestion, peptides were eluted to a
fresh Eppendorf tube by centrifugation. Ammonium bicarbonate buffer (50 uL.) was added to the cen-

trifugal unit and centrifuged again to elute the remaining peptides. The digested protein was diluted (final
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concentration: 100 fmol/uL) with 1% formic acid for analysis. LC-MS/MS analysis of the samples was

then performed according to the conditions in Section 2.11.9 for phosphopeptides.
Data Analysis

The data were processed similarly as for phosphopeptide data from the p38« variants (Section 2.11.9).
The raw data files generated were processed using MaxQuant software (Version 1.4.1.2), integrated with
Andromeda search engine as described elsewhere. %’ For identification of phosphorylated peptides, An-
dromeda searched peak lists against the human database (UniProt) as well as against a list of common
contaminants. Trypsin was selected as specific digestion mode with maximum number of missed cleav-
ages set at 2. Acetylation (N-term), oxidation (M) and phosphorylation (STY) were used as variable

modifications and carbamidomethylation (C) as fixed modification. All spectra were manually validated.

The analysis showed that only two of the three possible phosphopeptides corresponding to Thr69 and
Thr71 phosphorylation were detected: 1. mono-phosphorylation at Thr69 and 2. bis-phosphorylation
at both sites. As was consistent with observations from whole protein ESI-MS, MS intensity for the

mono-phosphorylated peptide was stronger than for the bis-phosphorylated one.
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3.8.8 Determination of Inhibition Curves

Enzymatic Reaction

Stock solutions (2.0 mM) of all inhibitors were made in DMSO. The stock was serially diluted with water
(twice 10x dilution) to give a solution in 1% DMSO (20 uM). The stock was diluted to the first working
concentration (8 uM) with 1% DMSO before a 2 x serial dilution series was made with 1% DMSO (11-13

dilutions made).

For enough samples corresponding to 10 ICsg curves, a master mix of 10x kinase assay buffer (75.0 L),
water (28.5uL) and ATF2 (kinase substrate) (59.6 uL of a 1 mg/mL in ATF2 storage buffer) and kinase
(either p38a-pCys180 or p38a-pThrpTyr, 45 uL of a 400 nM solution in p38« reaction buffer) was made.
An ATP mixture of cold ATP (75.0uL of a 2.5 mM solution in water) and [7—32P]—ATP (5.63uL of a

11.6 mCi/mL solution) was made separately.

Test samples were made by adding master mix (4.01 uL) to inhibitor solution (1.875 uL) and incubated
for 30 min at room temperature before initiation of the reaction by addition of ATP mixture (1.50 uL).
Samples were then incubated at 19 °C for 30 min for p38a-pThrpTyr, or for 24 h for p38a-pCys180. After
this time, the reactions were quenched using SDS/EDTA loading dye, the samples loaded onto 12% gels
for SDS-PAGE analysis and the gels imaged by autoradiography as previously described (Section 3.8.3).
Final reaction concentrations were also the same as previously described, except for kinase concentration

(80 nM final concentration).
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Data Analysis and Quantification

Gel densitometry was performed using ImageQuant (GE Healthcare) as described above (Section 3.8.3).

The data from the gel as determined from ImageQuant was input into MATLAB for fitting to the 4 pa-

rameter logistic function. '>*
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