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Abstract

Phosphorylation is a ubiquitous cellular regulation process in prokaryotic and eukaryotic
species. Many aspects of the phosphoproteome are well explored and characterised, but there
is a severe lack of understanding of the role of histidine phosphorylatimmore complex
eukaryotic systems. The dearth of tools with which to explore histidine phosphorylation has
precluded deeper understanding of the cellular processes that phosphohsgtimegulate;

the development of tools to investigate phosphathisiinteractors would enable exploration

of the histidine phosphoproteome and potentially uncover interesting novel binding protein
partners and pathways.

This work documents the synthesis of a phosphonate pyrazole analogue of phosphohistidine in
29% yield via a twestep process, starting fromiddopyrazoleand the subsequent testing of
heterocycle addition to an affimer containing dehydroalaasn@ means of producing proteins
containingphosphohistidine analoguesddition of heterocycles: imidazole, pyrazodhyk
1H-pyrazole4-carboxylate and 1H-pyrazole4-carboxylicacid to an affimer with a
dehydroalanine residue was tested. Imidazole showed ar@®8d additionwhile pyrazole
addition was significantly less abundant and no substitution was observedhybiH-
pyrazole4-carboxylate and 1H-pyrazole4-carboxylicacid. Hence demonstrating the
challenges of incorporating a phosphonate pyrazole analogue of phosphohistidine into proteins

through substitution on dehydroalanine.

The synthesis of electrophilic triazole moieties as reactive phosphohistidaleguess
explored.Synthesis ofa novel benzytethyl ethynyl phosphonatie outlined starting from
commercially available TIR&cetyleneThe synthesis is performe&ah a Grignard substitution

to prepare a phosphoramidite alkyne that can be subjected to tetreemiblted substitution
with benzyl alcohol and ethanol. kontrolled conditions a phosphonate with beretyyl
mixed substitutions producedn a 23% yieldThe benzyl-ethyl protected phosphonate alkyne
is click-coupled with arazidoalanineresidue in a peptide to produce a fluorophosphenate
precursor peptide in a 52% vyield.

Additionally, photereactive peptide mimics @pidermal growth factor receptEGFR) and
pyruvate phosphate dikinagePDK) are developed and tested for binding to their partner
proteins Grb2SH2 andregulatory protein(RP) respectively, as a proaffi-concept for

discovering novel phosphoprotein interactionihe peptides contain phetxtivatable
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diazirine groups, enabling covalent binding between both the probes and their respective
partner proteinsThe proteins showconsistenbinding to their isolated partner proteinken
characterised bygel electrophoresisand subsequentproteomic analysis did not show
statisticallysignificant binding of the EGFR photoprobe to G®¥22, highlighting challenges

associated with using phesxtivatable peptides to validateesebindinginteractions



1 Introduction

Phosphorylation is a critical protein modificatigomocessin cells Phosphate actas a
molecular switchregulating the function oproteinsin cells by stimulating confirmational
change and hence triggering binding interacti@isen the significance of phosphorylation

on cellular processes, there is a vast amount of research documenting phosphoprotein
interactions. However, investigating histidine phosphorylation has been significantly more

challenging than othdor many otheamino acids.

Steady progress has been achieved in the study of the function and significance of
phosphohistidine in eukaryotic cells. The following section addresses what is known to date
with respect to phosphohistidine structure and function with regards to: thgaideaellular
processes involving phosphohistidine signalling; the kinase and phosphatases that regulate
histidine phosphorylation; the chemical stability of phosphohistidine; research regarding
detection and isolation of phosphohistidine peptides; amuy the desirability of
immunoprecipitation enrichment methods led to a strong focus on phosphohistidine analogue

development.

Subsequentlyhis work ainedto develop reactive modalities thvaerecompatible witbknown
phosphohistidine analogueBevelopment of reactive versions tifese analogueswvould
enable production akactiveprobescontaining phosphohistidine analogte&nablesventual
identification ofbinding partner proteins phosphohistidindased signallingldentification
of proteins that interact with phosphohistidine woitlldreforereveal unknown aspects of the
phosphoproteome so that the significaand funtions of phosphohistidine signalling can be

more deeply understood.



1.1 What is phosphaylation and why is phosphohistidine important?

Some estimatesuggestthat up to 30% of human proteins agghosphorylated and
dephosphorylated by approximately 1@bfferentkinases an800 differentphosphatasdd).

Protein phosphorylation is a vital component of signal transductial cells Despite many
years of researclhere are still aspects of phosphorylation thatiaexplored2, 3) Research

into phosphorylatiornas largely centredn the phosphate estefesrmed byserine, threonine

and tyrosinedisplayed inFigure 1 (pSerl, pThr 2 and pTyr3 respectively)these are all
hydrolytically stable and, consequentlgte theprevalent forms of phosphorylatioand
accounsfor more than a third of all annotated eukaryotic phosphorylated protein residues, 86%
(pSer), 12% (pThr) and 2% (pTy#@, 5).

0.._.0° 0. 0> @O\ 0
oo P~o0® o R
0 O, © 0]
rf\Njﬁw)i ffj\N rVéN
H o H 5 H o
1 2 3

Figure 1. Structures of phosphoseridgphosphothreonin2 and phosphotyrosing

Phosphorylation is the migration of a phosphate group from a phospitgtdride, typically

t h ghosphate group @fdenosine triphosphatATP), onto a protein substrafé). The free
energies of hydrolysis for phosphonate esters are similar to that of thie-Allrikage,[27-40
kJmol! (pSerpTyr) (7, 8)] and [21-40 kdmott (ATP) (9)]; and to prevent excessive
equilibration and promote phosphorylation cédled tomaintain a high ATP: ADP rati(6).
Phosphorylation is mediated ltlye interplay of threetherspecies a binding partner, kinase
and phosphatasén epigenetics, these are known as the reader, writer and prassins
respectively(10). Figure 2 illustrates the process of phosphorylation fgratotypicalpTyr

system.
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Figure 2. Phosphorylation cycle for a tyrosiwentaining protein. Tyrosireontaining protein is
phosphorylated by a pTyr kinas&/iter ), the resulting pTycontaining protein binds to src homology

2 (SH2) Reade) that elicits a cellular response (further binding/a direct effect on the transcription
machinery). pTyr phosphatases remove the phospkatsdl) from the pTyrcontaining protein to
regulate the cellular respong#l)

Phosphorylation perturbs the biophysical state fodein through the electronic shift that is
caused by the addition of & charge aftermodification. This chargecan result in
conformationathangeshat alter thentermolecular and intramoleculprotein interactions of

a substrat€6). Natureds selection -@¢hargelshftsgpdsase® 1 s
unique binding abilitycomparedto other negatively chardeamino acids, aspartate and
glutamate which only have a single negative chargosphoamino acids therefore have
greater shell hydration and hydrogeondacceptingpropensity due to their greater charge
density when compared with other amino acids at physiologica(6pH2) This unique
characteristic of phosphoproteins enables phosigp@endent proteiprotein interactions to
occur, resulting in the formation of multiprotein complexes that enable substrate binding, such
as pTyr generating complexes through interaction wHE 8nd PTB domaingl3). pSer and

pThr largely regulate processes through allosteric adjustment, though some evidence indicates

10



that they may mediate protefmotein interactions to generate binding sites recegriig\WWW
andforkheadassociatedHHA) domaing(14).

Despite the prevailing focus of reseab®ingon the stable phosphate ester amino acids, it is
alsopossible to phosphorylate arginine, lysine, histidine, cysteine, aspartate ancatgugaih

some of thesenodificationshave been shown to occur in biological syst€6)s Histidine
phosphorylation, for example, was first observed by Beyat.(1962) where it was reputedly
involved in an oxidative phosphorylation process with A{B). Since the discovery of
phosphohistidine, researchers have been eager to identify what processes it regulates, how
significant it is with respect to the wider study of phogpbteomics- some early estimates
attribute 6% oproteinphosphorylationn eukaryoteso histidine kinasesand ifit is possible

to inhibit histidine phosphorylation to prevent disease stéiss has been done with
phosphetyrosine) (16, 17) Bacterial signalling relies on twoomponent systems (TCS), in

which a histidine kinase is autophosphorylated and subsequently transfers the phosphate group
of phosphohistidindo an aspartate on a response reguléi®). Bacterial signalling is
significantly less complex than mammalian phosphorylation and is consequently extensively
studied(19), as such this discussias limited to what is known to datbout eukaryotic
histidine phosphorylatio(20, 21)
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1.2 The chemistry of phosphohistidine: relative stability of phospheamino acids?

The instability of phosphohistidine provides a fundamental challenge to its study using
proteomics approaches. This instability is the inherent issue plaguing phosphohistidine
proteomics, especially when compared to the amino acids serine, threonineoametyl he
structures of t he t wo | -phosprmhistrsne 4 cafn d-p hhos p h
phosphohistidin® are shown irFigure 3.

Q
©) P~
Q /=NH ®/~N"§ O
HO-P-N___ HN ©
C)
N fés\N
H o H o
4 5
Figure 3: Del ocal i sation of the phosphoramidat-e nitr

phosphohistidind a n dphosphohistidin®, the lack of electrons in the phosphoramidate bond results
in its higher energy and aforementioned tendency to hydrolyse (Adapted from ref@ence

The instabilityof phosphohistidinean be attributed to the nature of the phosphoramidate (P

N) bond. The nitrogen | one pai r-systemrofthghos ph
imidazole ring and therefore does not effectively interact with the orbitals of be P
phosphoramidate sysn, which is substantially higher in eneiiginvolving a higher energy
3d-shell(22), givingrisetoa hi gh e ner gy°=eRTInks yodphasphghistidige, @G

in proteinspf -50 to-59 kJ mott (accounting for the two isoformsyhereas for phosphoserine

and phosphotyrosine the energy of hydrolysi® Band-40 kJmol™ respectively(7, 8)

The nitrogen in the imidazole rin@gnthat i S
phosphohistidine the plKalues are 6.423) and 7.3(24) respectively, thus they are partially
protonated and exist as a zwitterionic form at physiological conditions, pd &.resultthe
phosphoramidate bond in phosphohistidine is readily hydrolyse@d/o. This tendency for

hydrolysis, acting as a source of phosphate, allows phosphohistidine to perform its biological
function in celisignalling as a phosphelay more expedientl{8). Despite clear differences

in their thermodynamic st abi-loirtplhosphotistidine me c h a
formation have not been elucidated; whilst some genes such as-N¥Pd B appear to

f a v o-phosphohistidine and, as stated earlieHPP favours Uphosphohistidine no

discernible conclusions can be made about the functional consequences of these regioisomers.
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Of t he t wophosphahistidimeimss, mbr e thermodynamically
phosphohistidiné, consequently this isoform is observed in analytical samples more often;

but, may not be representative of the relative abundangeo (25).

In a protein, h e f 4areir® grbup, which is regarded as a strong contributor to free
phosphohistidinéydrolysis in both an acidic and leasidic environment, would be bound in

a peptide bond having neither the basicity nor the nucleophilicitycibtate hydrolysis In

protein structures the hydrolysis of phosphohistidine is dependent on the electrostatic
interactions of neighbouring residu@s 16) Densityfunctional theory (DFT) and transition

state (TS) studies regarding prostatic acid phosphatase (PAP) show that the positive charges
on neighbouring arginine residues help to stabilise a TS leading to the hydrolysis of
phosphohistidine and a nelgburing Asp258 residue in the active site of the enzyme transfers

a proton to the anionic phosphate moiety being ejected at the end of the phosphohistidine
hydrolysis TS(26, 27)

Phosphohistidine in proteins is likely to participate in hydrogen bond interactions to the protein

backbong28), resulting in greater hydrolytic stability than free phosphohistidine, as shown in

Figure 4.
o
o \\P<OH
R-0 e
N 00 N_ O H ®
[ ) v, A= 9
N N® ~ N\ "P~OH
g : 1 %0
N/ é\N /CI) HH\N
0 H H
6 7 8

Figure 4: Possible structures for protein backbone stabilisation of -raefbered ring in
phosphohistidinég, unlikely transition states for phosphohistidine azadialysed hydrolysis stabilised
by less stable-7and 8membered ring structuieand8 respectively.
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1.3 Phosphohistidine in biological systems

The phosphohistidineposttranslational modificationhas been implicated in eange of
mammalian biological processes including chromatin biol¢28), endocytosis(2, 30)
KCa3.1land TRPV5hannel regulatiofB1, 32)and Gprotein signalling33-35).

The genesiunteret al.associated with phosphohistidiiseforms and their biological function

are summarised belo@able 1) (2).

Gene Uniprot ID Biological function Isoform

NDPK-A/NME1 P15531 NDPK “-pHis
Histidine Kinase

NDPK-B/NME2 P22392 NDPK “-pHis
Histidine Kinase

NDPK-D/NME4 000746 NDPK “-pHis
Histidine Kinase
(mitochondriallocalised)

PGAM1 P18669 Glycolysis UpHis

PGAM 5 Q96HS1 pHis phosphatase UpHis

SUCLG1 P53597 SuccinytCOA ligase UpHis

ACLY P53396 ATP-citrate synthase UpHis

PHPT1 Q9NRX4 pHis phosphatase -

LHPP Q9H008 pHis phosphatase -

GNB1 P62873 GPCR signal transduction | UpHis

KCa3.1 015554 Calciumactivated UpHis
potassium channel

TRPV5 Q9NQA5 Calcium channel UpHis

HIST1H4A P62805 Chromatin regulation UpHis/

"-pHis
PLD Q13393 Phospholipid metabolism | ?
NAMPT P43490 NAD+ biosynthesis “-pHis

Table 1: Genes associated with phosphohistiditeir Uniprot ID code, biological function and the
observed isoform. Adapted from Fugisal.2017(2)
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1.3.1 Histone H4 (Chromatin)

Histone H4 is one of the core histone proteins. Histones are the proteins around which DNA is
wound to form nucleosomg86). Octameric nucleosome cores are comprised of histones
H2A, H2B, H3 and H437). Histone proteins therefore play a significant role in processes
involving DNA regulation, where postanslational medication of histones will have

implications on transcription and replicati(38).

In 1973 Smith et al. discovered a protein phosphatehistone proteinsvhose presence was
dependent on pH, indicating the presence of anlabite phosphoprotei29). Two novel
histone kinases had been found that were capable of formingahdel phosphorylated
histone at differing pH optima and acting on different histone substrates, giving credence to
the idea that acithbile phosphates may be more widespré). The later discovery of a
histone H4 kinase from porcine thymus thpécificallyphosphorylates histidine supportie

idea that histidine phosphorylatiempresent in significant biological pathwafygputedly up

to four kinasesvere present in the porcine thymus sample sbatehistone H4 kinases have
been shown to phosphorylate serine and threonine and the method used did not discriminate
between acid and alkaditable phosphates, so only one of the identified kinases may have been
a histidine kinas) (39, 40)

The xid-labile phosphates dmistone H4were found at higher abundanoeregenerative rat

tissue than in normal tissue. Having already been discovered in VW2&l&ararcinosarcomas,

histone H4 kinaseand pHisappear tthave some association with cell proliferati¢fil). Later

the histone H4 phosphate (from Walk2r5 6 carcinosarcomas) was
phosphohistidinet (Figure 5) through Phosphore81 NMR ¢P NMR). Interestingly the

isoform of phosphohistidine formed on thistone H4 protein was tisstsdurce dependent,
kinases in rat l-phosphahistidirebvseuctura(Fegere 5); adespitehtlis

isoform specificity,any structue-function ramifications associated with the isoforms are

unclear(42).
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1.3.2 Acetyl coenzyme Asynthesis

Catabolism of protein, fats and carbohydrdtssl to the formation of acetyl coenzyme A
(acetytCoA) (43). Glycolysis of cytoplasmic glucose produces pyruvate and subsequently the
carboxyl group of pyruvate is transferred toACthrough thiamine pyrophosphate and acyl
lipoyllysine intermediateproducingacetylCoA in the mitochondrigFigure 6) (44).

CoA-SH acetyl-CoA

3 s \_/

(0] I
thiamine acetyl

O ?_}’I':;OFE))hOSphate lipoyllysine \
pyruvate lipoyllysine
dehydrogenase (reduced)

FAD +
CO, acetyl-TPP lipoyllysine ( NADH + H
(oxidised)
FADH,

NAD*

Figure 6: Mitochondrial biosynthetic pathway for acet@bA production from pyruvat€45)

In the cytosol, eetylCoA is a critical metabolic intermediate for energy productikrebs
cycle) through donation of an acetyl moietyaxdoacette to form citratg44). Cytosolic
acetyFCoA availability is also a key regulator of lipid synthesis vatetyCoA conversion
to malonytCoA by acetylFCoA carboxylaséeingthe initial step46).

ATP-citrate lyasg/ACLY) is an enzyme responsible for cytosgimduction ofacety-CoA

from citrate (Figure 7) (47). Increased ACLY action leads to increased levels of aGei#l

in the cytosol andherefore increases fatty acid synthesis as well as increasing the availability
of acetytCoA for acetylation of histors(48, 49)

{\ ACLY

pyruvate = gcetyl-COA =P [(rebs Cycle ==———fm=p citrate == gcetyl-CoA

\

mitochondriaj cytosol

Figure 7: Mitochondrial citrate as a product of the Krebs Cycle migrates to the cytoplasm and is
converted to acetyCoA by ACLY. (50)
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ACLY plays a significant role in the regulation of aceBdA levelsand thus has a knoakn
significance on Krebs cycle function, fatty acid synthesis and histone acetyla@ay is
autophosphorylated by ATP on a catalytic histidine residue (His760) anet Baishow that
H760A results in deactivation of ACLY functiofd1). Nucleside Diphosphate Kinase A
(NDPK-A), a mammalian histidine kinaseayalsobe involved in phosphorylation &fCLY
(52). The phosphorylation of His760 on Addirate lyase initiates the formation of acetyl
CoA from citrate and GA (52). ACLY upregulation is observed in many malignant tumour
cells, with inhibition of ACLY function resulting in reduction in cell proliferation. Evidently,
histidine phosphorylatioplaysa key role inactivation of ACLY function and its subsequent

cellular response.
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1.3.3 KCa3.1 lon Channel Regulation

C&" influx through calciunreleaseactivated channellCRAC)is crucial for cellular immune
response, C4 ion levels are a crucial trigger for the production of antigesponsive B
lymphocyteq53) as well as Tlymphocyte production by maintaining a favourable membrane
potential(54). T-cell receptor activation depletesan theendoplasmic reticulurtER) and
consequentlyesults in further calcium influx required forCEll activation(55, 56) The influx

of C&* will eventually reduce the potential of the cell thusdhannes are required for the

efflux of K* to restore the potential of €ao influx and activate lymphocyté¢§7).

Intracellular calciuractivated potassium chann@Ca3.1) aids the cellular modulation of
c&* influx (31). KCa3.1 is associated with calmodu(i@aM), a calcium binding protein, in
the presence of excess free?GC&aM binds C&" leading to KCa3.1 channel activati¢®s,
59). KCa3.1expends thexcess free Capromotng K* efflux and consequenthids in cellular
homeostasis by driving towards a negative poteiifi4). KCa3.1playsa vital role in cell
proliferation as part of the cellular ecosystem controlling calcilependent protein
interactiong60).

Nucleotide diphosphate kinase BNOJPK-B) is documented as a KCa3.1 regulator;
phosphorylation of a KCa3.1 histidine residue (His3@8yure 8) appears to correlate with
channel activation by reducing copper inhibition of the channel, the exact mechanism by which
this activation operates is unknown; but, evidence for high channel activity and histidine
phosphorylation in coppateficientcluster of differentiation 4CD4") T cells,may indicate

pHis involvement in this process despite the absence of an exact mecli@h)sPHPTL, a
phosphohistidine phosphatase, is capable of dephosphorylating the histidine residue (His358)
in KCa3.1 and this dephosphorylation has been shown to coincide with KCa3.1 channel
inhibition, emphasisinghe importance of histidine phosphorylation in this pro¢Eggure 8)

(62). Given the downstream importance of KCa3.1 in regulating ion concentration for
lymphocyte activation, dysregulation of pHis pathways involved in KCa3.1

activation/inhibitionwould have a knoclon effect on immune activation.

A second phosphatase inhibiting potassium channel activation has also been identified,
however in this case the phosphatase, PGAM5, dephosphorylates the His118 intermediate in
the kinase NDPKB rather than removing phosphohistidine from KCaZigy{re 8) (63).

Inhibiting KCa3.1 function, and NDRB function, provides a means of treating autmnune
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diseasesAdditionally, phosphorylation of protein subunits has been observed to increase in
the presence of overexpressed NDBKresulting in Gprotein activation(34), further

emphasisinghe significance of histidine phosphorylationvivo (31, 64)

Inactive

KCa3.1 Channel

CaM binding
domain

CaM binding
domain

NIIE: - H118 (P) PGAMS5

Figure 8: Phosphorylation of KCa3.1 proteprevents copper inhibitiorNDPK-B phosphorylates
KCa3.1 (H358)resulting incalmodulin (CaM) binding and subsequent high channel actiVig.

phosphatases, PHPT1 and PGAMS5, dephosphorylate their respective sufis€a®4 and NDPK

B) and consequently reduce channel acti{@t/, 6163).
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1.3.4 TRPVS5 ion regulation

Transient receptor potential vanilloid(BRPV5) channels are vital for calcium reabsorption,
controlling levels of C&" in the blood prior to epithelial trafficking of &a(65). TRPV5 is
mainly located in the renal tubular epithelial cells where 99% of calcium absorption is
occurring (~ 15% calcium absorption from TRP\(6§-68). As with other calcium channels,
TRPV5 is responsible fanaintainng calcium homeostasighich is critical for cellular health

(65). The presence of hypercalciuria and bone mineral lossRRVB knockout mice,
demonstrates the significant function of calcium homeostasis (as regulated by TRPV5) for
mammalian healtf69). Moreover, there is evidence that issues with calcium homeostasis can
cause cardiovascular diseagé®), and in the presence of a mutant TRPV5, an increased risk

of kidney stone formatio(i71).

Histidine phosphorylation plays a crucial roletire regulation of calcium ion excretion by
TRPV5; akin to potassiunchannelregulation, phosphorylation of His711 in TRP\y
NDPK-B leads to an increase in calcium channel activation that, as observed in KCa3.1, can
be inhibited with phosphohistidine phosphatase (PHPT1), further establishing histidine
phosphorylation as an important mediator in mammalian biolgggure 9). Cai et al.
measuredon channebctivity from HEK293 cells transfected with witgipe TRPV5, TRPV5
(H711N), TRPV5 + NDPKB and TRPV5 NDPK-B knockdown). In cells transfected with
TRPV5 and NDPKB, calcium currents dropped significantly, indicating a functional
significance for NDPKB on the ion channel activityof TRPVS The wild-type, histidine
mutant (H711Njand NDPKkB knockdown cell transfections showed no significant difference
in their ion channel activity based on calcium currents. This would indicate that histidine itself
has no significant effect on basal ion channel activity but a modification by NDRKen
present modifies ioghannel activity. The same study additionally demonstrates that the
addition of PHPT1 can reverse the channel activity promoted by NBPRhis interplay
between NDPKB and PHPT1 signifies that the phosphorylation and dephosphorylation of a
histidine reside is responsible for channel activity modulat{88). Cai et al. by extension,
argue that His711 phosphorylation prevents binding of calmodulin to-teen@nal binding
domain on TRPV5 and thus facilitates channel high channel activity by preventing calmodulin
feedback required for channel clos(®&). This is logically coherent with previous studies on
TRPV5 activity byde Grootet al. who showed that phosphorylation dhr709 in the
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calmodulin binding domain of TRPV5 led to higher channel activity by attenuating the channel

closing effect of calciurtdriven calmodulin binding72).

Ca?

CaM binding
domain

\PIIE:M-H118 (P)

Figure 9: TRPV5 channel activated by phosphorylation of His711 in ter@inal calmodulin binding
domain. pHis711 prevents calmodulin (CaMnding which in turn inhibits channel closure by CaM
binding to calcium. His711 is phosphorylated and dephosphorylated by MDBKd PHPT1
respectively(32, 73)
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1.3.5 TRPC4 lon Channels

TRPC4 (Transient receptor potential channel 4) ¢alaium permeableationic ion channel
promoting C&' influx into the cell upon activatiofi74). TRPC4 isimplicatedin processes
including endothelialpermeability(75), cell proliferation (ovarian and renal cancé€rp, 77)

carcinoma inhibitior(78) andvascular homeostag(g9).

Studies suggests that a histidine residb®12) in the Gterminal loop of TRPC4 is
dephosphorylated by PHPTfhosphohistidine phosphatase ih)cells lacking PHPT1 pHis
cannotbe dephosphorylated and TRPC4 activity is red(Eegire 10) (80). Mutation of H912

in TRPCA4 to asparagine restored TRPC4 activity with leptin stimulation. AdditiondiBre
wild-type PHPT1was testedagainst a mutant PHPT1 (where H53 was mutated to,A53)
TRPC4 only showed increased activity in the presence of thetypt PHPT1(80),
demonstrating the direct significance of histidine phosglgailation in channel function.

Therefore, pHis acts as an inhibitor to TRPC4 function with PH#&Iidg directly responsible
for enabling activity through dephosphorylation. With TRPC4 function being critical for the
aforementioned biological processes, the regulation of histidine phosphorylation plays a

critical role in regulating many cellular responses.

Ca?
Ca%

g I%};&ﬂ@hannel
H912
N
“ e (®

Figure 10: Leptin-activated TRPC4 channel activity associated with dephosphorylation of His912 by
PHPT1 in the @erminal domain(80)
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1.3.6 G-protein signalling

G-protein mediated signalling is a ubiquitous mammalian cellular process for transduction of
extracellular signals across cell membrai@ds 82) GPCRs (Gproteincoupled receptors) are

large structurethat bind smaller roteins, which are typically heterotrimericomprised of
smallerproteinsubunits GU Gb  aGo)d83). G-protein function is regulated by the GTP
cycle, a shifting of phosphate resulting in a cycle between GTP/GDP (guanosine
triphosphate/guanosine diphosphgi&3, 84) Once GDP is phosphorylated to form GitP

binds to theJ-subunit of the membrargound Gproteinsubstructure enabling signalling to
downstream messenger proteins that migrate throughout the cell initiating a cascade of cellular

processedependent on the-@Brotein subtyp€84).

In the heart, Gorotein signalling is responsible for activating processes controlling heart rate,
contractionforces relaxation and moré81). As such, dysregulated-@otein signalling is
associated with various healiseaseg81). G-protein coupled receptor kinase 2 (GRK2), a
Ser/Thr kinase, is a key regulator of cardiac fundbipinitiating a cascade promotipgotein
kinase B (AKT) signalling and inhibiting GSKI3 s i g rwhidhllegads go decreased
regulation of NFAT (a key transcription factor promoting hypertrophy, phosphorylation of
NFAT leads to its deactivatior{B5). GRK2 has been shown to induce cardiac hypertrophy
when overexpresses well adypertrophy attenuation in its absence in GR&®ckout mice

(85). Elevated levels of GRK#s also associated with hypertension (hRlgbod pressure),
blood pressure is regulated by the size/diameter of blood vessels changes to vessels size will
have a profound effect on arterial pressures. Upregulation of GRK2 as well as GRK5 (G

protein coupledeceptor kinase 5) is associated with hyperten@6n87)

NDPK-B has been discussed for its role in regulating ion chaactelation;the histidine

kinase is also involved in-@rotein signalling pathway$igure 11).
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Figure 11: GPCR activation vigphospherelay involving shuttling of phosphate fromphosphate of
ATP through NDPKB H118. NDPKB transfers phosphate to His266§ubunit of Gprotein;the
high energy phosphate time b-subunit transfers to GDP aneboundas GTPactivatingthe Gprotein.
(88, 89)

NDPK-B modulates the cycle between GDP/GTP by regulating the availability of phosphate
from high-energy ATP. The-phosphate of ATP is transferred by autophosphorylation onto
NDPK-B (His118) and subsequently shifted to His266 onthe G u b u n iptotein(88). t he G
Given that GU binds Gddfsedghatithe highterergyapbasphatesoh i o0 n
Hi s266 is transferred to GDP in thmoti®U sub.u
activation in lieu of agonisinediated activatio(89). One study suggests that cardiac adenylyl
cyclase, a critical heart function regulating enzyme, is activated by the interaction of GDP and
NDPK-B i n the absence -subunitGTaisation9o), maveverthaexactn d U
mechanism by which NDPIB activates Grotein pathwaysand bypasses agonittivation

is largely still debatedCritically there is a clear influence of the histidine kinase, NEBRKn

activation of cardiac adenylyl cyclase which promotes cAMP (cyclic adenosine

monophosphate) production, cAMP is a critical component of heart electrophyg@lggy
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1.4 Identified Kinases and Phosphatases

Identifying and studying kinases will be essential to any biological study of histidine
phosphorylation and its consequences; studying phosphatases is also crucial. The
aforementioned examples, PHPT1 and PGAMS5, are phosphatases for which corresponding

subdrates and kinases have been identified and their roles elucidated.

Another phosphatase, LHPP, has also been identified as a phosphohmtmbipbatase, but

no specific substrates for the phosphatase have been idef@jfieliPP has been documented

as a phosphat as e -phasphehidtidige isaform in peptideosnbsttg@2e U
LHPP has a reputed role in tumour suppression supported by its downregulation in proliferating
cells, coupled with its ability for dephosphorylating substrates, the upregulated presence of
NDPK-A and B in tumourcells and previous evidence for phosphohistidine prevalence in
proliferating cells lfistone H4)92, 93)

Sofar,a small subset of enzymliasbeen identified as being associated with phosphohistidine
incorporation and removal in human cells. NDRKNDPK-B and histone H4 kinases are
understood to be responsible Fostidine phosphorylatioand PHPT1, PGAM5 and LHPP for

its dephosphorylation. Howevedhere ardikely to be many more aget-unidentified kinases

and phosphatases but the lack of tools with which to study phosphohistidine, as a result of its

instability relative to phosphate esters, has predudsearch progregs, 93, 94)

The aforementioned kinases and phosphatases, for which structures exist, are summarised in
Table 2:

Enzyme Role | Gene Uniprot Isoform | Residues FlankingActive Histidine
ID
Kinase NDPK-A P15531 “-pHis FCIQVGRNIIHGSDSVE®REK
NDPK-B P22392 “-pHis FCIQVGRNIIHGSDSVKSAEK

NDPK-D 000746 “-pHis FSVHISRNVIHASDSVEGAQR
Phosphatase | PGAM5 Q96HS1 | UpHis KATRHIFLIRHSQYHVDGSLE
PHPT1 QI9NRX4 | - IVRGYKWAEY HADIYDKVSGD
LHPP Q9HO008 | - -

Table 2: Summary of known histidine kinases and phosphatases.
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1.4.1 Known Histidine Kinases (NDPK/NME)

A histidine kinase is an enzyntigat transferphosphate onto a histidine in a target substrate.
NDPK-A and NDPKB are the two most prevalent histidine kinases; they appear to be
responsible for phosphorylating target histidine residues in the majority of investigated

biological systems.

The structures of NDP#A and NDPKB are very similafFigure 12), both kinases have been
identi fi ed-pHisesaforin argl whildt the sequences share significant universal
homology, the residues flanking the phosphorylated histidine (H118) show greater similarity
than the rest of the sequence with only a stuigth between E124 to K124 between NDPK

A and NDPKB respectively in th&20 amino acid residues enveloping the active histidine
residue(Figure 13).

NDPK-A

Figure 122 NDPK-A and NDPKB monomerstructures, dark blue highlights indicate position of
FCIQVGRNIIHGSDSVE®REK and FCIQV&RNIIHGSDS\WKSAEK for NDPK-A and NDPkB

respectively. With light green indiesdthe position of the catalytic histidine (H118). In both structures
clear structur al homol ogy exists with the- histid
sheet enveloped bgxternal U-helices. [Images created in PyMOL with AlphaFold PDB files:
AF-P15531F1-model_v4 (NDPKA) andAF-P22392F1-model_v4 (NDPKB)]
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C GL MQ DL E \% 60 NDPK-A
L AM LR EH Q | 60 NDPK-B
A H H 120 NDPK-A
P N H 120 NDPK-B
E G H T QNWI 152 NDPK-A
K S K K H DWWV 152 NDPK-B

Figure 13: Sequence alignment for NDPK and NDPKB, showing homologous residues (blue) and
catalytic H118 (green).

Despite thestructural similarity between NDRK and NDPKB the two kinases are relatively
functionally discreteNDPK-A and NDPKB arebothinvolved in direct conversion of GDP to
GTPdriving dynaminmediated endocytos(Figure 14). Endocytosigs the internalisation of
extracellular content by plasma membrane deformation and subsequent severance of the
deformed plasma producing an intracellular vesicle. Dynamin is a GTPase that promotes
vesicle fission from the membrar{®5). Boissanet al. show that NDPKA and NDPKB
enhance GTPase activity of dynariimnd dynamit2. In the absence of the catalytic histidine
(H118N)of NDPK-A dynamin GTPase activity was not enhanced. Additionally, N2RPi0d
NDPK-B when in the presence of GDP showed similar dynamin GTPase activation to GTP
alone, suggesting functional significance in NDPK conversion of GDP to GTP for dynamin
activation. They postulate that NDRK and NDPKB play a role in maintaining a high
localised GTP:GDP ratio to promadgnamin activity(96).

Dynamin

GDP GTP sﬁ/—* GDP

Figure 14: Dynaminmediated vesicle fission. NDRK and NDPKB convert GDP to GTP required
for dynamin function. Polymerised dynamin GTPase domains perform GTP hydrolysis reforming
GDP and finalising vesicle fissiq@85).

As histidine kinasesNDPK-A and NDPKB show significant structural homolognd an
analogous 4118 catalytic domairbuteachisoformis largelyinvolved inspecific processes
without crossfunctionality. NDPK-A may play a supplementary role to ATParetyCoA
formationby phosphorylatincdACLY (H760) which leads to lysis of citrate inazetylCoA

and oxaloacetaté2). Conversely, ion channel regulation appears to be exclusively regulated
by NDPK-B, this is observed for KCa3(31)and TRPVY32). NDPK-B has also been shown
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to phosphorylate His266 in thebGubunit of a Gorotein enabling GTP formation and G

protein activatior(88, 89) These processes atigkrespective kinases are outlinedTiable 3.

Kinase Processes

NDPK-A/NME1/nm23H1 Dynamin endocytosis, NTP homeostas
ACLY

NDPK-B/NME2/nm23H2 Dynamin endocytosis, NTP homeostay
KCa3.1, TRPV5, GPCR (Gsubunit)

Table 3: Summary of NDPKA, B processes involving catalytic phosphohistidi@é).

NDPK-D is also part of the nucleoside diphosphate kinase enzyme group. Despite belonging
to the same family of enzymes as NDRkand NDPKB, to date NDPKD is implicated in

fewer phosphonhistidine regulated processes. NIDPKppears to be more localised to
mitochondrial processes and is therefore less functionally ubiquitous than the other NDPK
enzymesNDPK-D is a metastasis inhibitor indicated by a clear correlation between NDPK
downregulation and increased tumour actij@8). In analogy with NDPKA and NDPKB in
dynaminmediated endocytosis, NDPB is responsible for generating GTP for promoting
OPA1 (dynamirrelated GTPase) function at the inner membxQ6e 98)

NDPK-D shares significant sequence homology with other members of the NDPK/NME
enzyme family, while the overlap in sequence similarity between NBRKd B is around
88%(99), whichexplainstheir ability to perform analogoumlesin dynamin endocytosis and

NTP homeostasjsNDPK-D still contains some remarkaldg&ucturalsimilarity (Figure 15).
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NDPK-D

Figure 15: Structure ofNDPK-D monomer catalytic histidine H151100) (highlighted in pink), is
located in the lower part of a centraligedheet, the central structure is enveloped in a conformation of
Urhelices. The location of the catalytic histidine residue is structurally analogous with-NRRK B

despite lesser overall sequence homology, displaying some level of sequence homology and
conservation at the catalytic histidine residiraage created in PyMOL with AlphaFold PDB fil&F-

000746F1-model_v4
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1.4.2 Known Phosphohistidine Phosphatases

PHPTL1 (phosphohistidine phosphatase 1) displays theprestlentpHis dephosphorylation
activity across cellular processes, dephosphorylatieghistidine kinaseNDPK-B (H118)
ion channel protein&KCa3.1 (H358)(62), TRPV5 (H711)(32), TRPC4 (H912)X80); lipid
enzyme: ACLY (H760)Y101)and Gproteinb-subunit (H266)102).

The structure of PHPTL1 is displayedHigure 16:

Met95

Tyr93 Tyr52

Glu51

Figure 16: Structure of PHPTL, catalytic histidine residue H53 is surrounded by residues identified as
being conserved in related protein structures and are thus hypothesised to be significant in stabilising
the phosphate transfer activity of PHPTL, these residads/all, Glu51, Tyr52, Arg78, Tyr93, Met95

(103) Below the active site residues is an overview of the overall protein strigtibestrandglanked

by two U-helices [Images produced in PyMOL with AlphaFold PDB fileE-QINRX4-F1-model_v4

Studies into PHPT1 activity indicate thautantR78A leads to a 30% decrease in PHPT1
activity and H53A completely eliminates PHPT1 activiil04) The residues labelled in
Figure 16 have been assessed by molecular modebisgorming a binding pocket for
substrates whetdis53,Arg78andTyr93form key hydrogen bonds to ligands representing the
b-subunit of Gprotein transduci{103). PHPT1 has also been shown to dephosphorylate
ACLY (H760) and the domain housing histidine is conserved across humanasCuch
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docking of a succinyCoA peptide to PHPT1 has been propdsedbinding to the k53 active
site(103). An additional histidine site (i4102) appears to display some significance in PHPT1
function, PHPT1 mutaniti102A (104) however, no further structural discussion appears to
explain the functional significance ofi$102. Figure 17, shows the spatialelationship

between the two histidine residues.

His102

Figure 17. Structure of PHPT1, H53 and H102 are critical for PHPT1 phosphatase activity. The
histidine residues are positioned with a degree of vertical symmetry across the protein at the termini of
their respectivdthelices.[Image produced in PyMOL with AlphaFold PDB file: APO9NRX4-F1-
model_v4]

Whilst PHPT1 appears to be the most ubiquitous pHis phosphatasrinting for activity
acrossmultiple biological processesanotherprotein phosphoglycerate mutase family 5
(PGAMDb) also displays pHis phosphatase activRiGAMS specifically dephosphorylates
NDPK-B (His118) and thus inhibits the phosphorylation and activation of the KCa3.1 response
negatively regulating the cytokine producing CDH# cell respons€63). In contrast to the
broadacting phosphatase PHPT1, PGAMS5 appears to be localised to the inner mitochondrial
membrane (105, 106) and shows some promiscuity as a serine/threonine phosphatase
dephosphbrylating a serine residue anmitophagy receptofrfUNDC1, which consequently

results in degradation/destruction of mitochondria (mitophéyf)

The phosphoglycerate mutase family (PGAM) typically catalyse the conversion of
3-phosphoglycerate to-ghosphoglycerate but PGAMS appears to differ by partaking in
pSer/Thr and pHis phosphatase activity specifically in the mitochondria instead of mutase
activity (107). PGAMS5 contains a conserved histidine residuss16b, that appears to be
critical for Ser/Thr phosphatase activiisigure 18) with mutation removing 105 PGAM5
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no longer exhibits phosphatase activity with apoptosis signalling kina@&SK1) and
phosphothreonine peptid€s)7).

Similarly, PGAMS5 is reputedly responsible for removal of phosphate fraehlid in NDPk

B, transferring the phosphate tastHO5 and consequently attenuating the KCa3.1 channel
response which is activated by NDK phosphorylation of the ion channé3). No
phosphatase activity was observed in PGAMStant(H105A), however binding was still
observed despite lack of enzymatic activity showing a specific interaction between PGAM5
and NDPKB that is not observed with other kinases including NER3).

Figure 18 PGAMS structure, centrab-sheet enveloped by folithelices forming the phosphatase
domain. The central portion of tifiesheet contains primary sequence flanking the catalytic histidine
residue H105An U-helix (pale blueseparate from the main phosphatase domain contains amino acids
77-88 which are essential for NDPB binding prior to dephosphorylatiofimage produced in PyMOL

with AlphaFold PDB file:AF-Q96HStF1-model_v4

In contrast to PHPT1 with more exposed histidine residuss3rand Hs102) as displayed in
Figure 17, PGAM5 has a more enveloped histidine residue which may explain why, in addition
to its localisation to the mitochondrial cellular domain, this phosphatase exhibits more specific
binding to its interactors (e.g. preference for NDBkKand no binding to thelosely related
isoform NDPK-A despite sharing significant sequence homology and an analogous histidine
residue (Hs118)(63)).
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Additionally, binding of PGAMS5 to NDPKB isobserved even in the PGAM5 mutant (H105A)
indicating that binding of the two specieg&sentiafor dephosphorylatio(63). This binding

is reliant on the amino acids-BB in thePGAM5 sequence which are present in a termihal
helix (63), indicated inFigure 18.

The structure of the PGAMS active site is displayedrigure 19. Thereis clear empirical
evidence for the activity of PGAMS5 being contingent on the presence of H105. Looking at the
active histidine residue in a monomer of the protein structure also provides interesting
structural discussion. The active histidine appearbetasurrounded by a pair of arginine
residuesArg104 andArgl152), which is common in phosphatases and phosphotransferases as
the positive charges of these residues stabilises the @tesptermediate during transfer from

one species to another. Additionally polar residues are present to support the active site; in
PHPTL1, for example, tyrosine %d 93(Tyr52 and Tyr93) arepresent in the active site and

in PGAMS5 a tyrosine residudyr108) overlooks the catalytic histidine residue.

ARG-152

Figure 19: PGAMS5 active site structure centred on catalytic histidingl(®b). Hs105 issurrounded

by two arginine residuesAfg104, Arg152) providing positive charge stabilisation for phosphate
transfer. Arginine and Lysine are commonly observed nearby active residues for the purpose of
stabilising thigransition. TyrosineTyr108) sits above the catalytic histidine residue and is also found

in the active site of PHPTilmages produced in PyMOL with AlphaFold PDB filkE-Q96HS1F1-
model_v4

PHPT1 and PGAMS5 are better characterised phosphatases; PHPT1 shows an almost ubiquitous
role as a phosphohistidine phosphatase, while PGAMS5 shows specificity as a phosphohistidine
phosphatase for NDREB and acts more broadly as a Ser/Thr phosphatase &sAmel
additional phosphatase LHPP also acts as a phosphohistidine phosphatase, although no specific
substrates have so far been identifiede@lndidatedand no structural discussion appears to be
available.

34



Looking at the structures of the known phosphohistidine phosphatases PHPT1 and PGAMS5,
they share 38% commonality (percentage identity matra®)d no clear motifs are apparent in

the primary sequences to shows any correspondence between primary structure and function
or conserved functionality. So far, both phosphatases rely on a catalytic histidine residue His52
and His105 in PHPT1 and PGAM5spectively and each of these residues is flanked by loops

of positively charged amino acids, such as lysine agidiae, as well as polar residues serine

and tyrosine.

Although speculative, it is worth looking at the histidine residues present in LHPP and
assessing its potential as a histidine phosphatase from a rudimentary overview of its structure.
Whilst not as empirically thorough as excising segments of proteinutatimg histidine
residues for alanindased on what has been shown for known phosphatases there should be at
least one histidine residue enveloped in a loop of unstructured residues that are capable of
stabilising a phosphotransfé histidine with prokmal arginin€lysine and polar amino acids

serines/tyrosine).

The LHPP structure contains 5 histidine resid@sse histidine residueiblL03 sits within an
unstructured region on a primary chain betweeb-sheet and}helix and on a primary
sequence YLLIHD which shares some analogy with a sequence found in RHRTIRV
(potential YXLI motif). LHPP Hs103 is surrounded by aspartate residukspl04 and
Aspl25) which are important for coordinating metal ions in phosphotransfer reactions.
Additionally, there is a proximal glutamine residulit58) that may well stabilise water
residues during phosphatase activity. The main ssiitk His103 as a target histidine residue

is the lack of surrounding arginine and lysine residues which appear to be crucial and numerous
around the active sites of the other known histidine praisghs, PHPT1 and PGAM5.
Additionally, whilst the presence of negatively charged Asp may enatdedamation of metal

ions, the presence of negative charge would destabilise a phosphaté-gyotg?20 (a) shows
His103 in a model structure.

The second histidine thahay bea possible catalytic residue isis?45, on an exposed
unstructured region between tvishelices. Hs245 is overlooked by an unstructurddop
(LGKGRY - amino acids: 15358). This loop contains two positively charged residue arginine
(Argl57) and lysinel(ys155) that are typically observed around phosphotransfer active sites
for stabilising the negative charge on phosphalso, the LGKGR sequence in LHPP shares
analogy with LGGGR observed in PHR Mhere theArg78 residuen LGGGR is depicted as
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a key stabilising catalytic residue foidg3 in PHPTL1It is also surrounded by an aspartate
residue (Asp242) and glutamate residues (Glu243, Glu247), which may well provide co
ordination to metal ions during phosphorylation. However, it is also worth nagjaigthat a
region of negative charge could destabilise a phosphate dgfggyre 20 (b) depicts this
potential active site.

His267 in LHPP sits at the base of &ielix and is in proximity of a lysind_ys270) and a

glutamine GIn266) that may stabilise the phosphate and water molecule respectively during

enzymatic dephosphorylatiohhese sites are illustratedkigure 20 ().

ij
b LYS-155

ARG-157

HIS-103

ASP-104

ASP-242

GLN-266

LYS-270

Figure 20: Potential histidine catalytic residues identified on models of LHR&LA3 flanked by
GIn58 andAspl04 @). His245 active site surrounded #\sp242 andGlu247, Hs245 is beneath
overhangingd.ys155 andArg157 on an LGKGR chain which shows analogy with an PHPT1 LGGGR
sequencel(). His267 at the outside of the LHPP structure on the end dflalix, in proximity of
GIn266 andLys270 ). [Images produced in PyMOL with AlphaFold PDB filaF-Q9HO08F1-
model_v4

Until an exact pHissubstrate is identified that interacts with LHPP, the phosphohistidine
phosphatase activity of LHPP is haoddiscuss on a structural basis. However, based on the
overview of LHPP structural models, it is clear ttredre argotential histidine sites that may

be capable of phosphatase activity.
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1.5 Detection and enrichmentof phosphohistidine

Understanding of the phosphoproteome is centred on empirical evidence for the existence of
proteins containing phosphorylated amino acids. For a phosphorylated protein to be identified
methods must be developed for selecting and analysing thestrgmssaionally modified
proteins. The following subhapter addresses the workflows performed to prepare protein
mixtures for terminal analysis and the methods employed to enhance the proportion of the

desired phosphoprotein in the analytical sample.

1.5.1 Distinguishing betweenphosphoproteins andphosphopeptides

The detection oproteirs containingphosphate este(pSer/pThr/pTyr)s typically carried out

with mass spectrometry (M@fter an extensive proteomics preparation workflow involving
enrichment steps to amplify the presence of the desired pfas) a typical workflow is
outlined inFigure 21. Phosphoproteins already tend to occur in low abundance relative to other
species and will occur in conjunction with their unphosphorylated counterpart which
complicates downstream MS analy€l98) A method for mitigating tis complication and
improving the detection of the desingkdosphoprotein in MS analysis isgerform enrichment
steps which remove undesired proteins and

analysis, consequently improving phosphoprotein identification.
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Protein
extraction

Phosphoprotei/ \:hosphopeptide

Phosphoprotein ‘ Protease ’
Enrichment Cleavage
‘ Protein . ’ ‘ Prefractionation
Separation
SDS-PAGE SAX/SCX/HILIC
‘ Protease ’ Phosphopeptide
Cleavage Enrichment

MS Identify
Proteins

Figure 21: Workflow from protein extraction to identification of phosphoproteins. The left workflow
isolates and purifies phosphoproteins with a terminal protease cleavage producing phosphopeptides.
The right workflow opens with protease cleavage and purifies clhmsppopeptides in preparation for

MS analysig108).

As outlined inFigure 21, a proteomics workflow for phosphoprotein identification can focus
on purifying phosphoproteins with subsequent protease cleavage to form phosphopeptides for
MS analysis or phosphoproteins can be immediately digested to produce phosphopeptides for

subsequet purification and analysis.
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1.5.2 An overview ofenrichment methods

Enrichment, in this context, is the removal of undesired protein or peptide substrates from a
complex assortment of proteins or peptides respectively, to leave behind a larger proportion of
the target phosphoprotepiiosphpeptide.From the aforementioned workflowigure 21,
enrichment is a significant step in the processing of both phosphoproteins and phosphopeptides
for subsequent analysis. There are many ways to enrich a protein sample to improve the quality
of the obtained sample data: IMAC, MOABEX and immunoprecipitatioare the methods

that shall be outlined to aid in tiipcomingdiscussion of pHighosphopeptide enrichment.

Immobilised MetalAffinity Chromatography (IMAC)is a method of enrichment utilising the
affinity of phosphate for positively charged metal ions to separate desired phosphate
compounds from a mixture. #ightly packed column consisting ofsalid-phase resin binds a
positively charged metal iosuch as: F& (109, 110) Cv** (111), AlI** (112)and G&* (113)

The negative charge density of phosphate enables strong interactions between
phosphoproteiphosphpeptides and the resbound metals while the unphosphorylated
material elutes from the column. After washes with solvent to ensure excess material is
removed, a terminal wash witim @lutingbuffer releases the phosphoprotein/peptiden the

matrix (108). In some cases sequeti®IAC columns(SIMAC) can be utilised to enhance
separation if allowing for separation of differing phosphates particularly wineteires

involve a mixture of monocand multiply phosphorylated peptidgsl4)

Metal OxideAffinity Chromatography (MOAC), in principle, is similar to IMAC; metal oxsde
(TiO2(115), ZrO2 (116), Ga03(117) Nb2O3(118) are used as bindefor the phosphate in
phosphoproteins/phosphopeptides, the most common of the metal oxides used(iL¥jO

120). The workflowrequires acidification of the crude protein/peptide sample to protonate
acidic residues on a protein/peptide to preventasfjet binding of these residues to the metal
oxide(119) After incubation of the acidified protein/peptide solution with the metal oxide, an
alkaline solution can be used to free the phosphoproteins/phosphopeptides from the oxide
binding into solutionOne study, for exampl&und that sequential basic washes withuOH

(5%), piperidine sol. (5%) and pyrrolidine sol. (5%) significantly improved total peak area of
phosphopeptides in final MS analy$§i1)

Anion Exchange Chromatography EX) is a method for separating negatively charged
phosphoproteins through interaction of the negative phosphate charge with a polyethylenimine
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silica material solid phasél22) There are two types commonly discussed, weak anion
exchange (WAX) and strong anion exchange (SAX), the difference is based on the material on
the stationary phase: WAX relies on primary, secondary and tertiary amines and binding
improves at lower pH va&s, while SAX is a similar structure which predominantly consists

of quaternary amonium saltsthus, SAX binds phosphopeptides at higher pH values due to
the presence of cations at physiological (22). The AEX column is then flushed with
increasing concentrations of salhich will displace the bound molecules from the stationary
phasebased on affinity for the stationary phd323). More negatively charged species (such

as phosphoproteins/phosphopeptides) will be eluted later than less negatively charged species,
creating an elution gradient, enabling separation of species in a complex rflifdir&lution

can also be achieved with pH alteration as pH decreases more negatively charged molecules

will be released by the cationic stationary phase creating a separation gib2ant

Immunoprecipitation relies on the binding specificity of an antibodyitforcorresponding
antigen(108). Unlike the aforementioned methods, that rely on binding through opposite
charge attraction, immunoprecipitation relies on a splidse bound antibody that specifically
recognises a feature of the desired compound. In the context of precipitating
phosphopoteins/phosphopeptides an antibody would specifically recognise a motif in the
phosphoprotein/phosphopeptide (typically the phosphorylated amino acid), thus in
immunoprecipitation the solid phase is specific for the desired phosphoprotein/phosphopeptide
which theoretically enables precise enrichment of a protein/peptide migt2&. In
immunoprecipitation the target phosphoprotein/phosphopeptide interact withbeahd
antibodies (antibodies linked toagnetic/agaroseeads), the beads can then be separated from
the heterogeneous sample of proteins/peptidégmshing the beads with increasing
concentrations of salt solution disrupts the binding of the phosphoprotein/phosphopeptide from

the antibody before analysis by ME26)

40



1.5.3 Progress towardsenrichment and analysisof phosphohistidine peptides

Unfortunately, g i (pHis) propemsitys fpr hypdiolyssat mildily acelié s
conditions enrichment of phosphohistidine proteins in preparation for MS detection is
significantly more challenginthan for canonical phosphoamino acjii27) One of the most
common methods of enrichment is IMAGsing metal cations to bind the phosphate on the
phosphoprotein/phosphopeptiffligure 22). Work by Nappeeet al. suggest that of: G&*,

Cu?* and Fé*, only Cl?* showed binding capability to pHjseptides(111), optimisation of

metal selection during IMAC may enable isolation of pHis peptides in the presence of other
phosphopeptides (pSer peptides showed specific binding %) @Ga1) However, an issue
raised is the natural affinity of histidine for immobilised metal ions, thus unphosphorylated
histidine peptides will be bound by the immobilised metal ions and appear in the final analytical

mixture.

Immobilised
Matrix 0

Chelate-bound
cation

Peptide
fragment

Figure 22: Cationic metal ions bound to immobilised matrix bind to negative charges on phosphate.
Phosphohistidine in peptide fragments will be concentrated in the column leading to amplification of
those peptides in a final sample (enrichment).

To reduce the quantity of histidine peptides, Nagpei. discuss the possibility of mildly pre
acidifying the mixture of peptides such that the basic histidine imidazole nitrpige® () is
protonated and thus repelled by the immobilised metal cafiidily However, as noted by
Attwoodet al; proteins rich in acidic side chains (Asp and Glu) with a carboxyl side chain pK

of approximately 4.4, will not be deprotonated in mildly acidic conditions and still bind to the
immobilised metal complicating enrichme(®). Napperet al. acidified ther mixture of
peptides to pH ~ 3.5 (0.1% acetic acid) to prevent the imidazole of unphosphorylated histidine

binding to the immobilised metal iorf$11) However a point not discussed with regards to
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the protein mixture acidificatiqthephosphohistidine residue will be dephosphorylated by the
acidic conditions used to eliminate histidine contamination resulting imfggssphorylated
histidine by the same mechanism used to eliminate histidine impupitiesisoforms UpHis

and’ -pHis, have pKa values of 6(dt 25¢C) (23)and 7.3at 46€C) (24)respectivelytherefore

even at pH 6, pHis will be present as a greater proportion of protonated isoform to conjugate
base with the ratio of protonated pHis increasing by orders of magnitude for every integer
decrease in pH value; at pH 3.5 used by Nappatl.(111)pHis peptides would be susceptible

to huge levels of hydrolysi3his is the most fundamental issue with IMAC, for enrichment of
pHis peptides, stringent pH control is required for the optimal preservation of the modification
for analysis. Thidiydrolysis/loss of pHis peptidas reflected in relative abundances of pHis
detection in final ESMS by positive ion mode where peptides appear in 1:25 (pHis: His) ratio
(8). Attwood et al.also briefly alludes to the degradation of pHis in MAEDDF during both
positive and negative ion modes once aganphasisinghe issues for confirming the presence
and abundance of the pHis modificat{@) The reliance of IMAC enrichment and subsequent
analytical methods such as B85 and MALDITOF on using acidic conditions in workflows
makes the analysis of pHis peptidesry challenging(given pHis has a half-life of

approximately 30 minutes at pH @)28).

If enrichment were to be achieved for pHis peptides it would require a method at neutral or
basic conditions to mitigate the effect of hydrolysis. One method discussed is use of polymeric
material (StrataX) under basic condition€l29, 130)to capture canonical phosphopeptides
from tryptic digests. Stratd binds preferentially to more hydrophobic residues, so inherently
hydrophilic peptides such as phosphopeptides will be elutbé flowthrough(129). Analysis

of the flowthrough and retained material will enable phosphopeptide to be identified by the
discrepancy in spectral data; in one study, the peak for a pHis pejitidl AGVA pHDLR)

was significantly more intense on the flowthrough spectrum compared to the retained material
eluted subsequent{129) This highlights the potential for new materials or chromatographic
methods to improve enrichment methods. Additionalhe same study investigates the
potential for identifying phosphohistidine in MS/MS using varied conditions, for an optimal
intensity signal a short gradient on {MS in acidic conditions is best to enable separation but

capture data before pHis has titnadecompose significant({L29)

Stronganion exchange chromatography (SAX) has been used foipeidiede enrichment and
fractionation (127) SAX has already been outlined as a chromatography method with a

guaternary amine salt stationary phasectgable obinding thedoublenegative charges of
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phosphatet pH values greater than(622, 131) Therefore binding can occur at higher pH
conditions which is beneficial for pHis due to its inherastability in acidic conditions. Whilst

SAX enables enrichment at higher pH values, there are dmadvantages to this approach;
acidic residues such as Asp and Glu will be deprotonated at higher pH values and thus bind to
the stationary phase compromising the quality enrichment pr(@eEsution on a pHyradient

would not be suitable for pHigeptides given their hydrolysis profile at lowering pH, therefore
removal of pHispeptides from the stationary phase can be achieved, according to H&tdman
al., with a change in ionic gradient with a triethylammonium phosphate buffer in increasing
concentrations based on a technique utilised by Aldeat. (122, 127) This process of using

SAX at a higher pH and utilising an ionic gradient has been terdfe8lX (unbiased
phosphopeptide anion exchange) chromatogrép®y) Effectively, UPAX is indiscriminate
between canonical and noanonical fractionation because it operates at a higher pH, all
phosphate species should show a greater affinity for the column than unphosphorylated
pepti des, enabl ing A sepatatiom($2@)d Hardmamed @lptest pe pt i
fractionation afpH (6, 6.8 and 8) and determine that pH 6.8 offers optimal preservation and
fractionation of the pHis modification in peptides of myoglobin cell lys§t@s) UPAX
performed under these conditions led to the identificatioB3afnique pHis phosphosites at

high confidencen HeLa cell lineq127).

One method for enriching is generating antibodies to the desired hapten and using those
antibodies to specifically capture a residue or motif of interest (immunoprecipitaiidemn

et al. have utilisedmmobilisedd and” -pHis monoclonal antibodies (mA) generated from

pHis analoguedp enableenrichment of some pHis residues in substrét82) Fuhset al.
generated isoform specifimAbs for pHis bysynthesisinglibraries of peptide sequences
containing two isoforms qiTza: * and 3 corresponihg to the authentic isoforms and U
respectively bound to keyhole limpet hemocyanin (KI(2B), which is a strong immunogen
promotinga lymphocytaesponse to the peptide library. TheTza library and $Tza library

are injected into separate groups of rabbits which produce antibodies in response to the antigen,
the splenocytes are fused with myelomas to produce hybridomas. The hybaedibiirzes
produce the desired antibody on a larger scale for use in 488yBuhset al. have used)

and " -pHis mAbs in immunoprecipitation assays, performing LCMS on tryptic peptides,
showing enrichment of known pHis proteins (NME1/2, PGAM, ACLY histbne H4§25) as

well as another set of pHis proteins found by Lapelal. such as tubulin bets, lactate
dehydrogenase, GAPDH and m@2&, 133) Fuhset al.enriched a total of 786 proteins with
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their 3 and " - mAbs, identifying a significant number of potential pHi®ntaining proteins
(25). Oslundet al. have gneragd panpHis antibodiesvhich haveaidedin MS studiesof
pHis-peptides enablingimmunoprecipitatiorbasedenrichment of pHis tryptic peptides prior

to MSanalyss (134, 135) 15 pHis sites were identified from E coliproteins as a result of
this enrichment study134). This work has led to the identification of a triplet dissociation
pattern in MS/MS 80 (HPGs), 98 (HPG: + H20) andgd 16 HPGs + 2H20) Da) of neutral
losses in collisioninduced dissociation (CID) that can act as a tandem MS fingerprint for pHis
(134) Loss ofgB0 Da is particularly indicative of pHis, the mass loss is consistent with the
breaking of the labile phosphoramidateNPbond(134)

A final method for identifying pHis in peptideshosphoru$1 NMR ¢P NMR). 3P NMR
should be capable of providing a chemical shift value in ppm fds tued  -isoformsto assist

in the identification of pHis tryptic peptide¥P NMR has already been mentioned, having
been used to identify shifts fd¥ and “-phosphohistidine (4.9 and 5.3 ppm respectively)
measured from rat liver and WalkBb6 carcinosarcoma@?2). However, identification of
novel pHis substrates withP NMR may becomplicated by the variance of its chemical shift

in differing contexts, pHis shift varies dependent on its presence in a substrate and which
isoform is present. Shiftsf pHisin NDPK from Dictyostelium discoidiunrshoweda -pHis

shift of-2.74 ppm (native NDPK) te4.20 ppm (denatured NDPK), indicating the discrepancy
between native substrate shifts and denatured $h88&) Additionally, comparison between
pHis amino acid standards and phosphorylated NDPK was not diagnostic for determining the
isoform of pHis present in NDPK; a synthetic pHis phosphorylated peptidept@&Gly)

was required for confirmation that the isofoofrpHis in NDPK is “ -pHis (136) As such, pHis
amino acid standards may not be suitable as references for identifying novel pHig Bhifts.
chemical shift of pHis if*P NMR is pH dependent, each isoform has unique shifts that vary
with pH (137), the shift is more than likely a consequence of the three forms of phosphoryl
group: the phosphonic acid, dianion and monoa(@rWork by Himmelet al. showed that
isoforms of pHis can be distinguished through N&tRlysidy combininghydrogennitrogen
HSQC and nitrogenphosphorus HSQCthese plots can be combined to form correlations
referred to as HNP correlation patterns for specific isoform identificétidd). Additionally,

they acknowledged the pH dependence of J coupling values befie®R nuclei and plotted

the impact of this to characterise pHis isoform shift at varyingd188) Absolute®'P NMR

shifts for each isoform appear to vatightly between studies fa¥ and” -pHis,~4.7 ppm and

~5.5ppm respectively137), ~-3.9ppm and ~4.9 ppmrespectively(139) ~ -5.0ppm and ~
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-5.9ppm respectivelyf(138) -4.99ppm and-5.76ppm respectively(140) Whilst work by
Lecroiseyet al.demonstrated that caution is required before assigriffiRyMR pHis isoform

shift based on amino acid standa(#i36) Makwanaet al. use a denatured myoglobiis

shift of ~-4.94 ppm to assign the isoform EgHis based on amino acid standa(i40)
Evidently, there is considerable research regarding pHis identificatio?WitNMR; but, as

with MS analysis there is considerable challenge in verifying pHis isoform and preséfee by
NMR alone, especially given the discrepancy of NMR shifts observed between studies. Where
mixed isoforms are present, it is frequently determinedipatis has a less negative chemical
shi ft tpHisisoformmhadich'may well be diagnostic in conjunction with careful use of

amino acid standards.
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1.5.4 Scepticism towards identified phosphohistidine phosphosites

Recent researdby Leijtenet al.has challenged the idea that pHis is a widespread modification
in mammalian cells;laiming that approximately.8% of allthe original pHigphosphosites in
mammalian cellarelegitimate(141) This contradicts the seemingly ubiquitous belief that, up
until now, pHis likely has an undiscovered but significantly widespread function in the human
proteome. The study uses’F8MAC to isolate proteins from various cell lines and filters out

all but class | phosphosites (sites with high confidengeghivsphatdocalisation to a single
residue)(142, 143) The study claims that, due to a greater reduction in pHis than pSer, pThr
and pTyr sites (~80% pSer conserved while-83% pHis lost)(141) the veracity of the
initially identified pHis sites must bguestionable Leijten et al. filtered additionally by
considering the appearance of these phosphosites in multiple cell lines (A431, HEK293T, HeLa
and PC9), finding only 10% of these pHis sites were present in all 4 cell lines, further reduced
to 5% when accounting for the class ltefi (141). This stringent filteringonly preserved4
alreadydocumentegbHis sites: pHis 118 (NME1/2), pHis 11 (PGAM1), pHis 254 (PFKFB3),
pHis 299 (SUCLG1)141)

The work byLeijtenet al.(141)indicates that sole pHis sites are not particularly common, but
the filtering for class | phosphosites does provide room for interpretation. Perhaps pHis
operates in a different way to pSep its phosphosites are typically neighboured by other
potential phosphositet rationalisingthe observedsharp drop with class | filtering. For
example, pHis may act as an intramolecular phosplay, shuttling phosphate from one
residue to another, thus examples of suitably isolated pHis, in line with classrdili®ould

be comparatively smallltogether, this study perhaps indicates something about the nature of
pHis sites in proteins and in and of itself does magessarily indicate that pHis isan
insignificantmodification It does, perhaps, introduce a healthy amount of scepticism as to the
role of pHisin mammalian cells; perhaps there is a lower abundanceydtasidiscovered

and phosphohistidirspecific machinery in the eukaryotic cé#lanpreviously believed.
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1.6 Antibody generation and the development of stable analogues of Phosphohistidine

Access to phosphohistidine (pHis) specific antibodies enablel huge advancesn

phosphoprotein enrichment and identifying phospho§2g)

Antibodies can be extremely specific for their hapten, or analogues of the immunogen;
phosphotyrosine (pTyr), for example, has a variety of antibodies that are specific for its
structure over the unphosphorylated form or other phosphorylated amino &osgh{pserine
(pSer)/phosphothreonine (pThr) specifica$%4-146) However, antibodies can be specific

for phosphorylated residues in specific protein substructures, and therefore cannot be used as
a global identifier of a specific amino acid in various different structures; this is certainly the
case for many pSer apd hr antibodies, therefore adding great challenge for pSer and pThr
identification in multiple environmentd.44)

Given the structural instability of pHis; most immunogenic sources would be hydrolysed far
too rapidly for antibodies to be generated against it as a hapten, thus it is challenging to isolate
those antibodies for use as a pHis detection reagent, condggueakuding understanding of

the pHis proteome especially in comparison to the more stable and prevalent phosphoserine,
threonine and tyrosin@, 147) Whilst antibodies may be challenging to raise against the native
phosphohistidine, a major discovery gave credence to the idea that it may be possible to raise
antibodies to pHis; pHis in ATP citratgase can be bound by an antibody that was designed

to predominantly bind pTy¢2, 148)

Given the benefit of generating antibodies and the proof of principle demonstrated by ATP
citratelyase binding, researchers were keen to develop stable analogues of pHis to which they
could successfully raise antibodies. An early attempt to generategaesleas made by
Laskeret al.(1999):theyproducedithiophosphohistidine (thiopHi§by incubating histidine

with PSC}, the productliffered from Uphosphohistidinet only through the replacement of a
sigmabonded oxygen for a sulphur atom. The sutpbuess electronegative than oxygen and
thus the electron density in the phosphoramidate bond is higher than in the native pHis; the
thiopHis has a lower energy phosphoramidate bond than native pHis resulting in hydrolytic
stability. The stability of thanalogue was verified in acidic conditions at pH 1 and 0, pHis had
hydrolysed up to 50% and completely hydrolysed respectively whereas thiopHis is stable at
pH 1 and shows 29.1% hydrolysis at pHI29) The structural similarity coupled with

hydrolytic stability seemed like promising properties for this analogue as a stable Ihapten;
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no attempt was made to generate antibodies against this immunogen. There are no recorded
attempts to generate antibodies against thiopHis; later analogues with a similar substructure
may give some insight into the likely outcome of attempting to generab®dies to thiopHis.

A similar analogue to thiopHis, a thioester with-aifpobenzyl moiety attachetD, was used

as a means of probing phosphoryl ati on; t he
thiophosphorylates its respective substrates, witlnig&rpbenzyl derivative, and consequently,
having generated antibodies to the thiophosphorylated amino acid, leads to detection of
phosphorylation sites through the use of thiophosphoryl amino acid specific antifiddies

The technique was used to study phosphohistidine; the antibodies raised were specific for the
thioester component and thus independent of amino acid, but they could not distinguish
between the phosphorylated amino acids, which makes the technique elisokttidying

novel phosphorylatioin where the modified amino acid needs to be determined; the need to
use a bieorthogonal kinase to study the phosphorylation precludes detection of
phosphorylation in novel scenaribsvhere the kinase is not known aais a bieorthogonal

equivalent cannot be engineel@é1)
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Figure 23: Structures of}phosphohistiding, thiophosphohistidin@ and thiophosphohistidine {uitro
substituted)LO.

Schenkeletal.d e v e | o ppaasphe -duryd) dlanine analoguglo f-phabkphohistidine.

In contrast to Laskest al, Schenkel®t al.replaced the phosphoramidate with a more stable
carbonphosphorus bond to prevent hydrolysis of the analogue and replaced the unsubstituted
nitrogen, whi ch wo uphasphbhestidind) with gntoxygery ih antateempt i n
to mimic the electronis u r f a-phesphwtiistidihe ($plane, hydrogen bond acceptor site).
Schenkel®t al.also provided the structure of phosphopyrrole, though there is clear scepticism
as to the success thiuld have as an analogue, the pyrrole analogue would havé Ha sp
bond donor nitrogen, inferring that authentic mimicry would be undermined by this electronic

surface discrepandii52) There also appears to be no attempt to generate antibodies to the
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furyl analoguell; butan attempt to raise antibodies to an electronically similar analogue may
give credence to the rationale that pHis spe
furyl analogue. Lilley (2014), attempted to raise antibodies against an andl@gfigHis,
similar t o ScTheandogle saidedamitedies, hul they were strongly reactive

t owar ds phosphotyrosine a n dphospholoistidend (153) o act
Consequentl vy, it may be appropri at-ghosphe as s un
2 Guryl) alanine would likely act as an epitope for phosphotyrosine selective antibodies.
Attwood (2007), attempted to generate polyclonal antibodies to the@lpbmarole analogue

12, proposed by Schenkels, and found that the antibodies were specific for the epitope and did
not recognise phosphohistidine, one might at
the need for a hydrogen bond accepting kme mir and consequent dismissal of
phosphopyrrole, though no binding studies have shown that this lone pair is essential for
binding (8, 152)
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Figure 24:. Structures of( 4pbosphe2 Guryl) alanine 11, phosphopyrroleanalogue 12 and
phosphothiophenanaloguel 3.

Keeet al. (2010) created analogues of pHiosphoryltriazolylalanine (pTZa, as -both &
phosphohistidinel4 a n d-phosphohistidinel5 isomer. The analogues contain a triazole
heterocycle aspposedo the imidazole heterocycle in histidine and containimgarolysable
phosphonate (&) bonds in contrast to phosphohistidine's hydrolysable phosphoramiedate (P
N) bond. The electronic conformation of the analogues closely resembles native
phosphohistidine, except for the additional surface potential around the extra nitrogen and its
lone pair of electrons which, if the shortcomings of the phosphopyrrole analogue are to be
considered, lacking an %$plane ring donor relative to phosphohistidine, would likely preclude
successful mimicry8, 154) Keeet al.incorporated these analogues as-pomected amino

acids into proteins using SPPS. They created two peptitleand” - isomer based structure,
corresponding to the f&rminal tail of thehistone H4 protein (replacing Hislf®r the

analogous residue). Theeptides incorporating analoguesyere bound tdkeyhole limpet
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haemocyanif{KLH) and used to generate antiboclik®e antibodies appeared to have strong
selectivity for His18, as demonstrated yesern blot analysis. Howevethe antibody
generated(Ab-3pHis shows a degree of cressactivity with pTyr (147). The antibody
generated therefore is not quite as sequérmbependent as would be desired for eukaryotic
proteomic analysis, where pTyr is particularly abunddmstone H4 contains two
phosphorylated residues, His18 and His75, although the designs k&t Kleeentred around
generating antibodies to pTza in the place of Hisl8, the&pgthis were only capable of
identifying His18 in the native substrate and not Higl4).

OEt

O/P//OEt
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BocHN COOH BocHN COOH
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Figure 25: Structure of Bogorotected pTza analogues of pHipTzal4and -pTzal5

McAllister et al. (2011), having observed the potential for incorporating pTza analogues into
degenerate peptide libraries, developed a synthetic route to form the pTza anbbanels/

(Figure 26) in a manner compatible with Fm&PPS. Moreover, McAllister presented DFT
calculations to rationalise Keeds observat.i
histone H4 as opposed to His75; the sequelspendence of the antibody is due to the
aforementioned additional nitrogen electronic surface potential that is neserp in
phosphohistidine; pTza will bind preferentially through dominant hydrogen bonds to the
additional nitrogen, precluding true pHis mimicty7, 154)

N:N O N;N O
! P-OB ’ P-OtB
N\/)\ , n N/ u
/[ OBn /[ OtBu
FmocHN COOH FmocHN COOH
16 17

Figure 26: Structures of FmogprotecteddpTza analogues with benzgtotected phosphonal® and
OtBu protected phosphonété.

McAllister et al. (2014) later assessed the ability of pTadind to the SH2 binding domain
of the Grb2 proteiii a well characterised, prototypical pTyr binding protein. The intention was

to prove that the binding domain in Grb2, which appeared to have promiscuous activity with
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respect to binding phosphotyrosine and phosphohistidine, could be used to bind pHis in vivo.
Inadvertently, this demonstrated that pTza is unsuitable as a specific pHis mimic, as supported
not only by DFT calculation but by the crassactivity for pHis ad pTyr of the antibodies

raised to pTza as a hapten by Keal in histone H4(147, 154, 155)

Despite DFT calculations and evidence of binding promiscuity regarding pTzageFahs
(2015) i ncorpor at e ¢gTzalb an ¢ppTza a8 (Fagara P7) ¢gto es U
degenerate peptide library (peptides consisting of the analogue flanked by a varying assortment

of alanine and glycineso as to avoid any immunogenic epitopes except pTza). They obtained
isoform specifiddpHis and” -pHis mAbsthat showed no croseactivity with pTyr peptides.

The antibodies raised #dpTzapeptides recognised thépHisi n P GAM, wpfzal st t
antibodies recognised NME1. This suggested that mAbbéeaal developed with isoform and
sequencéndependence; however, the study was limited in its use of epitopes to fully support

an assertion of sequentcwlependence, NME1/2 were used to demonstrate the specificity of

the "-pHis mAbs and PGAM for théJpHis mAbs. However, with such a limited substrate
assortment, it is possible that the mAbs had a sequence bias that could not be verified due to a
lack of mammalian substrates. This study proved that potentially seguelependent and

isoform specific antibdies could be formed to pHis from stable analogues, a tremendous
progression from the sequengependent antibodies generated by Kee (2010) to His18 in
histone H4; but, the possibility for cresseact i vi ty with pTyr precl

phosphomimetic, even if it is capable of generating isoform specific {2s)s

BnO
BnO\l‘D\O
o  N= /s( h
W\ \
P\ \ N N\\ /N

10 0BT 1) "

FmocHN COOH FmocHN COOH

16 18

Figure 27: Structures of FmocompatibleBoc-protecteddpTza 16 and -pTza 18 used to generate
isoform specific mAbgafter sidechain deprotection)

pTza showed promise as a phosphohistidine analmghaetermined to generate more specific
antibodies for pHis, Keet al.(2015) used a phosphopyrazole ethylamine (pPye) analogue of
pHis 19; this may have been encouraged by their early research, which noted that
phosphotriazolyl ethylamine (pTz€)0 had better performance as a hapten than the

corresponding amino acid (pTza). pTze generated antibodies capable of binding to His18 and
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His75 inhistone H4 and not unphosphorylated histidine, a significant improvement over the
sequencalependent His18 specific antibodies they initially generated against pTza. The
antibodies generated against pTze, whilstgaecific and somewhat selective, did stsmme
crossreactivity with pTyr; hence the need to further investigate analodB&s 147) pPye

was an ethylamine hapten, which had shown promise previously, with remarkable structural
and el ectroni c s-phospHotastiding, §s stiown by DFF cafcaatitsey e U
pPye was capable of producing sequeindependent antibodies capable of binding to pHis
selectively over pTyr; some pTyr binding is observed but the antibodies show 1:20 selectivity
over 1:10 pPye generated and pTze generated antibodies respectivati«ed improvement

in selectivity (156) Furthermore, pPye generated antibodies were shown to be able to bind
His18 and His75 irhistone H4 as well as Ptsl and PGAM1, demonstrating the sequence
independence of the antibodies generated by pPye to detect phosphohistrdioe

The work of Lilley (2015) corroborated the suitability of the pyrazole motif to act as a pHis
analogue. Using a phosphopyrazole alanine analogue (@Rza)f -phabphohistidine to
generate pHis selective antibodies; through dot blot analysis, they observed strong selectivity
for pHis over norphosphorylated histidine and pTyr, in agreement with observations by Kee

et al. with the pPye analogyé56,157) The detection of phosphohi
proteins with the antibodies, and finding strong selectivity for pHis over other epitopes,
confirmed the pyrazole structure was a suitable analogue of histidine regardless of its presence

as an amino adior aming(157).
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Figure 28 Structures of phosphopyrazole ethylamid®, phosphotriazolyl ethylamine20,
phosphopyrazole alanir#.

The generation of paspecific sequenemdependent antibodies should provide a means of
selectively detecting pHis, allowing for isolation methods using antibodies to selectively enrich
pHis in the presence of other phosphoamino acids.
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1.7 Structural analysis of pHis analogues

Of the stable analogues developed for antibody generation, triazole and pyrazole moieties
proved the most effective at generating antibodies that -ceassed with the wildype
authentic pHig156) Therefore, triazole and pyrazole act as suitable mimics of pHis and could
arguably be substituted for pHis in a mimic sequence for use in phosphoproteomics.

Density functional theory (DFT) was often discussedegard toanalogue structurevhen
recognising the analogues of pHis, the immune systendexklop antibodies thate specific

for the steric an@lectronicproperties of the epitopanalogues are developed to mimic these
gualities(156). The key to developing a pHis analogue is to produce a mimic with similar shape
and electronic distributignas such, phosphonopyrazold) and phosphonotriazolg3)
(Figure 29) are apt structural motifs for a pHis mimic, both consisting -ohéinbered
heterocycles with the requisite negative charge density of the phosphate.

The triazole motif generated antibodies that interacted with both the authentic pHis and cross
reacted with pTy(135) Crossreaction with pTyr is not ideal because antibodies generated
may bind to background sources of pTyr convoluting any anglis&. Antibodies generated

to the pyrazole motif showed significantly more selectivity for the natural pHis modification
than the triazole antibodies. Therefore, it could be argued, phosphonopyrhzades as a

better mimic for pHis than phosphonotriaz¢®. DFT may provide a structural explanation

for the observed discrepancy in mimicry between phosphonotriazole and phosphonopyrazole

as compared to the authentic pHis.

o, /=N % g i o, N= O, /=N
RN P \©\ AN I:J\ ,P\{I:J\
S o R S
1 2 3 4

Figure 29: DFT modelling distribution of electron density across pH)sTyr ), phosphonotriazole
(3) and phosphonopyrazolé)( (Copied directly from work by Makwaret al) (158)
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Crucially, Figure 29 shows that pHis has a field of electron density over the phosphate and the
the free nitrogen in the imidazole ring. pTyr differs sterically asvefbered ring and is also

not a heterocycle and as such lacks the electron density and hydrogen bonditigllpaién

the free nitrogen in pHis. pTyr is also critically a phosphate and the additional oxygen adds
steric bulk that is not present in the phosphoramidate bond of pHis. The triazole side chain
contains an additional basic nitrogeommpared to pHis (triazole and imidazole based
respectively), thus the additional nitrogen acts as another hydrogen bond acceptor in pTza that
is not present in pHis enabling unique interactions (precluding exact mimicry). The pyrazole
motif is stericallyvery similar to pHis and, in common with pHis, has only one free basic

nitrogen in the heterocyclicembered ring.

Structurally, pyrazole is a more analogous heterocycle than triazole for imide=ad
phosphohistidinebased on thalirection of hydrogenbonding from the lone pair on the
pyrazole nitrogen being the same as those in the authentic phosphohistidinthis is
empirically reflected by pyrazolgenerated antibodies showing a greater cross reactivity for

pHis than triazolegyenerated antibodi€$56)
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1.8 Aims of this work

The phosphohistidine (pHis) pesanslational modification has been documented as a key
regulator of chromatin processes, ion channel regulation gmet@in signallingThere are
histidine kinases (NME1/NME2/NME4) and pHis phosphatases (PHPT1/PGAMS5/LHPP)
which is evidence forcellular machinery operating to regulatee tipHis modification
specifically. Evidence for the pHis modification in a variety of distinct biological processes
and the presence of specialised kinases and phosphatases for the plicatoodivould
indicate that pHis is a ubiquitous cell signalling modification with the potential to be implicated
in many asyet undiscovered biological processd@$ie pHis phosphatase LHPP strongly
exemplifies this investigation; it is a reputed pHis phosphatase with no known specific

substrates, there may be many o#rerymes regulating pHtkat have not been identified.

The challenges of identifying pHis proteins with standard proteomics techniques, due to pHis
instability, justifies the slow pace of research with regards to this protein modification. To
circumventenrichment challengesgsearchers developed antibodies against stable analogues
of pHis to improve the enrichment of pHis proteins through immunoprecipitation assays. The
most analogous of these structyesoutlined by density functional theory (DFT) discussion

are based on pyrazole and triazole structulieplayed inFigure 30.
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Figure 30: Structures ophosphohistidinenalogues based dreterocyclesphosphonopyrazolgl,
Uphosphonotriazol22 and” -phosphonotriazol23.

This work focusses on developing the pyrazale and triazolebased22 analogues of
phosphohistidine to create reactive probe structures capabdentfying proteins that interact
with the pHis modification (such as novel phosphatases). This work will investigate methods
for the incorporation of pHis analogues into protein and peptide substrates for producing
pHis-mimic proteins or peptides that are capable of being recognised by a cognate partner.

Additionally, this work will explore methods for gentng covalent binding on these
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analogues such that binding partners will be bound to the probe enalomgstream
identification by proteomics methodBigure 31 is a basic schematic outlining the use of

analogues in prior research against how this work aims to adapt and utilise the pHis analogues

HO-R 1 Ab used in TN 0 & |
HO Z/*N enrichment HO“F{
> N
) = =
N &
c d
2
R-P.
F\’/ N Incubate w/
/ ‘N Cell lysate
N’ —

Figure 31: Antibodies generated against pHis analoga)euéed in enrichment protocols to bind to
authentic pHis modification to enable identification of legitimate pHis phosphok)teBhis research
will aim to modify a pHis analogue with reactive capability (represented bycRjr(the protein/probe
structure itself to enable binding to partner proteins that recognise the authentid)pHis (
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2 Towards the incorporation of phosptoryl pyrazoleinto peptides and proteins

Previous research has focussadhe identification of candidate phosphohistidine (pHis) sites
in proteins. Anumber ofpHis analoguedave beersynthesised147, 159)with the aim of
producingantibodies that could recognise phosphohistidine in protein sequi;e$s6)
Such antibodies wouldtheoretically enable isolation of these proteins and subsequent
identification. Identifying proteiscontaining phosphohistidine would give some indication of
the role of phosphohistidine within the cell and thus the processes tieguiates Their
endeavours have been successful Bitivastavaet al. identifying OpHis isoform specificity

in KCa3.1 regulation (His358)61). Khanet al. used” -phosphohistidine specific mAbs to
assess thsignificanceof NDPK-A on tumour metastasis suppressid@®0). Hindupuret al.
used pHis mAbs which enabledimmunoprecipitation of pHis proteins allowing for
investigation of LHPP as a broad actlphosphohistidine phosphatase and tumour suppressor
(92). Pandaet al. used anti -phosphohistidine antibodies to verify wilgpe PGAMS5
dephosphorylation of NDP8 (63).

Whilst antibodies have provided a vast amount of information aboutquigining proteins

and their isoform specificity, there are may well be many unidentified systems and regulatory
pathways. For example, the aforementioned phosphatase LHPP hasdogi@irddas a broad
spectrum phosphatase with the use of antibg@@&showever no specific substrates have been

identified for this phosphatase to date.

The stable analogues of phosphohistidine, produced to generate ant{bratiete/pyrazole

side chain)could themselvebeideal substitutes for the unstable phosphohistidimegrotein
context Indeed,Horneret al. originally proposed the incorporation of the homologue of pTza
using homoazidoalaninand subsequent reaction with phosphonate alkynes to generate an
effective analogue of phosphotyrosifi®5) Incorporation of homoazidoalanine into proteins
relies on methionine surrogacgssentially if the aminoacyRNA synthetase that would
typically recognise methionine (methionine tRNA synthetase) is capable of accepting an
unnatural amino acid instead, that amino acid will be incorporated into a protein sequence
during translatior(161) To produce the pTza histidine mimic in protein sequences by this
method would require azidoalanine incorporation and the feasibility of this by methionine
surrogacy is not well supportéti62, 163) Therefore, production of protein probes containing

the triazole analogue of pHis presented clear challeAgealternative approach would be to
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generate a pyrazole analogue of phosphohistidine and then identify conditions to incorporate
the analogue by amber suppression for unnatural amino acid incorpofaimwould require
the complexity of an engineered tRNA for insertion of the pyrazole amino acid. &tllay
have a synthetic route for the pyrazolyl alanine (pPza) which could be incorporated into a

protein by amber suppression if this were to be pur§L&a)

Additionally, based on reducettossreactivity and the selectivity of the generated antibodies
to the pyrazoléased analogues of phosphohistidine as shown through work kit 5&and
Lilley (157) pyrazole is a more suitable analogue for phosphohistidine than trihelefore,

it seemed fitting to investigate routes for the insertion of pyrazole in peptide and proteins.

Given the phosphoryl pyrazolestructure it was thought that incorporation of the
phosphohistidine analogueto proteinsn areaction with dehydroalanin®ha)was feasible

based on literature precedéot heterocycle addition to Dia64)(Schemel).

HS
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B!

(0] Br 24
NH
vy Ho,_0
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H
O 25 © T
HO~P—OH N,N QO /=N
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£ Ba(OH), 28 OH
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Schemel: General scheme for generation of Dha on a peptide substrate containing phospB6serine
or cysteine24, using barium hydroxidg165) or 2,5dibromoadipamide25 (166) respectively.
Incubating the peptide containing Dha with phosphonate pyra8geoduces peptide prob2s.

Daviset al.have previously shown that their strategy to modify dehydroalanine (Dha) residues
can be adapted via addition of imidazole generate isohistidinproteins (164) It was
hypothesized that reaction of a phosphonopyrazole watidduce a pyrazole analogue of
phosphohistidine into a peptide sequence with a similar approach. For this methodology to
work, dehydroalanineeeded to be produc&d the specific location of a histidine in a native
sequenceYanget al, demonstrated a sHgpecific means of incorporating pSer and converting

this to dehydroalaning165) For model studies it is also possible to generate the
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dehydroalanine through the presence of cysteine and subsequent conversion of cysteine to
dehydroalanine. This conversion can be achieved with multiple different reagents such as
2,5dibromovalerate, for sequences with multiple cysteine residues to avoid formation of
stapled byproducts(166) The more commonly used 2dtbromoadipamid®5 was selected

given that work by Chalkest al. suggested th&5 shows the most scope for conversion of

cysteine to Dha across multiple substrgie).

Having outlined a general approach for produgnygazolecontaining peptidesa route to
synthesise the pyrazole analogue of phosphohistidine as a free heterocycle such that it could
be incubated with Dha and incorporated into a protein sequence was required. Prior synthesis,
such as those by Kg@56) and Lilley (157), producedethylaminel9 and amino acid21
derivatives of the analogue which would be unhelpfutfieintended nucleophilic incubation

with Dha(Scheme2).
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Scheme 2: Synthetic route reported by Lillewt al. for synthesis of pyrazole analogue of
phosphohistidine (pPya)a) (157) and route reported by Keet al. for production of pyrazole
ethylamine (pPye)) (156).
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2.1 Strategy for production of phosphoryl pyrazole

Theinitial proposed approacls¢hemes) was to readvis(diethylamino)chlorophosphingith

a pyrazole Grignard reagent at th€-4 position, enabling subsequent benzyl alcohol
substitution to produce a bengylotected precursor of phosphonate pyra3dlerhis method

was chosen because it mirrored similar methods employed by McAM/stal. (159) to
successfully produce Fm&PPS compatible pTza precursors for analogues of
phosphohistidine. Halogemagnesium exchange on protected iodopyra@@nd subsequent
reaction with ais(diethylamino)chlorophosphine would generagandfrom thistetrazole
mediatedbenzyl alcohol substitution would be possib@xidation of P(lll) to P(V) and
subsequent deprotection of the benzyl groups would produce the desired phosphoryl pyrazole

analogue of phosphohistidi28.

TrCI A
E\N —» / | N

ﬁ H,0, H,0,, Et3N DCM N
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30 31 32
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\E\\N iyiPrMgcl  EtoN \E\\N i) BnOH BnO\E\\/N TFA HO\E\\/N
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Tetrazole,

)VPh 0’Cc )VPh dry MeCN )VPh
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Scheme3: Initial strategy for synthesis of phosphonate pyra28lcom pyrazole30.
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2.1.1 4-iodopyrazole synthesis

Initially, 4-iodopyrazole was generated from pyrazole and iodine in water in the presence of
30 wt% HO- for 2 nights followed by quenching with sodium thiosulfaBel{eme5). A
cream/white solid was obtained. Recrystallisation, frof® Horoduced yellowiinged white
crystals of diodopyrazole in an 3% yield. Following this exact procedure Lilley al. (153)
obtaineda 54% yield.Subsequentepeas of this reaction gave inconsistent yields with the

causes being removal of excess solid iodine or loss of product due to hot filtration steps.

This method of iodination usésas a weak electrophile enablirigslibstitution onto pyrazole
with catalytic H>O> oxidising byproductl” to regenerate;(Scheme4). Any excesd, would
have to be removed later during purification. Increasiegliivalents to promoiedopyrazole

formation wouldonly exacerbate the issue@{cessdfor removal

f“‘ _

I—I |

C—\ CZ A f—\
/ \ _ N —_— / \
(JH/N L”@ H/N

Schemed: Mechanism for iodination of pyrazole

A method was sought that minimék impurity and improvd yields by minimising filtration
steps. Ilmmnew methodSchemeb, pyrazole and sodium acetate were added to water and the
mixture was heated under reflédllowed bydropwise addition of KIA solutionwith stirring
for an hourThe reaction wamade basievith NaOH (0.1 M), to convert excesstd sodium
hypoiodite and sodium iodide facilitating easier removal of iodine impurities by aqueous
extraction Extensive agueous baekktraction to removexcesssodium acetate saligelded

the target product in 11% overall yield.

The final method combined NaOAc and HOz, Scheme 5. Recrystallisation from kD
producedwhite crystals of 4odopyrazole in an 18% vyield\ repeat resulted in the isolation

of 4-iodopyrazole in 22% vyield. On this repeat solvation of the white precipitate with each
addition of NaOH was observed, leaving the unreacted iodine suspended. This provided an
opportunity to purify the 4odopyrazole B intentionally dissolving it in excess water and

separating the insoluble iodine.
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In a final optimisation, excess NaOH was used more dilute reaction mixture to eliminate
l>impurities(Equation 1). This conversion was leveraged to convert the solid iodine to soluble
salts. Any remaining unreacted iodine would be filtered off prior to recrystallisation of the

filtrate resulting in a&-iodopyrazole yield 080%.

I, + 2NaOH — NalO + Nal + H,0

Equation 1. Reaction of iodine with sodium hydroxide produces soluble sodium hypoiodite, sodium
iodide and water.

l2, H2O,

{ N \
/ _N / _N
N H,O N
H RT H
30 31

NaOAc,
1L/KI (aq) !
K/ _N / _N
N H,O N
H reflux, 1 hour H
30 31
NaOAc,
I,/KlI (aq) |
H,0,
\ —_— \
Z/ _N / _N
N H,O N
H reflux, 6 hour H
30 31

Schemeb: Methods for synthesising 4odopyrazole31 from pyrazole30.
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The attempted methods and yields are summarised in the table below:

Method Reagents Yield (%)
[2(0.5eq.)/H202(0.9eq.) |19
1 [2(0.5eq.)/ BO2(0.9eq.) |1

(excess hot filtration)
NaOAc (2 eq.)KI (6 eq.) 11
2 2(2eq.)

(reflux for 1 hour)
NaOAc (2eq.)KI (2eq.y 18
I2(0.6eq.)/H202 (0.5eq.)
3 (reflux for 6 hours)
NaOAc (2eq.)Nal (2eq.y |22
I> (0.6eq.)/H20. (0.5€q.)

(reflux for 6 hours)

(solvent reduced w/ aim t
improve recrystallisation)
NaOAc (2eq.YNal (2eq.y | 30
I (0.6eq.) /H20. (0.5eq.)
(reflux for 6 hours)

(Excess NaOH to quench) |

Table 4: Summary of methods used by reagents to prodtiodadpyrazole with corresponding yield
(%). Equivalents (eq.) given relative to pyrazole.
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2.1.2 4-iodopyrazole protection reaction

The synthesised-ibdopyrazole was reacted with trityl chloride to remove the acidic proton

from the pyrazole for subsequent reaction.

Initially 4-iodo-1-trityl-1H-pyrazolewas generated by reaction #fodopyrazole31 with an
excess of trityl chloride in the presence ofNEtExcess trityl alcohokluted with the product
in column chromatographihexane: ethyl acetate (9)Bnd the target compound was isolated
as an offwhite powder in a yield obnly 17%. The TLC conditios were altered slightly in a
repeat attempt using hexane: ethyl acetate (95:5), the proda@.®6 and the trityl chloride
impurity was present atiR 0.13, with no movement ofiddopyrazole from the baseline. The

altered column chromatography solution yieldé&el2of the tritylprotected 4odopyrazole.

Thelow mobility of 4iodopyrazole in the TLC conditions, was exploitadl the reaction was
therefore repeated with stoichiometric trityl chloride (@) to minimise residual trityl
alcohol during purification TLC indicated complete conversion trityl chloride in these
conditions and the target compound was obtained in 32% ymldwing column

chromatographyvith only 1% trityl alcohol impuritydetermined by NMIR

|
\ Et;N, DCM \
4>
! W+ nTC / hY
0°C -rt N
H /}\
Ph
Ph7 L
31 32

Schemes: Approach for synthesis dfiodo-1-trityl -1H-pyrazole32 from 4-iodopyrazole81. In initial
attemptn = 1.1, after reaction alteration equivalence changed+©.9
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2.1.3 Grignard -halogen exchange reaction

Using the 4diodo-1H-trityl-pyrazole, a halogeGrignardexchangewas performedo enable
reaction withbis(diethylamino)chlorophosphine to generate a phosphoamidite for subsequent

alcohol substitutiongScheme?).

NEt 2
[ _P i) BnOH, _P
| N i) iPrMgCl EtN \E\\N tetrazole Bngn(l)\f\\N
N/ : : N/
THF (anhydrous) MeCN (anhydrous)
Ph o pr/ L Ph
Ph" pp 0°C 0°C Ph
ii) CIP(NEt,), if) H202
32 33 34

Scheme 7: Synthesis of benzyprotected phosphonate pyrazo@4 through formation of
bis(diethylamino)phosphine pyrazdss.

LCMS showedthe presence of intermedia83 at [M+H]'* = 485as a minor componeriut
no peak for produ@®4 was observedespite thisNMR analysis showed a pair of doublets at
U= 7.00 and 6.93 ppnfigure 32 The integral and splitting correspatbwith aromatic
protonsof the pyrazole ringcoupling to phosphorugdicating some level of ® bond

formation

Theintegral of the aromatic protons dms(diethylamino)phosphoryl pyrazol&3 relative to

other componentsas low. The triplet at 1.12 ppm that corresponded to the ethyskived
comparable intensity to the aromatic intensity, if the reaction had been successful the aromatic
region would have an intensity larger than that of the ethyl triplet. This inditegeresence

of large quantities of unreactéds(diethylamino)chlorophosphine raw material. The halegen
Grignardexchange was either unsuccessiubextremely low yieldingGiven the expense of
bis(diethylamino)chlorophosphine, an alternative route was sought for that would provide a

desired phosphoryl pyrazole.
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Figure 32: *H NMR spectrum representing the crude mixturbisfdiethylamino)phosphoryl pyrazole
33. The pair of split doublets at 7.00 and 6.93 ppm may indicate the presence of phosphorylated

pyrazole. These doublets are in low concentratiaromparison to the trityl peak region at 2830,
indicating a low conversion.
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2.2 Alternative pathway to phosphonate pyrazole

Onepossible routevas a reportedalladiumcatalysedirao phosphorylatiol58, 168) This

was initially avoided due to thiamited number of protecting groups availalite the final
phosphate produciThe initial plan was to generate proteiasd peptidesontaining the
protected phosphonopyrazole prior to deprotection and it was also planned to incorporate this
building block into an amino aci@®enzyl groups afford more opportunity for deproteciion

a peptide contextthey can be deprotected in standard HBB®S cleavage conditions
TFA(95%):H0(2.5%):TIS(2.5%)- and may then faciltate generation of Fmegrotected
phosphonopyrazoles for applications in peptide syrghesi

In contrast, theethylprotected phosphonate pyraz@g would require both the standard

cleavage cocktail and prolonged reaction with FBISo afford the phosphonate pyrazake

on a peptide. Moreover, McAllistet al.had found ethyprotected phosphonates troublesome
in deprotection reactions, providing a mixture of mqmotected phosphonates and

unprotected phosphonates even after substantial exposure t@iT(lI59)

Multiple attemptswere made to obtain thethylprotected phosphonapeoduct of the Hirao
reaction35. In the first instanced-iodopyrazole3l, diethyl phosphite, triethylamine and
triphenylphosphine were combined in anhydrous ethanol and heategCtavab subsequent
addition of catalytic amounts of palladium acetate. After heatimgflux with stirringfor 12
hours the solution was extracted in ethyl aceté@#OAc) and purification by column
chromatography iEtOAcwas attemptedsolated fractionsontained only triphenylphosphine
and diethyl phosphite. On a subsequent repeat the reaction was left to mix for 1dnueurs
reflux with minimal evidence of product formation and only triphenylphosphine, diethyl
phosphite and a small quantity ofigdopyrazole being recovered. The third attempt at
synthesis showed evidence of the producfTLC (EtOAc: R = 0.12) The success of the
reaction was dependent assiduousyacuum degassing and backfillimgth nitrogenmultiple
timesbefore heating &0eC for 22 hours. Isolation with column chromatography was achieved
by sequential elution witlethyl acetatehexane(1:9) to remove impurities anfthal elution

with EtOAc to obtain the product as a brown solid in a 67% yield.

Deprotection of35 in acetonitrile (MeCN) with TMS-Br at 5@C overnight produced the
phosphonate pyrazol8 (Scheme8). Purification was ahieved viaan initial trituration in

water: isopropanohowever only small quantities of product were recoverée tituration
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in water: isopropanoyjave awhite precipitateproductwhich was insoluble in MeCNThe
insolubility of the phosphonate pyrazoleMi@ CN wasleveragedsolatethe precipitateéhrough
recrystallisationgiving a 29% yieldA comparison of the starting materB and produc8
in D20 shows loss of ethyroups by*H NMR (Figure 33) and a shift of the phosphorus signal

in 3P NMR (Figure 34).

(C2H50),P(O)H, 0

/
| PPhy, PA(OAC);, Et0-R HO-P.
EtsN EtO TMS-Br HO
0 Y - / - /
N - N - N
N N
H H

-,

|’:j| EtOH (anhydrous) MeCN
60°C 50°C
31 67% 35 29% 28

Scheme8: Revised approach for synthesis of phosphonate pyr@#feom 4-iodopyrazole31.
Palladium catalysed Hirao reaction affords a-ste@ route to obtain ethplrotected phosphonate
pyrazole35 and subsequent reaction with TNBB affords the desired product

69



28 35

R N

~ & ‘

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
13.5 13.0 12,5 12.0 11.5 11.0 10.5 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05 -1.0

Figure 33 *H NMR in DO, product phosphonate pyraz@@spectrum shows no ethyl peaks at 4.18
4.11 ppm (CH) and 1.32 ppm (Ck). Pyrazole protons appear at 8.06 ppm and 8.08 pppiémphoryl
pyrazole28 and ethylprotected phosphonate pyraz8krespectively.
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Figure 34 3P NMR in DO, comparison of phosphorus shift for etpybtected pyrazole85
(17.87 ppm)and deprotected phosphoryl pyraza8(8.37 ppm).
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2.3 Generation of Dha-containing peptides

2.3.1 Generation from phosphoserine (pSer)

Having synthesised a phosphonate pyrazole analogue of phosphohisjethieesion of
dehydroalanine (Dha) on model peptide substratand protein was requiretb test the
potential forthe analogue to perform nucleophilic additiam these contexts leading to

production of an analogemontaining peptide and protein.

The initial plan was to forrhafrom eitherphosphoserine (pSeoy cysteinan an expressed
protein For more complicated proteingotentially contaring multiple cysteine residues),
chemoselective formation of Dha from a specific cysteine residue D&Agwould not be
possiblen the presence of multiple cysteine residuesaffecta specific substitutigrall other
cysteine residues would have to be mutated out of the expressed @oteonly then could
Dha be generated followed by the desiredssitition. Potentially brming Dhafrom pSer
circumvents this challengbut insteadrequires site-specific incorporation of pSer at the
histidine site.

There is precedent for this synthetic pathwagrk by Rogersoet al. has shown it is possible

to incorporate phosphoserirand its norhydrolysable analoguéento a proteinusing an
orthogonal synthetase/tRNgair that complement a stop cod@t69) This operateghrough

use of an @hosphoserytRNA synthetase (SepR3ssociated with the formation af
cysteine tRNA In methanogenic archaesuch apSertRNA®Ssca is converted to Cys
tRNA®Ssca by an enzymeSeptRNA-CystRNA synthase (SepCysS(L70) In other
organismsthe SepCysS enzyme is not present and thereforelRNE& will not be converted

to CystRNA enabling incorporation of pSgi70) The specific aminoacylation of the
tRNA®YSsca with pSerby SepRS was adapted by alteration of the tRNA sequamta@don
(GCA transplanted for CUAp direct pSemsertion(169)in place of the Amber stop codon.
Using this system, substitution of requisite histidine codons with the stop codon would enable
site-specific incorporation of pSer at the desired sites which following conversion to Dha would

enableinsertion ofthe stable analogue.

The second step of this potential scheme has been exempliff@hbet al. whodemonstrated
pSerconversionto Dhain vitro with a modifiedhistone H3 and an alkaline sourdé@H,
Ba(OH), Sr(OH}) to assist with phosphate labili¢¢65) Under the alkaline conditions, the
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U-carbon proton is extracted leading to double bond formation and elimination of the phosphate

group from theb-carbon(Scheme9).

0o _® |_ioSH(,O|3|:a|)(OH)2
~ or or 2
600 DTT
= S
AN 1 N
HP o H o
“oH

Scheme9: Conversion of pSecontaining protein to DRaontaining proteirf165).

An initial simple peptide sequen&® was used as a test pSer peptide sequence for synthesis
compiised of mainly alanine residues with a lysine to assist with solubility and a tyrosine
residue to aid in HPLC purification.

Initial synthesis of this pSereptidewas attempted with a peptide synthesiser using DIC and
Oxyma Pure as coupling reagents. Tpresented clear challenges, whil€MS analysis
indicated the presence of ttiesired pSepeptideproduct36, this was accompanied by a major
contaminant in the form of thperidinyl alanine peptidg7, formed bymicrowavepromoted

substitutionof piperidinefor phosphateuring peptidesynthesig171)
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Figure 35: Structure of test substrate for converting pSer to Dha on a peptideY KApSA-NH; 36
andb-elimination byproduct37.

PiperidinecatalysesFmocremoval during FmoeSPPSvia duataction asboth a base and
nucleophile, deprotonating the fluorenyl ring of the Fmoc gréeguds to subsequent
deprotection of the MNerminal amine and sequestethe dibenzofulvenebyproduct.
Piperidingd s  a boiabstractyweakly acidic protons problematic during synthesis of
phosphopeptidessince piperdine can remove a proton from tkhkcarbon of the pSer
component of the peptide leading aoDha residug and, in an analogous manner to the
scavenging of dibenzofulvenienact as a nucleophile to Dha to generate piperidinylalanine
(Figure 36).
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Figure 36: Mechanism for deprotection of Fmoc by piperidine in F8&¥S and removal &F
elimination on phosphoserine to generate dehydroalanine followed by addition of pipéticiEr4)

Use of the monobenzgrotected pSer buildinglock (FmocSer(PO(OBzl)OHOH) is
reported taeduce the effect of thig-elimination mechanisr(il75), however it appead that
cautionwas still advised where microwavraediated couplingvas involved as this promade

the unwanted side reacti¢h76, 177) which may explain the observed substitution in the
microwaveassisted peptide synthesis with this building bld¢le monobenzyl building block

also presemtd additional challengesyhile the free hydroxyl group on the phosphonaiald

be deprotonated by piperidine which rediidbe favourability of theb-elimination by
increasing the charge density on the phospliat®), its deprotonation lads to formation of a
piperidinium salthatis not removed during washing leading to reaction of piperidittethe
nextactivated amino acifL78) A subsequent attempd generata similar peptide substrate

38 was carried out using a manual synthesis prottavoid themicrowavepromotedb-
elimination byproductHCTU and DIPEA were also &d to effect the pSer coupling in line

with a literature study showing more complete conversion irDi@ mediated coupling
(178) all othernonphosphoamino acidouplingsin the peptide sequeneeere perbrmed

using DIC and Oxyma Pure. In anticipation of challenges producing a pure peptide, due to
potential side reaction, tyrosine was replaced with tryptophan to enable easier identification of

the product on UMHPLC due to the higher extinction coefficiaittryptophan.
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In this repeat, \@dence of piperidinyllanine formation was not apparent by HRMS analysis
which showed a characteristic {M]" = 738.297 peak corresponding to the desired peptide.
However, HPLC analysis indicated only 37% purity with the presence of impurities including

a major impurity with a mass of 610.201 corresponding to the peptide se@8anithout a

lysine residue. The formation of a piperidinium salt may have explained a missing alanine
residue adjacent to the pSer residue, but the presence of a significant portion of the peptide
missing a lysine residue is harder to rationalise but nhigltlueto co-ordination of thealanine

N-terminus with a negatively charged phosphate group at this step of the reaction.

WNJUYM LW i

38

Figure 37: Structure ofAc-GWKApPSA-NH; 38 the second substrate synthesis attempt for producing
Dha from pSer on a peptide substrate.

Synthesis of pSer peptides provided significant challenges and whilst the potential of the pSer
Dha pathway as a means to produce probes containing the phosphonate p@razcleery
interesting, parallel work on the production of Dha on cysteine in peptidesdonoere

successful soysteinebasedpeptides were prioritised in lieu of working with pSer.

76



2.3.2 Synthesis of gsteinecontaining peptides

The strategy for incorporating the phosphonate pyrazole moiety imtgsteinecontaining
protein was based on a method by Da¥ial.for functionalising proteins through sitérected
mutagenesis to exchange histidiB® with cysteine 24 followed by generation of a
dehydroalanine residue and subsequent additiomidézole and [1,2,4{riazole to formiso-
histidine and azaishistidine 40 respectively(164). Reproduction of thismethod on a
degenerate peptide sequence containing cystainforming Dha and incubating witthe
phosphonate pyrazolanalogue 28 was theorised to produca peptide containing a
phosphohistidine analogdé.

/7 ~NH />)\(
N site-directed HS Dha formation N\\/N
mutagenesis and addition
A e S
N N b
0] (0]
39 24 40
O

1/
HO-P
HO \
s N
N p/
HS H }8’ \
(0]
DBA 28 o0 0o
ﬁ\”:LTrk F\NJLTrE F\H/[%r%
(@) (0] (@]

24 27 41

SchemelO: Formation of protein containing isohistidid® from mutated protein containing cysteine
247 method by Davigt al (164) Theapproachn this workemulatel themethodby Daviset al. but
aimedto substitute phosphonate pyraza&into the protein to form probeH, 2,5dibromoadipamide
(DBA) wasthe reagent of choice for conversion of cysteine to Dha in keeping with work by Morrison
et al (166).

Generatbn of Dha on a protein sequencentaining cysteineequires dibromoadipamid®5
(DBA) which wassynthesised by the method showrBichemell as previously reported by
Morrisonetal. (166). Briefly, the adipic acigvas converted to his-acid chloride intermediate,
which was subsequentli#brominated before quenching of the intermediate aftimonium
hydroxide to form the target diamidelH NMR analysis indicated the presence of
dibromoadipamidaliastereomers, in keeping with the literature the grey solid was used in

subsequent attempts to generate ()
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(i) SOCl,, 80°C (reflux)
(ii) CCly, NBS, HBr, 80°C
o O Br

(iii) NH4OH (35%), 0°C
OH . NH,
HO > H,N

(0] Br (0]

42 25

Schemell: Reaction proedure for the synthesis obXdibromoadipamid25 (DBA) from adipic acid
42.

Two test peptide sequergeontainingcysteine residug which could be incubated with 2,5
dibromoadipamide25 to test formation of Dhavere generated via solid phase peptide
synthesis The first peptide sequence was-&¥KACA-NH: 43. Following confirmation by
presence o4 single specig+H]!* = 653by LCMS analysisa second peptic#4, based on
the sequence flanking His18histone H4(Figure 38) was generatetb test Dha formatiom

a more complex contexthe sequence was similarasubstrateised by Keet al.to produce
pTzahistone H4 probegl47).

NH
SH
0 e e Pe
)J\N/\[]/N\):j\[‘/N\)J\N/En/N\)J\NHZ
H o = H 0 = H o H

OH
43
NH, NH,
\NH SH
H (@] H (0] H (@) H (@] H (@] H (@) N (@)
N N N N N N N
AN AR IR AR AR AR,
H : H I H : H E : H z
o] O, o - o] o] 0 _~_ o]
o L g
NH NH NH
HN” “NH, HN”" "NH, HN” “NH,
44

Figure 38 Structure of test peptideAc-GYKACA-NH: 43 and a peptideegment of théistone H4
sequencd4, with additional Nterminal acetyglycine and tryptophan, serine rapés the position of

a cysteine(to prevent cyclisation product formation and chemoselectivity issues with DBA) and
cysteine replaces histidine. Based on sequences used by Kébd&)al
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Having successfully produced a test peptide sequéBemd a peptide sequence analogous

with a sequence diistone H444, Dha formation was attempted

Ac-GYKACA-NHz 43 was incubated witi CEPin water, toreducecystines; andthe reduced
peptide wasubsequentlynixed with DBA 25 in DMF and KCOsz was addedThe reaction

was heated to 3Z with shakingat 200 rpmandconversiormeasured at hourly intervals by
LCMS, after 2 hours LCMS confirmed presence of [M¥H] 619 corresponding to the Dha
containing peptide displayed Figure 39. The quantities used at this stage to achieve the
conversion of cysteine to dehydroalanine were relatively large, however subsequent attempts
to generate Dha on a smaller scale were unsuccesgditheproduct{M+H]* = 619 peak was

not observed.

NH,
O H 0] H 0] H 0]
PAPNE N_QkNJWNQLNHz
H § = H & = H § :

OH
45

Figure 39: Ac-GYKACA-NH 43 with DBA 250n a 3&C incubator at 200 rpm had shown complete
conversion to A€&GYKADhaA-NH; 45as indicated by the presence of the product [M*+519 peak.

Attempts were also made to generate Dha ohittene H4 analogué4, butconversion to the
Dha-containing species wagot apparent after 3 hours at 3, 200 rpm, the cysteine
containing peptide was the predominant species as indicated by [M+4HB90 and

[M+3H]3* = 520.Extracted ion chromatograms dittlicated soméevel of conversion to the

Dha-containingspecieshut its presenceould not besubstatiated by HRMS analysis.
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2.4 Addition of heterocycles to Dhacontaining peptides

Following the successful production of A8YKADhaA-NH: 45, addtion of 4-iodopyrazole

31 to this Dha-containing peptidevas conducted by incubation of equimolar amounts of
4-iodopyrazole with peptidd5 in sodium phosphate (50 mM, pH 8) 37¢C, as shown in
Schemel2.

NWN\)T\/%\/ \)L JH( \)LNHZ - N/}(N\)L \)L %( \)LNHZ

OH OH
45 46

Schemel2: Nucleophilic addition of 4odopyrazole31 onto Dha in AeGYKADhaA-NH; 45.

Unfortunately, this substitution did not succeed, initialjiodopyrazole (75mM) was
incubated with the peje solution(75mM) but after 4 hourd,CMS analysigndicatedonly

the [M+HJ'* = 619 peak, 4odopyrazole had not reacted. In an attempt to force the reaction an
additionalquantity of4-iodopyrazole(1.05M), was added and the incubation continued for 1

hour, but the target mass could not be detected.

As stated above, production of the Bdwntaining peptide was inconsistemb simplify the
analysis by ESMS (and to reduce potential variation in ionisation as a result of the chemical
changes) a model protein was instead used as a substrate for Dha foamddiorodelprotein
(anaffimer) containing a single cysteine residue was available in the laboratory for this purpose
(provided by T. Kaminski)DBA and KCOz were prepareds4.06 mM solutions. They were

mixed with the affimer (40.6 uM, 150 uL, 1.¢@nd DBA (150 uL, 100 eq.) anc®Os (15

uL, 10 eq.) and incubated ateg7 After an hourthe affimersolution was analysed by HRMS

to check for conversion of a cysteine residue to Dha. The presence of a 17181 Da peak indicated
completeconversion to the DReontaining affimer. The Dhaontaining affimer was buffer
exchanged into sodium phosphate (50 mM, pH 8) and subsegsigntboncentrated followed

by incubaton with heterocyclic compounds to test for substitution.

Five independent reactisn(200cL) consisted of midazole, pyrazole, diethyl phosphonate
pyrazole, ethyllH-pyrazole4-carboxylate and 1kbyrazole4-carboxylicacid (500mM with

the Dhacontaining affime (50 eM)) wereincubated at 2& for 3 hours
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Imidazole and pyrazolkoth addedo the Dhacontaining affimer in alignment with work by
Daviset al.(164). The substituted pyrazoles were used as benchmarks to assess the likelihood
of addition to the Dhaffimer by phosphoryl pyrazoles. In all cases, addition was not observed
by the substituted pyrazolé3verall conversion of the dehydroalanine to substituted molecules
on this timescale was podFigure 40). Imidazole added onto the Dha affimer to generate
~30% product on a -Bour timescale, but pyrazole added much more slowly (<10%
conversion). While it was hoped that the electron withdrawing groups isubstituted
pyrazoles would promote addition onto the Edmmtaining affimer, diethyl phosphoryl
pyrazole showed no addition and neither did the other pyrazoles tested as additional substrates:
ethyl1H-pyrazole4-carboxylate and 1kbyrazoled-carboxylicacid. Given the predicted
extended times required for reaction, this suggestedhibaroposed approach to generation

of phosphohistidine analogues would not be feasible for implementation to incorporate pHis

analogues as planned.
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Figure 40: Anti-CTB affimer3A2 with mass 17216 Da is modified by reaction with DBA to generate
modified antiCTB affimer 3A2 with Dha replacing a cysteine residue with mass 17182 Da. Subsequent
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incubation of the Dhaontaining affimer (buffer exchanged into sodium phosphate 50 mM, pH 8) with
imidazole @A) and pyrazoleR) generate substituted affimer species with 17249 Da.
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2.5 Conclusion and Future Outlook

Pyrazolewas a more suitable mimic for phosphohistidine than triazdlased on DFT
calculation and antibody crossactivity. As such,investigation intohow pyrazole may be
incorporated into peptide and protein structures was a worthy pursuit to produeaaiptis
proteins and peptideSynthesis of phosphoryl pyrazole proved challengmgmnain goal lay

in synthesising the analogue in a way such that incorporation into a peptide or protein would
be straightforward, particularlyn regard toremoving any protecting groups on the
phosphonate. This led ta focus on benzyprotected phosphonate routes, but given the
challenges faced here, the Higglwosphorylation was resorted &ven if this method did leave

the challenge of removing ethyl protecting groups from the phosphonyl pyrazole with TMS
Br.

Despite challenges with the synthesis of phosphoryl pyraadesynthesis was eventually
achieved To meet the aims of this work, the phosphoryl pyrazole needed to be incorporated
into a protein/peptide throughcubation witha Dharesiduein accordance with methodology

by Daviset al.(164) Unfortunately, despite successfully generating a-@rdaining peptide
(modified CTB affimer 3A2), addition to this peptide was only significantly observed with
imidazole to generate an isohistidine affimer and to a lesser extent with pyrazole. The

subgituted pyrazoles showed no evidence of addition to the modified affimer.

While incorporation ophosphoryl pyrazole into protein structures seepwdntially feasible

The slow rate of additionf these pyrazoles to Di@ntaining peptideked to the termination

of this part of the project at this poilwithout the ability to incorporatde pyrazoleanalogue

of pHisinto a structure the hope of generating these proteinshmaisated.Thisinvestigation

into pyrazole acts as a cautionary tale against attempting to incorporate substituted small
molecule analogues of phosphstidine on Dha sites as a future means of making chemical

probes.

Although small molecule incorporation via incubation with Dirsas not successful in this
work, it is possible that through testing of a wider range of temperature conditions, pH optima
and use of different buffer systems and bases, the rate of pyrazole addition to the Dha affimer

could be expedited.

Another path that would be interesting to pursue in the future would be the production of

reactive phosphonatgyrazolyl alaninecontaining peptide probes. If the pyrazole analogue
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were incorporated into peptides with reactive handles, it may serve as a useful tool to

investigate cell extracts.
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3 Generation of reactive pTza analogues of phosphohistidine

The widespread identification of phosphohistidisigesin proteinsin the last 15 yearaias
contingent on synthesis of stable analogues of histidhieh mimickedthe phosphate post
translational modificatiorf147, 159) To a large extent, this was sinteese stable analogues
enabled the production of selective antibodies for phosphohistdimaining peptides and
proteins(25, 156) The aim of thigart of theproject was to create reactive probes that could
beusal to identify phosphohistidine (pHiinding partners. The initial objective was to adapt
previously produced stable analogues of pHis, such as phosphonate pyrazole and triazole, to
generate reactivanaloguesWhile the pyrazole motif appeared to more accurately mimic the
structure of the histidine imidazole than the triazole heterocycle (based on antibody cross
reactivity) the synthesis of this motif pfided a significant challenge Therefore, whilst
exploring the potential for prodtion of pyrazolebased probeslescribed in Chapte2, a

means of producing a reactive triazole pHis mimic (pTza) was sought.

The basis for thianalogualesignwasthe presence of a catalytic histidine residue in the active
site of the known phosphohistidine phosphatases: PHPT1 (H53) and BGALD5).1n the
characteriseghosphohistidine phosphatagsdence showed that phosphate is transferred to
histidine residuesTheoretically, if @ analoguevere to be designed that inteettvith the
nucleophilic histidine on ghosphohistidine phosphatase, aheé analoguecontaired a
reactive electrophilic group, thahaloguecould @mvalently bind the phosphatase whitiay
enable downstream identification through a proteomics workflberefore, a means of
generating electrophilic binding capability was soughtadriazolebasedphosphohistidine

analogue.

Inspiration for creatingeactivity onphosphonate emerged from work by Craeatal. (179)
who developed electrophilic fluorophosphoratebes for capturing serine hydrolagegure
41).
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Figure 41 Example of a pTzgontaining reactive probe peptide, with fluorophosphonate functionality,
the electrophilic group can be used to selectively buncdeophilic(Nu) residues obinding partners

that interact with the specific peptide substrate. Subsequent MS fragment analysis could lead to
identification of binding partners.

One oftheinitial proposalavas the production akactive pTza probe#t wasrecognised that
to generate the fluorophosphonate functionality in the Cratgdt fluorophosphonate probe
(179), an orthogonally protected alkyne phosphonate precusalid be neededlhe existing
literature covers methods for producing disubstituted alkyne phosphoifratese 42),
phosphonates with mixed substitutiomere targetedto facilitate formation of the

fluorophosphonate group.

\ \ O\ \
“p-OEt ‘p—OH “p-OEt “p-OEt
I:)\ \ \ \
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//N //N //N //N
Previous Work Aims of this work

Figure 42: Outline of the aims of this work against previous waklaptingpre-existing analogues
Diethyl-protected pTza incorporated into a peptide is used as an exampleetifydglibstituted pTza
used in prior work by Keet al. (147) In that work, the diethyl pTza was a precursor to el 2a
analogue of pHis and subsequently used for antibody generatidnisiome H4 sequeng@47). This
work a@medto produce mixed phosphonates as precursors to fluorophosptionetienality which
couldbe usedto bindnucleophilic interactors the same fashion as Cravgt79)
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3.1 Generation of novel mixed phosphonate alkyne as a pTza precursor

Previously, routes have been repottethfor the synthesis of diethydrotected pTzaScheme
13) and dibenzyprotected pTzaJchemelb).

Diethyl ethynyl phosphonat9 can be produced by via a Grignard reaction of P(V) diethyl
chlorophosphate48 with ethylene magnesium bromidd7. Subsequent coppelick
cycloaddition generates an etiprotected pTza analogue of phosphohisti&i@erhe reliance

on existing chlorophosphates, such as diethyl chlorophosgBdimits the scope of this
reaction. Additionally, McAllisteet al.found that ethyl protection on the analog@greatly
limited the scopéor incorporationinto a peptide given thathyl protectioris not compatible

with typical cleavage conditions and would require additional orthogonal deprotection with
TMS-Br (159)

Attempts to replicate the synthesis of diethyl ethynyl phosphd®aenerallyresulted in low

yield of the desired product&ddition of ethynyl magnesium bromidé7 to initial clear
solutions ofdiethylchlorophosphate to generat® as outlined inSchemel13, would yield
reactions mixtures which darkenéwmm light brown to black with some solid particulate
suspensionisolation ofcrude oil showedhepresence of a 162 [M+Hkignal, corresponding

to the desired diethyl ethynyl phosphond®eas well ashe observed presence of ethyl peaks
and a large splitting corresponding to the phosphorus coupled alkynyl proton. However,
column chromatograph(hexane: ethyl acetate (1:1)), Rf = 0.Z®rfsistent with literatuje
yielded the product asa@lourless oilin only 3% yield (based oA'P NMR analysis)lt was
hypothesized that polymerisation of the reagents (due to disproportionation of the ethynyl

Grignard reagent to acetylene and lieGrignard reagent) was limiting reaction. However,
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dilution of the reaction conditions (l#¢fold) led to lower overall reaction and no product was

isolated from this attempt.

?
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Scheme 13: Synthetic route for diethyprotected pTza analogue0 of pHis based on work by
McAllister et al. (154)*yield based orf'P analysis of crude product mixture in attempt at replicating
this synthesis.

Synthesis o#9 via the TMSprotected alkyné1 was also attempted. In this case, was
obtained from TMSprotected acetylene via deprotonation withMgCl and addition of
bis(diethylamino)chlorophosphin@wo equivalents of ethanol and ETT were added and after
an hour of stirring, the mixture was oxidised a4 and extracted in ethyl acetate. Column
chromatography in hexane: ethyl acetate (2:3(R.44) gave the TM$rotected compound

53 in a yield of 0.55mmol, ~14% vyield based on impurities remaining*h NMR. The
TMS-protected alkynes3, was deprotected by mixing wittetrabutylammonium fluoride
(TBAF) at &C in THF: HO (1:1). After 3 hours the crude mixture was extracted in ether and
the ethereal layer was concentraiteddacuo The crude oil (44ng) was however lost during
column chromatography in hexax ethyl acetate (1:1) {R 0.2), likely due to its relative
volatility leading to loss via cevaporation with solvent, a common problem throughout this
synthetic campaignTherefore, more reliable methods for producing stable pTza precursor

alkynes were sought.

i) ipr-MgCl /\N/\ i) EtOH, ETT o
II) ClP(NEt2)2 ! II) H202, N328205 1]
P< PO P<
—_—
TMS THE TMS K MeCN TMS
51 52 14% 53

Schemel4: Synthesis of a TM$rotected diethyl ethynyl phosphon&t&from TMS acetylen®&1 via
tetrazolemediated substitution ontas(diethylamino) intermediatg2.

Dibenzytprotected pTza6wasgeneratedia thedibenzyl ethynyl precurs&@8 (Schemelb).

This route was based on work by McAllistet al. where a dibenzyl ethynydpecies was
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produced and reacted with azidoalanine to form the bewpyécted pTza analogue of
phosphohistiding159) Under an N atmosphere, TIP&cetylene wasleprotonated by the
addition of P-MgCl before addition obis(diethylamino)xhlorophosphine to produteeP(lI1)
intermediatéb5. Following removal of the solverfTHF) in vacuoand addition of MeCN, the
P(Ill) intermediatewas converted to the P(V) intermedi&é by addition of tetrazole and
benzyl alcohalfollowed byoxidation with HO». TIPS-protected dibenzyl phosphon&®@was
producedn 13% yield (from TIPSacetylené4). The TIPS group was removed widtrabutyl
ammonium fluoride (TBAFj)o obtain compoun88in 44% vyield.

The dibenzyl ethynyl phosphonat&8 (1.2eq.) was subsequently reacted with Fmoc
azidoalaning(1l eq.) in a coppeifcatalysed click reactiowith CuSQ (0.1eq.) and sodium
ascorbate (0.8q.) in THF: HO (1:1). The reaction was stirred at ro@mperature overnight

The solvent was removed vacuoand the residue was washed with,G@; (10%) and
ethereal washes. The aqueous layer was acidified to pH 1 with HCI (conc.) and washed with
EtOAc. Concentration of the organic layer providiee dibenzydprotected pTzanalogue of
phosphohistidind 6 in 66%yield.

i) iPr-MgCl QBn
ii) CIP(NEt,), P(NEty),  BnOH, tetrazole P<
= ’ = OBn
TIPS —_— TIPS/ —_— TIPS/
THF
54 00 55 MeCN 56

H,0, (30% wt) | *13%

O
BnO-p
BnO >§\ Fmoc-azidoalanine 0
N CuS0y,, Na-ascorbate I a
< _N 4 P< TBAF P<
N _~~1"0Bn _~"1"0Bn
~~ OBn ~ OBn
Fmoc-. OH <~ H/ - TlPs/
” THF
o) THF: H,O -78°C
16 rt 58 44% 57

66%

Schemel15: Synthetic route for dibenzyl pTza analogue of pthosgstidine 16. Production of a
bis(diethylamino) specie85 enables tetrazolmediated substitution of alcohols onto P(lll) species
before oxidation to form protected phosphonate prec@&adsubsequent coppelick addition of the
dibenzyl ethynyl phosphona®8with azidoalanine produces dibenpyotected pTzanalogue of pHis
16. The yields represent quantities obtained when reproducing rihetes. Yield based on starting
limiting reagenCIP(NEt,), from the initial step.
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Having reproduced the described synthetic rodtesethylprotected $cheme 13) and
benzytprotected ethynyl phosphonaté€Scheme15), production ofa mixed benzyethyl
protected alkyne phosphonateas attempte@Schemel6). Given the successful synthesis of
the dibenzyl ethynyl phosphond&8using the tetrazolenediated substitution, the method was
adapted to enable mixed phosphonate production. Thifinsiaattemptedhroughaddition of

1 eq. alcohol and 1 eq. tetrazole to the P(lll) intermedi&tdollowed by 1 eq. of a distinct

alcohol to the intermediatsb to producehe mixed phosphate ester.

As before TIPS-acetylenes4 was deprotonated usifgr-MgCl andCIP(NEb). was addedo
generate the P(lll) speci€shb. This species was not isolafedoncerned about possible
degradation or premature oxidation if exposed to the atmosphere. Therefbreas removed
using aSchlenkline and dry acetonitrilevas addedBenzyl alcohol1 eq. to TIPSacetylene)
andtetrazole(1l eq.) were added and the reactdiowed to stiunder N at room temperature

for an hour, before the addition of additional equivalent eachof ethanol and tetrazole
followed by stirring for an houThe TIPSprotected benzyéthyl mmpounds59 wasisolated
togethemwith TIPS-protected dibenzy$8 and diethyl ethynyl phosphonat48in a 0.6:1:0.3
ratio (as determined by analysis of the mixture®® NMR, Figure 43). The three species
wereinseparable by TLChowever since the free dibenzyl ethynyl phosphonate and diethyl
ethynyl phosphonate are separable the mixture was incubated with TBAF to yield the free
alkynes60, 58 and49. Column chromatography inexane:ethyl acetate (3:7)ieldedthree
distinct sgeciesRs = 0.35, R= 0.43 and R= 0.52 corresponding to the dietlpthosphonate

49, benzytethyl phosphonate60 and dibenzyl ethynyl phpfionate 58 compounds
respectivelyWith the desired mixed phosphonate alkgfdeing obtained in 23% vyield.
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i) Pr-MgCl NEtz
CIP(NEt,)
y ii) 2) “NEt,
TIPS/ THE TIPS/
54  0°C > RT 55

i) BnOH, tetrazole MeCN
ii) EtOH, tetrazole 0°C _)Y RT
II) H2O2, N323205

0
P TBAF
1 OB OB
Z o« TIPS/O “
g0 THF:H,O (5%) 59
23%
I O
1 0B N
Z O " Lok
58 49

by-products

Schemel 6. Pathway for the production of alkynyl phosphonates from Jd88yleneb4 generating a
phosphoramidite intermediab® that can be substituted with alcohols (Bn@itl EtOH) to generate a
protected benzykthyl ethynyl phosphonat®. Subsequent silyl deprotection with TBAF generates the
benzytethyl ethynyl phosphona&o.

Curiosity regarding the preference of phosphonate formation for dibenzyl, diethyl or ethyl
benzyl species led to investigation into thechanisnof the reactionThe initial hypothesis
wasa statistical argumenthat a monobenzyl phosphoramidite intermediate wéarch on
addition of benzyl alcohol, with théis(dialkylamino) species being moreeactive and
therefore more likely to convert to a monobenaylonodialkylaminointermediate. When
ethanol was added the monobenzyl would then form the mixed Ibethgy phosphorte
leading to a majority ofhe mixed phosphonate product. To test tmgothesis, the reaction
was performed witlconcurrentaddition of benzyl alcohchnd ethanolto complement this

initial sequential reaction.

Following the concurrent addition of benzyl alcohol: ethanol (1:1) to the P(lll) intermediate
55, 3P NMR analysis showed predominant formation of the statistically favoured mixed
product Higher quantities ofdiethyl phosphonatevere present,and the minor product
appeaedto be dibenzyl eynylphosphonat€Figure 43). This is in contrast to the sequential

addition where a majority of the dibenzuibstituted product was formed.
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Figure 43: 3P NMR of crude benzytthyl ethynylphosphonatsynthesis mixture. Displaying the

intensities of TIPSrotected dialkyl alkynyl phosphonates in the samples after sequential addition of
benzyl alcohol and ethanol and concurrent addition of both alcohols.
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Figure 44: Outline for conversion of diamino intermedi&®&to benzylethyl ethynyl phosphadte 64
through monalkyl intermediats 61 and 62. The numbersabove the arrowblue, sequential; red,
concurrent)represent thetheorisedfavourability of the product formatiofl = most favoured
conversion)

The two experiments suggest that the monosubstituted phosphoramidite intermediate is more
reactive than the starting materiahd that ethyl substitution is favoured over benzyl
substitution.The monosubstituted phosphoramidite is likely more reactive due to the steric
accessibility of the phosphorus atom; the ethyl or benzyl group is smaller than the diethylamino
groups of the starting material and this likely makes the monosubstituted prevsptite

more available for further substitution than the digthmgamidite. Sterically, the argument
also suffices that ethyl is a smaller side chain than benzyl and thus a
monoethylphosphoramiditerould react more rapidly than a monobenzylphosphoramidite,
hence diethyl substitutiomasmore probable than dibenzyl substitution when both possibilities
were available. An electronics rationale may be available by assuming the pKtheof
diethylamine conjugate acid (~1i)odels the diethylamino groupsdiphosphoramidite and
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monophosphoramidifeandthe pKa ofethanol (~6) andbenzyl alcohol(~15.95 accurately
depict their respective groups (ethyl and benZite amino groups of the diphosphoramidite
starting material and monosubstituted intermedmataemore acidic than the alcohol groups,

as such, substitution with alcohebsfavoured with ethyl substitution being more stable than
benzyl. The steric and electronic favourability of ethyl substitution provides a challenge for
optimising the vyield of a benzdthyl mixed substitution product. This emphadiske
significance of controlled addition of the alcohol reagentgptimisemonobenzyl formation

prior to addition of ethanol to maximise bengyhyl yields.
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3.2 Generation of orthogonally protected phosphonotriazoles

Despite not being able to generate 100% vyield of the desired mixed benzyl/ethyl ethynyl
phosphonate it was possible to readily isolate the desired mixed specaporation othis
precursoto generate a phosphohistidine analogue was then investiBaiepTza(OBnOEY

OH 66 was generated via reactionl#nzylethyl ethynylphosphona&0 with Boc-protected
azidoalaninevia Cu-catalysed clickeactionwith CuSQ and sodium ascorbate 60% yield

The produced pTza compousd was coupled to glycinamideith Oxyma Pure, DIC and
DIPEA, outlined inSchemel?. The objective was theto biotinylate this structurtor use as
apulldown probe.

Unfortunately,the polar coupled compoun@6 was notisolable by column chromatography
andcould only be eluted from silicasinghigh concentrations of methanol >10% to salvage
the coupled produdeading tocontamination of the product

0,
p -OBn p-OBn

l/< OEt OEt

0
'|:|> a
= 1°0Bn ——> OH
~ OEt 60% BocHN/g( BocHN JJ\NH2
o)

60 65

Schemel7: Conversion of benzygthyl ethynyl phosphona&0to BocpTza(OBNnOEHOH 65via Cu
catalysed click wittBoc-azidoalanineCuSQ and sodium ascorbata). Compounds5 wasused as a
building block for coupling to glycinamideith DIC and Oxyma Pure () generate a larger compound
66.

After loss of the Bogrotected benzykthyl building block65 an alternative possibility for
coppercatalysed click of the benzgithyl alkyne60 into an azidoalaninreontaining peptide

was consideredAn azidoalanineontaining peptidé7 (82 mg, 0.21mmol) was produced by
manual FmoeSPPS in 97% yield (purity unknown) and a diagnostic [M+HB86.04 peak

was detected by LCM3eptide67 (1 eq.) was mixed with benzdthyl alkyne60 (1.2 eq.)

with Cul and sodium ascorbate in THR:0 (1:1) overnight. Theolatiles were removenh
vacuoand extraction was performed in ether. The ethereal layer was concentrated, and the
peptide was resuspended in water and lyophilised. Pdéi&idas obtained (6&1g, 0.11mmol)
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in a 52% yield (purity unknown). Analysis by mass spectrometry showed a [M+#61]0.2501
peakcorresponding to the coppelick product peptidé8.

P<
// I “OBn EtO. g
OET Bno/P
60 (QN
Cul

N—
Na ascorbate N

N3
e e
HzN/'\gN\)J\H%N\g)L”/\gNHZ it \)LN/\[rNHZ

(1:1)
67 52% 68

Schemel8: Coppercatalysed click, combining benzgthyl ethynyl phosphonat®0 with a simple
azide containing peptidg&7 to produce a pTzaontaining peptidé8s.

The original strategy would have been removal of the benzyl grou@8dn generate a
monoethylphosphonatethis compound would then have been converted to an ethyl
fluorophosphonate as reported by Craeatl. using diethylaminosulphur triflouride (DAST)
(Schemel9) (179)

—-OBn N \/F
K< OEt K< OEt OEt
TFA DAST N
-------------------- - \lfj
AP Ny f( N LN
H
69 70 71

Schemel9: Proposed route for conversion of a beratflyl pTzapeptide69 to a monoethyl pTza
peptide70and subsequent conversion to a fluorophosphonateeftaer1 using DAST.

To generate a monoethyl phosphonate pTza, pefi#ievas treated with a standard
deprotection cocktail oTFA: TIS: HO (95:2.5:2.5) for 3 hours at room temperature. The
volatiles were removedn vacuo and the residual oil was purified by anion exchange
chromatography (€epharose FF) in an increasing gradient of ammonbicarbonate
(0-50mM) the eluent was assessed by mass spectrometryelutirig fractions showed no
further evidence of the monoethyl pTza peptit® The monoethyl pTza peptide2 was
detected at [M+NH|" = 536.2 but there was significant-etution throughout the gradient with
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another unidentified impurity (6870a). The purest fractions from the ion exchange column,

from higher ammonium concentration elutipresulted in a low mass of peptid2 (>1 mg).

EtO EtO
N ;o ~ ,/O
Bno-F ©o-P
(SN ///
g 9 N\|.’\|l 0 TFA:TIS:H,0 H © N\H 0
N N NH N N NH
km ot — Lm eyt
0 : 0 0 o °: 0
68 72

Scheme20: Conversion of benzygthyl pTzapeptide68to monoethypTzapeptide72 as precursor to
fluorophosphonate.

In addition tothe low yield of peptide,tiwas determined that this route was not suitable for
further derivatisation to generate a pulldown probe due to the challenges in generating the
required fluorederivative. The concern here was the limitatiomf producing the
fluorophosphonate functionalitwith DAST which may havefluorinated the hydroxyl on a
deprotected phosphonate well asleprotected serine, threonine or tyrosimkich would have
created offtarget reactivity in a probe peptideroduction of the fluorophosphonate (FP)
functionality on the analoguerior to incorporation in a peptide was not feasible due to the
instability/reactivity of the FP functionalitjyinctionalityneededo begeneratedandthe probe

usal immediately.Therefore, his routewas never taken any further duethe realisation of

challenges associated wigotentialindiscriminate fluorination by DAST.
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3.2.1 Generation of Phenytmodified pTza analogues

A potential alternative to the direct conversion of the ethyl phosphonate monetstestead

generate the fluorophosphonate from phenyl substituted phosph(®etiese21). A similar
reaction was repor t e 183 Vhendldercondittors af thiés nedctioh o wn s e
(NH/OH i n ac et omay have beemora compatilevith the functional groups

found a typicalpeptidestructureunlike theplanned conversion of monoethylphosphonates
usingDAST. Implementation of the strategy would be dependent upon access to the peptides
containing a diphenyprotected pTza analogue of phosphohistidine. Alternativelilst
doANndr ea and Townsend had presented a con
fluorophosphonat€180), we anticipated that the monoethyl fluorophosphonates would be

more effective. This functional group has proven ability as electrophilic capture probes as
shown by Cravatet al. (179), therefore production of an asymmetric pheetylyl ethynyl

phosphonate as a pTza fluorophosphonate precursor was prioritised.

(l)\ N:N (\)\ N:
\ \
L m N
< % MeCN s
0] (@]
73 74

Scheme2l: Conversion ofdiphenyl pTza73 to fluorophosphonate pTza4 by fluoride source, R
represents an al kyl gx8®up, as outlined by d6éAndr

The plannedroute forgeneration of phenytethyl protected pTza analogue of pkiasvia
synthesis of ghenytethyl ethynyl phosphoma 75 and subsequent Gatalysed click with
Fmocazidoalanine (Scheme 22). Effectively utilising the asymmetric phosphonate
substitution performed to produce benetthyl phosphonates and €atalysed click chemistry

to produce the functionalised Fmp&za which would be SPPS compatible.
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Scheme22: Overviewfor conversion of TIPSicetylenes4 into phenylethyl ethynyl phosphona#b
following methodology described Bchemel6, replacing one equivalent of alcohol with phenol: Cu
catalysed click would convert alkyi@&into pTza FPprecursoi76capable of incorporation into peptide
sequences through Fm&&PPS.

Synthesis of the TIRProtected precursor5 was performed by deprotonation of THPS
acetylene by isopropyhagnesium chloride in THF followed by addition of
bis(diethylamino)chlorophosphin® generate intermediaf&k. The solvent was removed
vacuoand exchanged for MeCN. An equivalent of phenol amthythiotetrazole (ETT) was
added followed by another equivalent of ethanol and ETT. After an hour of stirring, the alkyne
77 was extracted in EtOAc and the organic extracts were oxidised wih. AHThis intial
attempt did not show evidence of produ@t It is though that this wasdue to phenol not

dissolvingfully in the MeCN reaction solvent.

To remedy thispn a subsequent attemph equivalent ophenol was prelissolved in MeCN
(0.5M) andETT in MeCN (0.5M) followed by an equivalent of ethanol and ETT in MeCN
(0.5M) were added to intermedia®®. The crude product7 was washed with ethyl acetate
and oxidised in ED».. The ethyl acetate washings were redunegcuoand the crude oil was
purified by column chromatographyg¥ane ethyl acetat€3:7)). The colourless oil obtained
by column chromatography (98g) was analysed by LCMS whighowed gM+H]" 366
peak, indicative of the TIRSrotected phenygthyl ethynyl phosphona# in large proportion
(~80%) however, there were impurities present which were not separable by column
chromatography, including masses associated with triphphgsphonateand diphenyl
phosplonate.The production o¥7was hard to corroborate through NMR analygdighe crude

oil due to the presence of impurities, particularly of phexylitaining species which made

assignment impossible.
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Scheme23: Synthesis of TIP$rotected phenythyl phosphonate alkyr#.

Based on asymmetric synthesis of beretylyl phosphonate alkynes outlined earlier in this
chapter $chemel6), the possibility of contamination with siggoducts of diphenyl and
diethyl substituted phosphonates makes isolation challenging without deprotection of the TIPS

protecting group and purification.

Silyl deprotection of these alkyne species (diphenyl, phetiyll and diethyl)would have

typically beenperformed with a source of fluoride, which preserd problem; the formation

of fluorophosphonates as owastalso reliandon d&spurced 6fAn dr e
fluoride (180), so deprotection of the alkyne woufdve generatd a, potentially volatile,
fluorophosphonatelhe reactivity of tie fluorophosphonate alkyrspecies wouldhavemade

formation of the pTza analogue impossible.

Additionally, the potential for accident&rmation of a small volatile fluorophosphonate was
avoided due to the potential for creating an extremely deadly compound. Fluorophosphonates
are known motifs in chemical warfare nerve agé€rtgure 45) (181) The same biological
activity that makes fluorophosphonate compounds excellent tools for covalent molecular
biology is responsible for their activity as toxins, for example, as acetylcholinesterase inhibitors
(181, 182)Fluorophosphonate nerve agents work by irreversibly bindiagtrine residue in

the active site ofcetylclolinesterase, this inhibits the function of the enzyme leading to
excessive activity of acetylcholine receptors and subsequent death by asphyk&itjdr82)

As such, the importance of avoiding the production of these compounds, particularly

inadvertentlywas paramount
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Figure 45. Structures of known nerve agents with fluorophosphonate functionality and the alkyne
precursor of pTza if prematurely fluorinat€B1).

The nerve agenstructures inFigure 45 show remarkable similarity to tHeiorinatedpTza
precursor alkyneTherefore, exposure of phergthyl ethynyl phosphonate fluoride sources
was diligently avoided. Silyl deprotectiémom an alkynas almost universally performed with
a source of fluoride, most commonly TBAE83185), but silver fluoridg(186) and caesium
fluoride (187)are also reported. As such, use of the TIPS protecting gvasan obstruction
to safelyproducing the desired alkyne anéededo be avoidedlf afluorophosphonate pTza
analoguewere to be madea phenyl phosphonate alkyneeded to be producesither by

finding alternative protecting groups or circumventing deprotection altogether.

One alternative was use of the TMS protecting group as an alternative. In parallel with work
on TIPSprotected alkynes, work had been attempted with FiviSected dibenzyl ethynyl
phosphonate78. TMS-acetylenewas deprotonated witfpr-MgCl in icecold THF and
subsequently mixed withbis(diethylamino)chlorophosphine. The intermediate was
immediately mixed with 2 equivalents of benzyl alcohol and 2 equivalents of ETT, followed
by extraction in ethyl acetate and oxidation with hydrogen peroxide. The crud@@®ihg)

was purified by column chromatography in hexane: ethyl acetate (3 2) R6) to yield
510mg of a colourless oil. However, after chromatography, LCMS analysis showed
[M+H] " 286and [2M+H] = 572.90in the isolated produchaving showefM+H]* 358in the
crude product prior to silica chromatograpf$cheme 24). NMR analysis was more
challenging, the only diagnostic wouldhve been comparison of the alkyne protons to the
benzyl integrals, and these did not match upf column chromatographremoved TMS

protection from the alkyne, this woulthve avoided the need for sources of fluorider
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deprotection othe silylprotected phenyl ethynyl phosphondteerestingly this observation
appeared to have precedent in literature witmeemezet al. had obtained a mixture of
deprotected and TM§protected diethyl ethynyl phosphonate after silica gel column
chromatography188).

0] Silica 0]
Column n

I

P< P<

1 "OB I OB
TMS/OBn n > //OBn :

Exact Mass: 286.08
Exact Mass: 358.12

78 58

Scheme24: TMS-protected dibenzyl ethynyl phosphond@@&loses TMSprotection to generate free
alkyne58 after silica column.

To test the repeatability of this observatiegnthesis ofdiethyl ethynyl phosphonateas
repeated, as earlier describeith TMS-protection(Schemel4). Purification of the alkyne by
column chromatography did not produce the deprotected alkyne. LCMS analysis indicated
[M+H] " 234, corresponding to the TM8otected diethyl ethynyl phosphon&i@

Nonetheless, the synthesis of the Tg®tected diphenyl ethynyl phosphonatas performed

to assuage any doubTMS acetylene was deprotonated wifi-MgCl and mixed with
bis(diethylamino)chlorophosphine in THF. After a solvent exchange to MeCN, the
intermediate was mixed with 2 equivalents of phenol (1M in MeCN) and 2 equivalents of ETT.
After extraction in ethyl acetate and oxidation g7 the organic layer was concentrated
vacua After column chromatography in hexane: ethyl acetate (3:2) the isolated fractions were
analysed by LCMS which showed peakfVitH] 330 and [2M + H] 661.13 corresponding

to the TMSprotected diphenyl ethynyl phosphondt®R analysisndicated the presence of
impurities likely from phenyl phosphonates that complicated confirmation of the synthesis.
However, column chromatography had not removed the TMS protection from the alkyne in

this instance either.
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An alternate route to synthesise phosphonate alkynes by mixing chlorophosphates with
alkynyl-Grignard reagents exists in the literat(ffehemel3) (154) This route was discussed

earlier as an initial means of producing diethyl ethynyl phosphonate that was disregarded in
favour of tetrazolenediated substitution. Additionallyhis route wagnitially disregarded

given thatsynthetic pathways would benited by the commercial availability ofaried
chlorophosphtes. However, thelatet age f |l uori nat i oand Tbwnsend i b e d
(180)relied on diphenylphosphonates unlike other fluorination methods which appear to use
more asymmetricalbgubstituted phosphonates, for example, Detraal. (189) using p

nitrophenolethanol phosphonates or the monoethyl phosphonate by Graahattl79)

Diphenyl chlorophosphite and ethynyl magnesium bromidere commercially available
compound. Therefore, combition ofthese two compoundasightto haveproducel diphenyl
ethynylphosphonatéScheme?25), This mayhave provided aimpler route tathe desired
diphenyphosphonate alkyn&l, given theliteratureprecedence for synthesising the diethyl

ethynyl phosphonate by this roytes4)

Synthesis of diphenyl ethynyl phosphon@® was attempted using ethynyl magnesium
chloride (0.5M in THF)79 and diphenylchlorophospha®) (Scheme?25). The reaction
underwent a slow colour change from orange to black. Dwthgrealwork-up the black

colour appeared to be a{#e solid, it was insoluble in the organic solvents tested (ethyl
acetate, hexane, DCM and diethyl ether) as well as aqueous solutions. The collected organic
layers after extraction were dried and gave altesiblack, orangéinged oil. LCMS analysis

gave two peaks one at [M+H]} 250 and another at [M+H¥ 326, corresponding to the masses

of diphenylphosphate and triphenylphosphate respectively

/P\
PhO” 1 OPh
cl
80 o
MgCl —X—> P<
1 “OPh
Z THF Z o
79 81

Scheme25: Conversion of ethynyl magnesium chlorid@to diphenyl ethynyl phosphonadé through
reaction withcommercially available P(V) speciefiphenyl chlorophosphona8®.
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An explanation for the formation of triphenylphosphate dimthenylphosphate was sought.
Conversion of diphenyl chlorophosphd@ to diphenyl phosphat83 by hydrolysiswas a
feasibleroute therewas precederior this reaction in THK190) which indicated potential
degradation of the raw material chlorophosphate. The mechanism by which triphenylphosphate
82 was formedwas less clear, but wasthe most likelystructure justifyinghe presence &

[M+H] " 326 peakFigure 46).

Q Q Q
//Ff\ Ph PhO™ 1 0Ph PhO™  0Ph
~Z OP OP% OH
Exact Mass: 258.04 Exact Mass: 326.07 Exact Mass: 250.04
81 82 83
Expected Observed

Figure 46: Expected masses for desired diphenyl ethynyl phosph8aatgainst observed masses in
LCMS analysis corresponding to triphenylphosphoBatand diphenylphosphonas.

Literature sources tended to list the use of ethynyl magnesium brdmidegenerate diethyl
ethynyl phosphonatd9 (154, 191)therefore the reaction wa®attemped with ethynyl
magnesium bromidé7 in place ofethynylmagnesium chlorid@9, Reattempting the reaction
with ethynyl magnesium bromid&cheme?26), also gave rise to the [M+HR50 and 326 in
LCMS analysis.

0
/P\
PhO” 1 OPh
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a7 81

Scheme26: Ethynyl magnesium bromidé7 in place of ethynyl magnesium chlorid® to generate
diphenyl ethynyl phosphona#.

Literature precedentexisted for the conversionof diethyl phosphonate to @henytethyl
phosphonatesingTf2O and pyriding192), (Scheme27).
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Scheme27: Feasible route to produce a reactive pTza anald@uestarting with diethyl ethynyl
phosphonatd9, which can be synthesised according to methods described by McAdliste(159)
and outlined inrSchemel3. Production of a phemdthyl ethynyl phosphonat& can be achieved by
the procedure outlined by Huaegal. (192) and Cucatalysed cycloaddition of the mixed alkyng
directly onto Fmodap(Ns)-OH would produce the pTza analogu® for insertion into peptide
sequences.

Diethyl ethynyl phosphonate €g.) in DCM was mixed with triflic anhydride (1€§.),
pyridine (2eq.) was added, and the mixture was stirred for 10 minutes. Phenefj(#was
added, and the reaction was stirred at room temperature for an hourPdftarraundissolved
phenol remained and TLC showed starting material in hexane: ethyl acetate (4 D).2R)

but no evidence of product formation. LCMS analysis of the crude reaction mixture showed
[M+H] " = 163, indicating no change from the initiakthiyl phosphonate alkyrk.

Giventhedifficulty in synthesising the diethyl ethynyl phosphond®an sufficient quantity,
the TIPSprotected diethyl ethynyl phosphonatas usedo test the THO reaction inScheme
28.

TIPSprotected diethyl ethynyl phosphonateeffl) was dissolved in DCM and triflic
anhydride (1.%q.) and pyridine (2q.) were added. After stirring for 10 minutes, phenol
(2.7eq.) was added as a 0.3M solution-gigsolved in DCM to promote solubilityn the
reaction mixtureAfter 30 minutes, TLC in hexane: ethyl acetate (4:1) showed loss of starting
alkyne at R= 0.24 and formation of a spot atR0.3.The reaction mixture was concentrated

in vacuoand purified by column chromatography in hexaettyl acetate (4:1), fractions
containing the compound corresponding with=R0.3 were isolated. The isolated fractions
were analysed by LCMS showing [M+H} 367.2, aligning with the TIRBrotected phenyl

ethyl ethynyl phosphonate. NMR and LCMS analysis showeslwtmon with TIPSprotected
diphenyl ethynyl phosphonate, which happened to be the dominant species (82% by area).
Frustratingly, this demonstratéide reaction conditions outlined in the work by Huatal.

(192)were not as selective for the mixed product as claimed.
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Scheme?28 Formation of TIPSorotect phenykthyl ethynylphosphonaté7 from TIPSprotected
diethyl ethynylphosphona®, in accordance with methodology by Huaigl. (192)

Ultimately, production of a di/fmono phenyl ethynyl phosphonate apgéaibe challenging.

A more effective way to produdbe compoundvould havebeensynthesis of the diethyl pTza

or monoethyl pTza (achieved through deprotection of besthyll pTza) and subsequent
treatment with TO to produce phemgdubstituted phosphonate pTza analogues, therefore
avoiding silyl deprotection altogether. The amino acids could then be incorporated into peptide

sequences for use as probes.
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3.3 Conclusions and Future Work

The production of fluorophosphonate functionality on a pTza analogue, either prior to or post
insertion into a peptide, appeduntenableNo pathwayhad been producetb reach a suitable

fluorophosphonate precursor alkyne orédpable pTza analogue.

The possibility of generatinggsymmetrically substitutedphosphonate alkynebad been
exploredand attempthad been made& understand how addition order impetthe selectivity
of the resulting alkyne3his couldhavebeenexploredfurther, and in doing so a reliable means
of producingasymmetricallysubstitutedohosphonatesiay be foundhat areof use for other

synthetic purposes.

A novel benzytethyl alkyne phosphonateed been successfullyncorporated into an amino

acid Schemel?), and a peptide sequen@chiemel8) successfully.

Unfortunately, benzykthyl functionalitypresented no immediate useyondtheinitial useas

a precursoto FP functionality via DAST. pprehension and scepticism over the selectivity of
generating FP functionality with DAST on a peptide sequence with hydroxyl groups, coupled
with the substrate selection limitations that would be presented by avoiding peptides containing

hydroxyls (serinethreonine and tyrosinegsulted in the abandonment of this route

There mayhave beera routeto produce a molecule analogous to the Cravatt pi8beeme
29) (179) by using a phenygthyl phosphonate alkyne as a precursor and achieving
fluorophosphonate functionality with a source of fluoride, circumventing the need for DAST

for exampled 6 A n dtitisedaammonium fluorid€180)

P\—OPh P\——F
OEt _A{ OEt
_.N NH,F _.N
N N \p——F
N MeCN i R OEt
N N
H H
Cravatt Probe
85 71

Scheme29: Conversion of phenygthyl pTzapeptide85 to afluorophosphonate containing pTZa
with analogy to the Cravatt fluorophosphonétté9), using ammonium fluoride, inspired by pathway
described (189 dO6Andr ea

This routewas hamperedby the requirement fasilyl deprotection of the TIPS acetylewhich

was reliant on sources of fluoride. Sources of fluoride used on afiét8cted phenygthyl
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ethynyl phosphonateould haveresuledin the production of a potentially dangerous volatile
fluorophosphonatahich was a major safety concern. Additionally, premature generation of
the fluorophosphonatevould have produced amstableand reactive compound which would
not have been of use for incorporation into peptide sequences

Production of a diphenyl ethynyl phosphonate by direct reaction of ethynyl magnesium
bromide with diphenyl chlorophosphatéscheme 26), was a promising route tabtain
diphenyl ethynyl phosphonatenfortunately this route did not produce the desired compound
in analogy to route producirdjethyl ethynyl phosphonaf@é54). Despite the existing literature
precedent for production of the diethyl ethynyl phosphonate by these nieamrswasno

success producing the product.

A putative route for conversion of diethyl ethynyl phosphonate to plethyl ethynyl
phosphonate using ZXd and pyridindScheme27), showed strong literature precede(ite?)
There was evidence that phemdthyl phosphonates sediethe same function as
fluorophosphonates when used in the capture of serine hydrl&gand hence may be just
as useful as electrophilic capture probes in gddigner interaction assaysowever, this route
was less selective for the mixed phosphonate than displayed in the lit¢i&®R)yeProvided
the diethyl ethynyl phosphonateasproduced irsufficiently high yields this route may lead
to sufficient quantities of alkyne thabuld be isolated despite the lack of selectivity and

potentially implemented into pTza analogues of pHis

Once produced, a phergthyl ethynyl diphenylphosphonate could, by éatalysed click, be
inserted into an FmeazidoalanineéOH to produce a pTza analogue for insertion into a peptide
or the alkyne could be directly inserted into a peptide by cycloadditionydinksdemonstrates
methodswith a peptide substrate and the beratyiyl ethynyl phosphonate; this method was

also used by Huntest al.to generate immunogenic peptide substré2és
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4 Photoreactive peptides as investigative tools

Given the challenges encountered on generating fluorophosphonate containing pTza analogues
of phosphonhistidine (pHis) outlined in Chapt8r an alternate strategy for studying
phosphoprotein interactions was investigated.

The initial aims of this work were to identify enzymes that interacted with-pbfigaining
proteins by creating probes with reactive analogues of pHis (pyrazole or triazole based).
Attempts to incorporate pyrazole into proteins was unsuccessful and tttemgenerate
reactivity on the phosphonate of the triazole analogue were lawelyccessful due to
instability or incompatibility of one aspect of probe synthesis with another. However,
generating reactivity directly on the pHis analogue was only ppeoach; methods were
sought out for covalently binding interactor proteins to probes by creating reactivity elsewhere

in a probe structure.

4.1 Inspiration for photoactivation approach

The new approach was basedtbause ofdiazirine photoaffinity labelling(PAL) to capture
reactive partner protein®AL is a common method for the covalent binding of transient
interactors of proteinsThere are multiple photoactivatable groups (benzophenone, aryl azide
and diazirine); diazirine have beegportedas ahighly specificphotoactivatable grouwith

room temperature stabilitgequiring short durationand shortemwavelengths for irradiation
than alternative§l94) Theadvantageand capabilities of diazirine crosslinking is exemplified

by Yang et al. who used diazirind uncti onal i sed peptides to
enzymes capable of pesanslational modifyindnistone H3(195) Lin et al.likewise explore
histone H3 interactors and develop atmctional amino acid with a diazirine functional group
enabling photeactivated crosslinking to interactors as well as a cleavable linker (disulphide
group) to reduce the complexity of MS analysis; showing the tidysaof diazirine

functionalised peptide prob€s96).

Work performed adjacent to the phosphohistidine investigation inspired this appFoach.
work focussed omproducing an established fluorescent labelling pro8&ror the Formyl
peptide receptor 1 (FPR1LFPRL are expressed by leukocytes and play a key role in the
regulation of the host cell immune respo$87), recognising the bacterial gene coding for
N-formyl peptides during bacteriahd mitochondriaprotein synthesi§€l98, 199) Therefore,
there is interest in developing diagnostic ligands that can biR€@Ril, aG-protein coupled
receptor (GPCRYor investigation into their role in immune responsedulation(200).
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The fluorescent peptide agonist of FPR1 synthesised is displayeglire 47 andhas been
reported previously200).
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Figure 47: Structure of FPL1 agonist peptié containing a diazirine moiety (highlighted in red) and
TAMRA fluorescent dye for visualisation on SIFAGE.

The FPL1 agonist peptide contains a diazirine moiety which enables crosslinking to interacting
peptides upon exposure to UV radiatthrs is outlined irScheme30. For the agonist peptide
this enables binding and subsequent visualisation of bound FPL1 protein for investigating the

role of GPCRs in immune regulation.

The FPL1 photoprobe was recognised by FPR1 even in competition with known binding
ligands(200}), ligand bindingivasnot significantly reduced by the presence of a diazirine group
Whilst it does need to be considered thatREPhas a broad tolerance for
bacterialmitochondrialsequence variety provided the peptide substrate is formy(h8&}

the potential for a receptor to bind a peptide containing a diazirine residue with specificity
inspiredthe idea ofattemping this approach with phosphopeptides and their corresponding
protein regulators.

To enable this approachhe overall aim would be synthesis péptides containing the
well-established FmepTza analogue(159) and reactivity would be provided by the
photoactivatable groups (PAG), diazirine for photocrosslinkifige diazirine covalent
modification has a trackecord of application in the analysis of cell lysg&l)the irradiation
of the photoreactive diazirine group covalently captures target proteins as outl$wteme
30. The method also requires a probe substrate to be equipped witlorhioigonal handle
such as an alkyne for coppaick mediated addition of a dye or biotzide tag(202) for

downstream analysis by either SP8GE or mass spectrometry (MS) respectively.
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Scheme30: General overview of diazirine crosslinking with peptide/proteins. The diazirine containing
peptide or protein forms a reactive carbidizzo compounghen irradiated with UV light. The reactive
carbené&diazo moietycanreactwith siteson aproximal partner proteir§194, 203)

Additionally, the analysis of protein mass spectrometry data obtained by photo crosslinkers can
be challenging due to complex crosslinking patterns. One method used to improve analysis is
the incorporation of cleavable crosslinkers to peptide substffaiggre 48). Muller et al.

report synthesis of a urdmmsed cleavable linker used for identification of a peptide substrate
based on fAfingerprinto mass shifts produced
linker (204). Korovesiset al. provide insight into a variety of cleavable linkéragmentation

patterns in tandem mass spectrometry, they assessed the fragmentation patterns of sulfoxide
and ureebased cleavable linkers that are cleaved by collisidaoced dissociation.
Azobenzene, disulphide anda2ytdimedone linkers were also ted. They proceed to test
cleavable linkers in conjunction with photoaffinity labelling (diazirine groupsdducing
diazirine peptides with cleavable disulphide arat2dimedone grops. These peptides were

used to investigate site specific interactions between melittin (disulfed#rine probe) and
calmodulin as well as glucagon (dimedatiazirine probe) and GL-BR. They demonstrate

the ability to sitespecifically identify bindig sitesusing cleavable photorosslinkerg205)
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Figure 48: Overview of diazirine crosslinking with cleavable crosslinker. UV irradiation enables
covalent binding through diazirine phetoosslinker and subsequent digest and MS/MS analysis
provides peptide segments with cleavable linker fragments for site idatmifi¢205).

Since no welcharacterised phosphohistidinentaining peptide/protein interactions have
been reported, creating pFezantaining peptides as analogues of pHis peptides straightaway
and applying these as test substrates would present a challenge. Fde gkampinding was
observed on SDBAGE would that indicate the absence of peptide/protein interactions or an
issue with the methodologyl? seemed prudent to test the crosslinking methodology on
well-established systems to refine the crosslinking odlogy before application to pHis

based systems.
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4.2 EGFR and Grb2

A known phospheamino acid binding interactidmetweernthe SH2 (Src homology 2jilomain
of growth factor receptor bound proteii@rb2) (a phosphotyrosingY) binding domaipand
portions ofthe epidermal growth factor receptor (EGF&)oplasmic tail providea suitable

model for testing photoactivatable crosslinkers in a phosphoprotein context.

EGFR dimerises and undergoesitgphosphoryldbn on tyrosine residigeas a response to
extracellular stimuliresulting inthe binding ofadaptor protein Grb206, 207) The Grb2

SH2 domain recognises the phosphotyrosine sequence on EGFR enabling binding when this
signal is produced. Grb2 also contains SH3 binding domains that recognise proline rich
residues, such as those in Son of Sevenless (B@Sjuanine nucleotidexchange factor

(GEF) which activates Ras, another downstream pr@€i&208). These interactions are the

initial steps of the weldlocumented mitogen activated protein kinase (MAPK) pathway
(Figure 49).

EGFR
cytoplasmic
tail

)

Ras GDP Ras GTP

Raf

¥
e
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Figure 49: MAPK cell signalling pathway overview. Phosphorylated EGFR dimer binds-GH2
which subsequently interacts with SOS. SOS promotes Ras@IPPexchange thereby enabling the
signalling cascade relaying phosphate to partner proteins: Raf, MEK, E2RHK, 210)
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The crux of EGFRGrb2 binding is the affinity of the Grb8H2 domain for specific
phosphotyrosine containing sequences in EGEiR2 binds preferentially at1068 and to a
lesser extent t¥ 1086based on EGFR binding attenuation in the presence of phosphopeptides
containing pY1068 and pY108§@11, 212) Additionally, use of phosphopeptides has shown
the ability for pY1114 in the EGFR-@rminal tail to bind GrbZ212) Grb2 has also been
shown tobind indirectly to EGFR via Shc (signalling adaptor proteins) which binds at two
separate tyrosine site¥ 1173 andY992) (211) Jadwinet al. describe a significant pYXN

motif in sequences binding Grb2 (where X represents tolerance for many different residues)
(213), which provides opportune placement fopleotoactivatable groupuch as a diazirine
without disrupting the natural binding capability of a peptide sequence for&tB2 Aside

from the tolerance of a recognised motif and the well documented binding of EGFR to Grb2,
the dependence of the binding of these two specighosphotyrosine is interesting because

of the cross reactivity ghTyr interactors (pY antibodies) with pH{214) Researchers have
previously shown tat substitution of pTza for pyin a pYVN sequencépTza/N), does not
eliminate thebinding interaction(155) Therefore, the EGF&rb2 interaction would be an
ideal system to test pTza probe substrédesheir ability to bind the same interactors as the

phosphorylated residue, prior to making pHis sequence probes.
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4.3 Investigating binding of Grb2-SH2 to an EGFRphosph@eptide

The interaction between phosphotyrosaomtaining peptides and GH&H2 is welt
characteriseq215) Therefore, testing the binding between-ghdzirine peptides and Grb2

SH2, would provide a good baseline test for the methodology and also provide a novel method
of confirmation for the otherwise weatharacterised binding of EGFR and Grb2.

An EGFR phosphopeptide prokgynthesised by Nicholas Morrifigure 50) was designed

around the pY1086 binding site, given the tolerance for varied amino acids at the X position in
the pYXN motif, the phosphopeptide was designed with a diazirine photocrosslinker in this
tolerant position enabling crosslinking functionality whilst avoid binding disruptidxn

alkyne handle was introduced at thetédminus to allow Cicatalysed cycloaddition of
TAMRA-N3 and biotinN3 for fluorescent visualisation and erroent for proteomics
workflows respectively. Additionally, the diazirine functionality is linked to the photoprobe by

a ureabased cleavable linkemThe cleavable linker may reduce the complexity of proteomic
analysis by providing a Atago to search for

covalently linked proteins.
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Figure 50: EGFR peptide sequence (AlkynPVpYXNQPL-NHy) 87. Highlighted in red from left to

right: The probecontains an Nerminal alkyne for Cicatalysed crosslinking to a fluorescent dye,
TAMRA-N;3 in subsequent reactions; Phosphotyrosine as a key maotif for binding teSBb2nd a
ureabased cleavable photocrosslinker (diazirine) for binding to protein partners when incubated with
isolated protein or cell lysate. (Synthesised by Nicholas Morris)
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As such, the Grb&H2 domain as a Himgged fusion155) was incubated with a peptide
probe of the pYEGFR sequence as a proof of concept tfug diazirine probes detecting a
known binding (in this case EGFRrb2).

EGFR probe37 was incubated at various concentrations-@eB/1) with isolated and purified
Grb2-SH2 protein at a constant concentra{isaM). This was an initial test to determine what
concentration of probe was required to see any binding activity. Alongside the EGFR probe

test samples were two DMSO controls containing no EGFR peptide.

In each case the samples were incubated on a sinakiator and subsequently irradiated
with UV light to activate reaction of the pheteactive diazirine group to the incubated protein
partner (Grb2SH2). The probe was then modified using a click reaatiith a fluorescent dye
containing an azide group, in this case TAMRA was used,enabling visualisation of the
crosslinked protein on a gel after SBFFAGE with the presence of a fluorescent rhodamine
stain.Figure 51 shows the resulting SBBAGE gelfrom the incubation of EGFR probe with
Grb2.

lllumination at 5¢M and 2.5¢M of EGFR photoprobe showed that there was binding of the
probe with isolated Grb2 which was promising. There was a reduction in illumination intensity
as the concentration of EGFR photoprobe decreased, which was expected given that low
concentration sames would make less crosslinks to Grb2 during irradiation. The lack of
Coomassie staining iRigure 51 was unfortunate, because there was no loading control to
assess the fluorescence against. While the illumination follows the expected trend, the lack of
validation with Coomassie staining means there is no confirmation that the trend is-affinity
based rdter than an issue with sample loading. Additionally,dhserved presence dtial

bandingwas due t@urtailed segmestfrom the Grb2 vector
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EGFR probe conc: above all lanes (exc. DMSO +/-)
Grb2 conc: 5 uM (all lanes)

Figure 51. Rhodaminecoomassie compositgel. Rhodamine geldisplaying fluorescent bands
corresponding witlbandsof curtailedGrb2SH2 protein. Red bands from left to right correspond with
EGFR probe concentrations oM, 2.5¢M, 1eM and 0.5M, Grb2-SH2 present at &M in all lanes

(top). Coomassie gel shows no bands for protein loading (battom)

Figure 51 demonstrated potential for the EGFR pr@eto bind to Grb2SH2. In order to

validate this bindingcompetitor testing wasgndertakenif the observed binding interactions

in Figure 51 were legitimate a comparable peptide sequence to the photoprobe would be

capable of attenuating or eliminating the observed fluorescence.

Therefore, a analogous peptide of the EGFR probe was synthesised bearing a phosphotyrosine

(pY) amino acid but no photocrosslink (Figure 52).

Figure 52: Structure of the EGFR competitor sequence-i/pYHNQPL-NH;) 88
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Incubation experiments combining the EGFR photopByweith Grb2SH2 weraepeated but
adding varying quantities of pY competit®8 to assess the binding affinity. It was expected
that increased quantities of pY competitor would result in lower binding affinity between the
photoprobe and Grb3H2, demonstrated by lower levels of illumination on a rhodamine gel.

Given that similar illuminations were observed between and 2.5 €M of EGFR
concentrationtheinitial gel inFigure 51; and in the interest of conserving the photoprobe, the
next reaction was performed with a constant
competitor pY prob@8 was introduced at varying concentrations to see if it would have the
intended effect and compete off the EGFR photoprbBlgire 53 shows the resulting SBDS

PAGE gel from this competition assay.

Clearly there was some binding interaction between the EGFR photdprarel the Grb2
protein; and this binding was disrupted by the presence of an analoga@aesathing peptide
sequencd8, which supports the specificity of the probe for binding. One unexpected aspect
of this experiment, however, was the sharp drop off in binding of the photoprobe; the binding
would be expected to slowly decline with increased concentrations of compsatibei8g. A
plausible explanation may well be that the concentnatifference between the first two lanes
was too large, and the critical concentration lay somewhere betwekid 6N.
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EGFR probe conc: 2.5 uM (all lanes, exc. DMSO +/-)

Grb2 conc: 5 puM (all lanes)

Figure 53: Rhodaminecoomassie composite gel image, displaying standard protein ladder and lowest
concentration of pY competitor (06M) (top). Coomassie gel image, displaying the loaded protein
without rhodamine stain (unbound) (bottom). The concentration of competitor pY increases along the
lanes from left to right (0.BM T 10eM).

The experimentvas repeatedith a narrower range of competitor concentrations, to observe
the gradual reduction in binding between the EGFR p8ataad Grb2 and eliminate the sharp
drop off in rhodamine illumination observedkigure 53.

Incubation of EGFR photoprob&7 with Grb2 and pY competito88 (0.4 71 1 ¢M) was
attemptedFigure 54). A steady reduction in luminesceneas expecteérom the rhodamine
gel with the increased concentration of pY competitor upa®lwhere little to no binding
was expected to be seen

Unfortunately, all the lanes showed some level of binding@FR photoprobe to Grb@H2
(Figure 54), even at EM competitor concentration which contradicted the observation in the
earlier experiment depicted Figure 51, which had showed no rhodamine binding at a pY
competitor concentration of 4M. There was also no clear trend from left to right; as the
concentration of pY competitor increased from 0.4¢d/] the level of rhodamine illumination
detected was inconsistent. Based on gejure 54) It would seem binding between the
photoprobe and Grb2 was, in seroases, more prevalent in the presence of higher levels of
competitor. InFigure 54, 1 €M competitor appeared to result in greater binding of the EGFR
sequence, based on rhodamine illumination, thareBLEompetitor. The coomassie stained

gel also seemed to suggest there was little discrepancy with protein loading to justify
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inconsistentesults. The assay was repeated on this concentration range again, but the results
were just as sporadic and suggested that there was either an issue with the methodology or the

samples themselves.

34 kDa
26 kDa

17 kDa

11 kDa

34 kDa
26 kDa

17 kDa

11 kDa |

EGFR probe conc: 2.5 uM (all lanes, exc. DMSO +/-)
Grb2 conc: 5 uM (all lanes)

Figure 54: Rhodaminecoomassie composite gel displaying luminescent lanes for EGFR ®rdbe
Grb2 interactions from left to right at increasing pY compe8tconcentrations from 041 M and

a nonrcompetition sample with just EGFR photoprobe ¢V§ and Grb2 (M) for comparison (top).
Coomassie gel displaying protein loading of Grb2 in each lane including the additional DMSO +/
control samples (bottom).

Clearly the photoprobe was capable of binding to the expressed protein based on rhodamine
illumination. Concerns regarding the purity of the protein sample led to tests of the photoprobe
in a different environment. The photoprobe pulldown experiments rgpesated on a HelLa

cell lysate. This provided another route itderrogateEGFR binding to Grb&ZH2 and
potentially reveal other binding proteins for investigation. The methodology was much the
same as with the isolated protein; EGFR photopi@@eM) was incubated at a constant
concentration with increasing concentrations of HelLa cell lysate, irradiated and a rhodamine
tag was clickedonto the protein for imagindg?hotoprobelysate incubatiorgel (Figure 55)
showedproteinbinding wadargely the same at all concentratimfisdeLa lysateTherewas a

stronger binding for higher mass proteins, the intensity of the bandbdadke proteimass
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diminishel. The photoprobeidd appear to beery selective but it @l bind to some proteins

in theHeLalysatecompared to the DMSO controls
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EGFR probe conc: 5 uM (all lanes, exc. DMSO +/-)
Hela conc: displayed above lanes (DMSO 0.75 mgmL?)

Figure 55: Rhodamine gel, displaying standard protein ladder and incubations of EGFR photoprobe
with increasing concentrations of HelLa lysate (0.38.75 mgml!) and two DMSO controls with
irradiation(+) and without(-) respectively (from left to right).

Subsequent efforts were made to bind EGFR photo@dleéth HelLa lysate with increasing
concentrations of photoprobe and repeat experiments where multiple lanes were produced on
the same gel with equal concentrations of EGFR photoprobe and equal concentrations of HeLa
cell lysate. All subsequent efforts suttd the same inconsistency as the previous assays with

isolated protein.

It was very likely that the inconsistency in the gel data was due to instrumental issues. The
probe lanes and DMSO control consistently showed a different binding intensity, if the probe
was not binding to the isolated protein or proteins in the celldytba&n both the probe lanes

and controls would look the same. Evidently, the EGFR p8@lveas binding but not with the
trend/consistency expected on a concentration gradient. It was possible that if there were issues
with the UV irradiation lamp, the san@s would all have been irradiated inconsistently and
therefore some samples will have formed more crosslinks than others. A low concentration of

photoprobe irradiated for longer than a high concentration photoprobe may result in a similar
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level of binding fluorescence on a gel for two distinct concentrations based on irradiation

variance.

Later mass spectrometric analysis indicated tha tuatbands observed on SDBAGE
appear tooriginate fromcurtailments of the desired protein from the construct. While the
EGFR probe87 appeared to show binding interactions, it was possible that degradation
compromised the binding affinity 87 over time, hence the inconsistency in the observed data.
Proteomic analysis would confirm binding in the presence of other proteins to the authentic
Grb2 to support the observed binding on SEXSGE.
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4.3.1 Proteomic analysis of EGFRGrb2 interaction

SDSPAGE analysis did not giveonsistent binding data for the EGFR prd@¥®and the
isolated Grb2 protein interactioData from HeLa cell lysates appeared even nmaanclusive

than the getlatafrom EGFR probe37 interacting with isolated Grb2. One option to explore
the binding of87 with Grb2 was MS analysis of a cell lysate, a proteomics approach. Given
that the EGFR prob87 contained an alkyne handle this enabled the option of using click
chemistry to bind biotin azide for a pulldown as opposed to rhodamine azide for fluorescent

gel visualisation.

The binding of some proteins HelLa cell lysate as visualised kigure 55 showed that the
photoprobeB7 had some affinity for proteins in the HeLa cell line that was worth exploring,

particularly if the proteins were related to the EGER2 signallingnetwork

The EGFR prob&7 was incubated witlHeLa cell lysate at 2M and 10cM concentrations

of probe87. The samples were prepared in triplicate (i.e. three sampleshata®d three at
10eM). After irradiationwith UV light for 30 seconds to enable conversion of the diazirine to
the reactivaliazo intermediateequired for crosslinking the prol8& to interacting proteins in

the HelLa lysatethesample werebiotinylatedvia click chemistry with biotin azide on to the
alkyne handle of the probBiontinylationenabled enrichment and sample preparation prior to
analysis by mass spectrometry. The biotinylated proteins were incubated with eads,
andthe beads wenwashed to remove impurities. The proteins were then digested into peptides

with trypsin and prepared in buffer suitable for MS analysis.

For proteomics analysis, the two samples at two concentrations were measured against a
control sample (DMSO control). If the samples containing biotinylated probe peftide
showed a statistically significant uptick in a protein relative to the DMSO control, that protein

is labelled Volcano plotFigure 56, illustrates the binding of lysate protein to pr@7&2 e M).

Proteomic analysis was performed with dam@ependent acquisition (DIAIN) standalone
softwareenablingcomparison of ravMS datawith theoretical trypsirdigested ions fronthe
human proteome databa@éniprot). Labelfree quantification (LFQ) was generated by BIA
NN measuring relative intensities of precursor ions across samjiegprobability of the
protein observation being rebktween the sammeand control gives therobability of
observing the protein by random chafealue). The pvalues are falsdiscovery rate (FDR)

adjustedj.e. an FDRadjusted pvalue of 0.01 would mean 1% of identified sitesrefalse
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positives.Thereforea low FDRadjusted pvalue would correspond with a higher confidence

in that observation. Irthe volcano plot, these FDRdjusted prvalueswere transformed

logarithmically €logio(p-values)) such that low FDRdjusted pvalues appedrigher on the y

axis of a volcano plotThe fold change on the-axis of the volcano plot represents the

magnitude of the difference proteinabundance between the sample and cofth@proteins

in the top right of the volcano platerestatistically ggnificant (p-value< 0.05). They shoed

a presenceagreater than the threshold (fold change >elative to the DMSO contrpthus

proteins observeghore towardshetop right of the volcano pldabove those thresholdsgre

more likely to be candidateinteracbrs of the probe87 based on thesetést conditions.

(DIA-NN analysis and volcano plot produced by Dr. Brian Suarez Mantilla)
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Figure 56: Volcano plot for EGFR prob@7 (2 eM) binding to HeLa cell lysate. Visual representation

of t-test with the statistical significance of observed proteivalpe) plotted adogio (p-value) on the

y-axis and the magnitude of the difference between the control and the sample (fold change) in the x
axis. Data based on labieée quantificatiorof a trypsin digest vi®IA-NN processing(volcano plot

produced byDr. Brian SuareMantilla)
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The two statistically significant proteins extracted were: enhancer of rudimentary homolog
(ERH) and Ras GTPasactivating Src homology 3binding protein 1(G3BP1) ERH is a

protein responsible for regulating the cell cycle and transcriptional inhibition as well as
pyrimidine biosynthesi$RNA precursor synthesig16, 217) There is evidence to suggest

that ERH infruit flies (Drosophila melanogastgis phosphorylated by casein kinas@dKIl)

(218), whether ERH is phosphorylated in mammalian cells has not been estafflit@guolit

given the high degree of conserved sequence homology of the ERH protein across eukaryotic
cells it is likely that the protein serves a similar purpose across eukar{2i2€3 The

interaction of gohosphorylatedGFR probe37 with ERH was not expected

The other protein bound by the EGFR pr@yevas G3BPwhich is a protein that bind Ras
GTPaseactivating proteifRasGAP) through association at an SH3 donf221) RasGAP
regulate the activity of Ras by accelerating the conversion of the active GTP state of Ras to the
inactive GDP stat¢222) G3BPL1 is a protein that appears teprecipitate withRasGAR
however studies suggest that G3BP1 does not regulate GTPase activity but has some
implication in cell proliferation and metastag®23) Ras is a downstream partner in the EGF
signalling pathway, as such, there isiagirectassociation between EGFR and downstream
Ras interactors (such as G3BR2)10) but a direct binding between EGFR and a binding
protein of a Ras regulator would not be expected.

In proteomic analysis of EGFR M samples, both ERH and G3BP1 were detected but an
additional protein also showed statistically significant binding, FKBFEdufe 57)
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Figure 57: Volcano plot for EGFR prob&7 (10 eM) binding to HeLa cell lysatd/isual representation

of t-test with the statistical significance of observed proteivalpe) plotted adogio (p-value) on the

y-axis and the magnitude of the difference between the control and the sample (fold change) in the x
axis.Data based on labéilee quantification of a trypsin digest via DMN processing(volcano plot
produced byDr. Brian SuareMantilla)

FKBP1A is a small protein (~11 kDa) of the FK5B®iding proteins family224) FKBP1 is

a cistrans peptidyl prolyl isomerase (PPlas#)d has roles in immunoregulation, signal
transduction modulation and protein conformation con2@b) As a result of widespread
involvement in a broad spectrum of procesgesteins in the FKBP family have been
implicated in cancef224). The function of FKBP1A as a prolyl isomerase and its abundance
in the cell may well explain the binding interaction between the EGFR |8&hs a proline

rich peptide substrate and FKBP1A.

Additionally, there is literature precedent for an observed interaction between EGFR and
FKBP1Ain A431 cells EGFR phosphorylation regulation is reputedly driven by modulation
of tyrosine kinase activity by FKBP1f26) but other modes of action may exssich as
phosphotyrosine phosphatase inhibition by FKBP@R7) EGFR autophosphorylation
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suppressiots reduced in the presence of rapamycin BK806, which binds the active site of
FKBP1A and thus inhibits PPlase activi(26, 227) Therefore,the PPlase activity of
FKBP1A may play some role in EGFR phosphorylation modulation through direct binding to
EGFR(226).

EGFR probe37 when incubated with a HeLa cell lysate 24 a nedM 1iOndi cat ed b
to ERH, G3BP1 and FKBP1A proteins, in the absence oftkmelvn binding proteins such as

Grb2 or SOS which woulttavebeen expected to demonstrate binding to an EGFR mimic
substratelsothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) studies
suggestedhat the k of an EGFR phosphopeptide binding Grb2 is A0 (206) Another

study determined the40f EGFR for Grb2 to be 97, 340 and 69 of EGFR for 1, 10 and
100nM of Grb2 respectively(228). Evidently, the EGFRGrb2 binding interaction is a
relatively high affinity nanomolar interaction; as such, it was curious that this proteomics work
did not observe any binding of an EGFR mi@rdor Grb2. Grb2 and SOS were not observed

in the dataset, including in the control samples, the absence of Grb2 from the identified proteins
may have indicated an issue with the cell sample rather than the probe itself. It would have
been possible to idafyt Grb2 if it was not present in the original cell sampleit was present

in low abundance. The lack of EGFR binding to membrane bound proteins and the high affinity
in this binding data for cytosolic proteins was unexpedted. HeLa quality control sample,

Grb2 was only discovered by one peptitlata not shown)Despite the difference in
preparation, the quality control samplasprovided by a manufacturer whereas the proteomics
HelLa was prepared-house, it may be speculated that Grb2 is present in low abunddhee in

tested HelLa lysate.
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4.4 Investigating PPDK to RPbinding

A different system was sought out to test the methodologywtiedocumentedvinding
between pyruvate orthophosphate dikinase (PPDK) and its regulatory prRIDER) (229

231) PPDK is a photosynthetic enzyme, responsible for modulating the conversion of pyruvate
to phosphoenolpyruvate (PERR31) PEP is utilised for carbon fixation in the £
photosynthetic cycle, as it is converted to oxaloacetatghbgphoenolpyruvate carboxylase
(PEPC) and C® Oxaloacetate is converted to majatlich is transported from the mesophyll
cells to bundle sheath cells where it is decarboxylated to providgddaZ@he Calvin cycle,

resulting in glucose formatices an energy sourder the G plant Figure 58) (232)

PPDK PEPC
pyruvate m————jms PEP 7—» oxaloacetate
A co malate
2 dehydrogenase
mesophyll malate
1 | 1 | 1 |

, bundle

malic

enzyme sheath

pyruvate ‘—E malate
CO,
RuBisCOI
3-PGA
CaIV|
Cycle GSP

RuBP

Figure 58 C. cycle overview, PPDKplaysa role in the energy generation cycle by catalysing the
production of PEArom pyruvatein the mesophyll cells which in turn produces key intermediates
needed for C@provisionin the Calvin cycle in bundle sheath c€R82).

PPDK contains a conserved threonine residue which is phosphorylated and dephosphorylated
by RP(Figure 59). PPDK was of particular interest not only because of its-datumented
phosphothreonineegulation pathway, but also the presence of a proximal phosphohistidine

residuen the catalytic domai@233).
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Figure 59: PDRP regulation cycle, PDRP utilises ADP to phosphorylate threonine (inactive form) and
catalyses the phosphotransfer reaction shuttling phosphate from phosphothreonine to generate
pyrophosphate (active form). Peptide based on a portion of the catahg&reed domain (GMTSHA).
Adapted from figure by Chastagét al. (234)

A PPDK photoprobe design based around phosphothreonine would provide a novel route for
demonstrating PPDIRDRP binding, if the methodology were to be optimised on
phosphothreonine based probes, later investigation with phosphohistidine probes would be
feasible.Given that phosphothreonine was a relatively stabletpasslational modification

and there were commercially available Framgino acid building blocks for
phosphothreonine, these probes were thought to be more accessible than phosphohistidine
equialents. As with investigation of EGFRrb2, production of a PPDK sequence utilising
FmocpTza to install a phosphohistidine analogue would be feasible, but any identified
interaction would be speculative without some methodological control (e.g. idegtiiyown
bindings with a PPDK photoprobe) before asserting novel observations are representative.
Therefore, phosphothreonine probes were prioritised to assess the ability of a photoprobe
peptide of PPDK to bind PDRP.

The syntheic photoprobe peptide89 of the PPDK conservedcatalytic domain for
investigating PPDKRP binding (Figure 60) was synthesised by¥mocSPPS (peptide
synthesiser)on a rink amide MBHA resin. Phosphothreonine was installed as an-Fmoc

protected amino acid with monobenzyl side chain protection. framargylglycine was
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installed at the Nerminus of the peptide for convenient placement of an alkyne handle which
would be used for Cuaatalysed click with TAMRANS3 for gel visualisation in SD®AGE.
Fmocpropargyl glycine was then manually deprotected and coupled with a diazirine
derivatised from levulinic acid. The alkyne and diazirine were installed for synthetic
convenience and to minimise interruption to the saguence of the peptidehe peptide was
cleaved from the rink amide resin with a standard cleavage coektailrlFA: EDT: H2O: TIS
(94%:2.5%:2.5%: 1%) andafter ethereal washing was lyophilised to provided®l, 16%
yield.

HN.<__NH,
OH

Mﬁ«mdk &ﬁﬁ&ﬁiﬁﬁéﬁw
o} ( HO/

89

Figure 60: PPDK sequence peptide photopr@®based on PPDK1_MAIZE (G528535) catalytic
domain residues including T527. Highlighted in red are the photoreactive diazirine, alkyne handle and
phosphothreonine (T527) groups (from left to right). The probe also contains the catalytic histidine
residue 529).

In the initial assay(Figure 61), samples of the PPDK peptide were incubated with RP
(Provided byZ. Ling), irradiated with UV light and derivatised with TAMR#zide for

rhodamine imaging, exactly as had been done with the EGBR system.
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95 kDa

43 kDa

95 kDa

43 kDa

PPDK probe conc: above lanes
(exc. DMSO)
PDRP conc: 0.5 mgmL™ (all lanes)

Figure 61 Rhodaminestained gel top), displaying standard protein ladder, PPDK photopiieBe
binding and two DMSO controls, with and without irradiation. A clear luminescent band corresponds
to the lane for PPDIRP and no bands are present for the DMSO control lanes. Coossiassex! gel
(bottom) displays protein loading of RP in each lane (one PiRPKand two DMSO controls).

The presence of a luminescent band for the PPDK photoprobe binding to RP was initially
promising, indicating binding of the PPDK mimic sequence to the regulatory protein. However,
this needed to be optimised across a larger concentration range andetseitbssubsequent

repeats for consistency.

Much the same as with EGF®rb2 interaction, a lower concentration range was tested to
assess the binding concentration of the PPDK photo88lier RP.A range 0f0.1- 2 eM
PPDK photoprob&vas teste@dgainst RP

Given the observation of a band at Kla in the initial attempt but no observed bands at
lower concentration range of 0i12eM and the clear presence of enough protein in the
coomassie gel, the crosslinking reaction was repeated with the PPDK peptide at an increased

concentration range of 10100eM peptide(Figure 62).

Observation of gradual increase in binding starting at little to no binding for a PPDK peptide
concentration of 18M up to a strong binding represented by strong rhodamine illumination
for PPDK 100eM was expected, in keeping with the strong band seéigure 61. Clearly,
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the corresponding coomassie gel shows inconsistent protein loading per lane, which would
explain inconsistent fluorescence between lanes that is not in keeping with the expected
illumination for each concentration. In any case, even the lanes with stoomgaSsiestained

bands appear to have extremely weak fluorespeptide binding indicated by the rhodamine

gel. Unfortunately, as with the EGFBRrb2 system, results were inconsistent on successive

repeats.

95 kDa

72 kDa

55 kDa

95 kDa |

72 kDa |

55 kDa

PPDK probe conc: displayed above all lanes
PDRP conc: 0.5 mgmL* (all lanes)

Figure 62 PPDK-RP binding assay (PPDK photoprobe: i1A00¢M): rhodamine composite gel
(top). The correspondingoomassigel (bottom)displays protein loading per lane.

PPDK-PDRP binding does have unusual characteristics, whilst PDRP appears to be a Ser/Thr
kinase, it contains no recognised homology with known kinases; PDRP appears also to be a
dual kinase and phosphatase and there appears to be some significance prébethee of

ADP for Rloop activation235) It is entirely possible that a short linear photoreactive peptide
does not suffice the mimic the binding of PPIPRORP because the binding is contingent on
interaction from multiple domains. Perhaps future target selection requires a more significant
study into protein structure to understand binding mechanisms prior to investigation with linear

peptide probes.
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45 Conclusion and Future Work

The intention of this work was to produce photoprgeasequenceshat interact with

cognate partngproteirs as a basis foinvestigatingphosphohistidinePhotoreactive groups

being used to bind partner compounds admsis in the literature; for example, Yagtgal.

have used diazirine photoprobes to A-trapbo
translational modifications dmstone H3(195). Photacrosslinking has not been directly used

to study phosphohistidirendthus may have providesunique angléor investigaton of pHis

protein sequencdlrough covalent capture of transient partner proteins and identification via
SDSPAGE or downstream proteomic MS analysis

The photo prob87 used to assess EGFR to Gi®E2 binding showed evidence of an ability
to bind isolated Grb&H2 throughouthe experiments; it was a struggle to find a consistent
concentration gradient for the binding between the p8@laad Grb2SH2 and this was further
exacerbated by the presence of a pY competitor p88pwhere the binding became more

convoluted and uncertain.

Proteomic analysis of the EGFRb2 interaction had the potential to clarify uncertainty
presented by earlier SBFSAGE analysis, however the EGFR photopr@yeshowed no
statistically significant binding interactions to Grb2 in the workflow performed. The potential
interactors identified were unexpected binders: ERH, G3BP1, FKBP1A. Grb2 was only found
to bind one peptide in a HelLa quality control digest, witistHeLa sample used in this work
was prepared differentlyt could be speculated that Griaspresent inow abundance and
hence enrichment and identification in those circumstances was ambiGouen the
observation of binding in SDBAGE between the EGFR photoprdbéand Grb2, it may be
possible to spike the HeLa cell lysate with isolated protein to artificially increase the abundance
of the Grb2 in the sample. If the EGFR photopr8bés a binder of Grb2 then the crosslinked
complex will be amplified through enrichment resulting in Grb2 identification during analysis.
Alternatively, it wouldbe feasible to test the proteomics workflow with the EGFR photoprobe
87 on multiple cell lines where Grb2 may be present in greater abundance.

The issues with assessing EGERb2 binding with photoprobes were also reflected in the
work assessing PPDRP binding. The initial incubation of the photo probe PPDK sequence
89 with isolated RP gave a clear illuminating baindndicative of probe binding to RP.

However, subsequent experiments showed weak binding resolution and inconsistent trends. It
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is likely that linear photoprobe peptide sequences are insufficient as direct mimics of authentic
sequences in some instances, in particular RPDRP, where phosphorylation appears to be
regulated by a fairly complex mechanism involving multiple domaliss may explain
limited success in observing PPERORP interaction when compared with EGEIR2
interaction. PDRP is a much more complicated Ser/Thr kinalsesphatase hybrid, with some
ADP dependence. In order to successfully produce photoprobesdersystems more studies
need to be performed into structural analysis of these proteins (eay. ¢tystallographic
analysis).

In any case, this initial attempt to identify phosphoprotein interaction with known partners
using photoprobe peptides, indicates the challenges in demonstrating known interactions
between two proteins: EGFBrb2 and PPDKPDRP. To demonstrate a legitimghélis
peptide interaction with an unknown binding partner would be even more challenging,

especially if the structural interaction is not understood.

One proposal forinvestigating pHis interaction with photoprobes in the future would be to
produce peptide probes based on reputed -pitts reported in literature sources and
corroborating the nature of the phosphosite (structured/unstructured) AkphgFold
predictions and attempt to use these unstructured interactions as a basis for investigating pHis
interactions with pTza photoprobe mimic sequences. Structuiiedle 5 could act as a basis

for photoreactive peptide probes of phosphohistidine in future work.

Protein Accession Number | pHis Sequencecontaining histidine pX
Site

Activity - Q9H2PO H950 PTKLMHNASDSE

dependent

neuroprotector

box protein

Sp110 nuclea] Q9HB58 H243 QEMPHSPLG

body protein

Integrator QINVR2 H220 IENQHQGA

complex

subunit 10

Lamin-B1 P20700 H571 EELFHQQG

134



SAFB-like QINWH9 H556 SKSPGHIMVILD
transcription

modulator

Table 5: Proteins identified through antibody immunoprecipitation by Fattel. (25) and adaptation
of table data compiled by Hardmanal.(127)on phosphosite prediction with UPAXKItered for high
confidence phosphositegjhe sequences were observed in alphaf@86, 237)and chosen based on
probability of the histidine site being located in an unstructured region
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5 Investigating protein cyclisation (SurEi surugamide thioester cyclase)

Independent of the studies to generate reactive probes to study proteim interactions, a
separate study to understand the role of pepitiddifying enzymes from natural product
biosynthetic pathways was also undertaken. This study necessitategbtitésation of
modified peptide synthesis methodology which fed into the remainder of the previously

described work.

5.1 NRPS (nonribosomal peptide synthetase) and surugamide biosynthesis

Surugamides are a class of peptidic natural products with activity against cathepsin B. Their
biosynthesis is catalysed byanribosomal peptide syntheta@¢RPS),alarge multtmodular
enzyme TheseNRPSsgeneratgpolypeptidestructures byinding eachamino acidbuilding

block to a phosphopantetheiaylodified side chain, modifying these intermediates (e.g. by
epimerisation) and subsequently catalysing arbimied formation bycondensation with an
amino acid on aradjacentsulunit to extend thepeptide sequencg238-240). In general,
condensation of amino acid subunits is continbeduild a polypeptidauntil a terminal
thioesterase domain is reachwhich cleaves thpolypeptidefrom the peptidyl carrier protein
(PCP)domain in some systemadditionalmodification occurs with cleavagsuch as am-

situ cyclisation(238, 240)

NRPS producespecific peptide substratdsom amino acid residues in a sequemtean
assembly lingbuilding untilathioesterase domauleaves the sequen(238). NRPS systems
often contain Type | or cis-thioesterase domarwhich are fused to the-@rminal domain
within the assembly linmfrastructure and directly cleave the produced peptide from the NRPS
architecturg241-243). However,in surugamidebiosynthesis transacting thioesteragd&urk)
performs the terminal cleavage from the NRR&0, 244) SurE hydrolyses theeptidefrom

the NRPS framework with concomitant cyclisation, the SurkE cyclase shows a broad tolerance
for amino acid components resulting in the production of multiple cyclic surugamide variants
from a single NRPS architectura the surugamide NRPS architecture, four gpragucts
(surA-D) are responsible for the production of surugamide polypejptideursorssurA/D
produce Selatedoctapeptide sequences which are cleaved and cyclised byttboeEterase

(surugamide AE) and surB/C are responsible for the productidhesixth linear polypeptide,
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surugamide Fand a seventh sequencgclosurugamide F(244) The assembly line
architecture of the surugamide biosynthetic system is displayegure 63 (based on diagram

by Kuranagat al.(244)). The final peptide sequence representing a linear surugamide A would
be cleaved and cyclised from the PCP arm at the terminal domain of the SurD gene by the
thioesterasgroteinSurE.
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Figure 63: Surugamide biosynthetic architecture: four synthetic genes SurA/D resp NH, NH
for production ofsurugamide octapeptides (surugamid&)dand SurB/C responsible 0:g<
production of decapeptide (surugamideaRyl cyclosurugamide. E5enes SurA and Su
are expanded,and the biosynthetic logic is detailed for synthesis of surugami HN
adenylation A), condensation@) and epimerizations) domains are displayed with P B2 0
domain in grey. NH,
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Since SurE can cyclise aange of different octapeptide surugamidsequences and a
decapeptide, there may be many different substrates that Surk is capable of cy€lsing.
SurEpromiscuity towardsariedsubstrates for cyclisation has led to strong interest in the use
of SurE for the production of cyclic peptidess vitro perhaps with the aim of novel

bioactive/antimicrobiatompounds.

In this project, SurE promiscuity was investigated using peptidytSNAC
(N-acetylcysteamine) thioester substrates that act as a surtabteo mimic for thein vivo
binding of the surugamide sequence to the NRPS infrastructure by the PCP
(46 phos ph oofacta). Previobsetudiey demonstrétte high tolerance @urk for
aminoacid varidion in the central portion of theeptidesequencand Disomer specificity at

the Gterminus- where the SNAC or pantetheirgdfactorbindin vitro andin vivorespectively
(245).

Whilst modest characterisation of SurE specificity is a great advancerhetiter
characterisation would be required to fully elucidate the scope for SurE to act as a
broadspectrum cyclase for producing bioactive cyclic compoundsindieidual production

of SNAC-surugamides ia laboriougprocessandpurification of individual substrates by HPLC
hampers the mass production of pep&MAC substrates for Surk cyclisation tests. As such,

a screening method was sought for that would enable mass screérugE cyclisation
tolerance without the bottleneck of individual SNAEptide purification by HPLC.
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5.2 Aims of this work

The aim of this work was to hasten characttios of SurE cyclisation tolerance by
circumventing the need for peptidgNAC substrateswhich are time consuming to
individually produce and purify. Production of peptikBINAC substrates requires a selid
phase peptide synthesis (SPPS) workflow followed by cleavage from the solid resin and
subsequent coupling with -Blcetylcysteamine beforeubsequent purification by HPLC. A
means for directly cyclising peptides from the resin would significantly expediprdbess

An analogous precedence existed for this process, where Kblai. showed TycC (a
macrocyclising thioesterase) can recognise and perform its function on-awggbart bound
peptidomimetic of tyrocidine A246). They creata symmetry betweeresinbound peptides
and NRP$hound proteinsyhereby a thioesterase could catalyse release and cyclisation of the
linear peptide substrate from the resin exhibiting biomimicry withitheivo release and

cyclisation of the protein from the NRPS machinery.

This research aimed to assess the suitability of PE@GAgamide substrates for
characterisation of SurkE in analogy with the PEtg/cidine A and TycC system, entrenching
this method as an accurate means of assaying enzyme activity in NRPS siisezesults of
PEGA-surugamide cyclisation with SunkZould need to be validated against the established
method with SNAGsurugamide substrates to confirm the novel results align with results from

the preexisting SNACGsurugamide data.

Additionally, this research aiedto clarify SurE tolerance for varied-férminal residues on a
surugamidesubstrate. Previous research has probed the tolerance of Surk for surugamides with
N-terminal alloisoleucine, tryphtophan and prol{@d5), presumably to broadly probe the N
terminal specificity of SurE for isomers, larger hydrophobic moieties and the effect of the
proline side chain othe ability of SurkE to cyclise in the absence of the typidaierminal

amide However, three residues alom@as not a comprehensive scope of this facet of SurkE

specificity.
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5.3 Synthesis and purification of SNAGsurugamide substrates

To synthesise surugami@NAC peptides, typical Fme8PPSconditionswereperformed to
produce a8Boc-protected peptide on resin, the workflow is displayeBigure 64.

= 2-chlorotrityl
chrloride resin

Fmoc /dj R = Multiple undefined
side chains

Fmoc-aa-OH
DIC (4 eq.)
Oxyma Pure (4 eq.)

Piperidine (20% in DMF) (deprotection)
DMF/DCM/DMF (washes)

HN,Boc
i R ] oY ] o ] 0 ; o
OC\NJ}( \‘)J\N N 1, N/\[(
H o "o o o

2) N-acetylcysteamine (10 eq.)

HOBt (1.2 eq.
1) HFIP:DCM DIC (1(eq_) a)
(1:4) DoM

3) TFA:DCM (9:1)

NH,
HN)\[( N N “ N s
0 o . o . o) 0

Figure 64: Workflow to produce surugamie®NAC compounds through Fm&PPS. The main chain
of the peptide is generated by addition of Fraaino acids (FmeaaOH) and the chain is terminated
with an Nterminally Boeprotected amino acidred). The Boeamino acid is cleaved from the
2-chlorotrityl chloride resin with HFIP: DCM (1:4) and coupled to-dtetylcysteamine at the
C-terminus. The surugamig@NAC compounds are then globally deprotected WiA: DCM (9:1).
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2-chlorotrityl chloride resin provided some advantages compared with other resins, firstly it
cleaves to provide an acidict€rminus required for formation of the thioester bond needed in
SNAC-surugamide formation. With-ehlorotrityl chloride resin, a pide can be cleaved in
mild conditions (HFIP: DCM 1:4) retaining the orthologous protecting groups on the side
chains of the amino acids. This opened thtei@inus for coupling to Mcetylcysteamine

without exposing reactive side chain groups or thieriinal amine.

In the NRPS synthesis, displayedHigure 63, surugamide peptides are produced from the N
terminus to the €erminus. As such, the NRPS synthetase ends with an epimerase domain to
provide the G&erminal D-Leucine. In chemical synthesis, the peptides are synthesised from the
C-terminus to the Merminus. As such, the resin would need to be loaded wilgubine.2-
chlorotrityl chloride resins are not commercially available witis@mer amino acids
preloaded; as such, the resin would need to be loaded Wyattuproduce the surugamide
sequence. -2hlorotrityl chloride is relatively unstable in atmospheric conditions so loading
under an N atmosphere and using dry solvents is necessary. After the initial coupling of
D-leucine onto the resin, FM&@PPS can be perfomed under very standard conditions to

extend the chain regardless of the stereochemistry of the building blocks.

Boc-protection was used on thetermirusof the peptide to conceal the amine of the primary
chain in the surugamide sequesmc® prevent any croseaction during subsequent
N-acetylcysteamine couplingdditionally, the Boeprotecting group could be easily removed
with TFA: DCM (9:1) in a global deprotectioand evaporated off eliminating additional

purification steps for less volatile reagents.

In the standard surugamide octapeptides, surugamidesik sequences with antBrminal
isoleucine; surugamide E has artéMminal valine and surugamide F (a distinct decapeptide)
terminates with tryptophan. Therefore, valine was chosen for the terafione of the peptide
substrates as a control, given that wilde surugamide E ends in valine, the SurE thioester
should cyclise a SNAGurugamide with Nerminal valine. Glycine and alanine were chosen
to test the ability for SurE to cyclise peptideshano side chain on the-términal amino acid

and a sterically small and hydrophobic terminal residue respectively. Liysund assess the
ability for SurE to cyclise in the presence of a longer side chain with hydrophilic properties.
Threonine, differing from valine by the presence of an OH in place of aw@ild also

highlight any more distinct specificity between valine (which was expected to cyclise based on
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the wildtype cyclisation of surugamide E) witts hydrophobic side chain and the sterically
similar but more polar side chain of threonine. Cyclosurugamide F contatesmial
tryptophan, additionally previous studies have shown successful cyclisation of an octapeptide
surugamide with Nerminal tryptghan(245), so success with this cyclisation would act as a

crossresearch confirmation of observation adding credibility to novel observations.

SurugamideSNACs were produced Hyrst producing a base heptapeptide sequence without
the terminal amino acidhnitial loading onto lhe resinvas promoted bgwellingthe chlorotrityl
resinin anhydrous DCM for 30 minutes. The initial FrDeLeuw-OH was loaded with DIPEA

(4 eq.) in anhydrous DCM and the solution was stirred for 40 minutes. The resin was endcapped
with a wash of DCM:MeOH:DIPEA (17:2:1)Following FmoeSPPS, the resibhound
heptapeptides were split prior to the final couplm@orm 6 Ntermnally distinct surugamide
sequences. The redimund surugamide heptapeptide sequences were terminally coupled with
(Boc-(Gly, Ala, Lys(Boc), Thr(tBu), Trp(Boc), VapH). Following coupling, the
Boc-protected peptides were removed from the resin with hexafluoroisopropanol: DCM (1:4)
and individually coupled to Mcetylcysteamine (1€q.) in DCM with HOBt (11.5 eq.). The

6 SNAGsurugamide peptides were globally deprotected by stirring in TFA: QLM for 3

hours and the residual volatiles were evasut aff.

The produced sequences are liste@lable 6 below:

SNAC-Surugamide Sequence

HoN-AlalleDAlalleDlleLyslleDPheDLeuSNAC
H2N-GlylleDAlalleDlleLyslleDPheDLeuSNAC
HoN-Thr lleDAlalleDlleLyslleDPheDLedSNAC
HoN-LyslleDAlalleDlleLyslleDPheDLeuSNAC
H2oN-VallleDAlalleDlleLyslleDPheDLeuSNAC
H2oN-Trp lleDAlalleDlleLyslleDPheDLedSNAC

Table 6: SNAC-surugamidesequences synthesised@minal amino acids emboldened).

Crudepeptideswere purified by higkpressure liquid chromatography (HPL@)oiding all
purification steps until a final HPLC hedd to preserve yield by minimising product loss

through apparatus or transfer during multiple chromatography steps; however, the
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disadvantagaevas that undesirable peptides (such as sequence curtailment variants of the
desired sequence) mawnvebeen present as SNAQeptidesrequiring removal at the end of
synthesisFigure 65displaysthe highresolution mass spectrometry (HRMS) result and HPLC
data for the Gly Nerminal SNAGsurugamide peptide.

Cmpd 5, 1.8 min
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Figure 65: HRMS and HPLC of SNA&urugamide Gly. Expected [M+Hand [M+2HF* observe
in HRMS spectrum and 4.485 minute peak for SN&@ugamide Gly, showing predominanc
desired substrate by HPLC (81% purity by area).
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HPLC purification and HRMS analysis was performed for each of the surugamide substrates
to confirmthe successful production of the desired substrates. The HRMS and HPLC data for

all six substrates ishownin the Appendix.

Each of the SNA&urugamide substrates was incubated with SurE and cyclisation was
assessed by observing mass shifts in HRMS. In addition, the sequences were produced on a
PEGA resin and cyclised by Sur@hese experiments were conducted by Axif Fazal in
collaboration with the candidat&he results of this cyclisation are outlinedTiable 7.

N-terminal residue | SNAC cyclised PEGA cyclised
Ala Yes Yes
Gly Yes Yes
Lys Yes Yes
Trp Yes Yes
Thr Yes Yes
Val Yes Yes
GlIn No No
Leu Yes Yes
lle Yes Yes
Orn Yes Yes
Arg - No
Asn - No
Asp - No
Cys - No
Glu - No
His - No
Met - No
Phe - No
Pro - No
Ser - No
Tyr - No

Table 7: Summary ofSNAC-peptide cyclisation by SurE. All surugami@®AC substrates produced
were cyclised by SurE and the PEGA equivalents were also cyclised. The six SNAC substrates made
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in this work are listed firgh additionto 4 additional SNAGubstratethatwere tested in this work by
Fazalet al.(247), thus they are also listed to elucidate the scope of the (wpr&presented an untested
SNAC substrate where only a PEGA resin result was determined.

Cyclisation of SNAGsurugamide substrates withtBrminal isoleucine would be expected as
this is the nativesurugamide A substratand cyclisation of Nerminal valine would be
expected likewise due to being comparable to native surugamide E. Additioriiynial
tryptophan has been assessed previously in work by Magsadlg245)so a positive result in
alignment with this prior work adds credibility to thevelobservations.

For all the PEGA bound substrates with corresponding SN&Ggamide substrates, SurkE
demonstrated an ability to cyclise both substrates or neither. Given the broad scope ef SNAC
surugamide substrates produced and the consistency of the data, any further observations on
PEGA resin were concluded to be sufficient to probe Sut&iinal sicificity in the absence

of the corresponding SNAGubstrates(SNAC-peptides with terminal GIn, Leu, lle, Orn;
PEGA-substrates synthesasd cyclisation were performed by Dr. Asif Fgzal
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5.4 Conclusion

The SNAGCsurugamidesubstrates produced were a significant contribution to confirming the
activity of the SurkE cyclase. The ability for SurE to cycEB$AC-surugamide substrates with
N-terminal: Ala, Gly, LysThr and Valwere a novel discovery having not been reported prior
to this workand therefore further elucidates understanding of SurkE cyclase promiscuity and
tolerance for residue variance at thégximinus.N-terminal Trphasbeen shown to cyclise in
surugamide octapeptides in prior w@@d5s), but positive cyclisation in this work was critical

to show comparable results between this work and prior discovery. In addition to the
SNAC-surugamides produced in this work, Fazat al. (247) contributed 4
SNAC-surugamide substrates with -tBkminal: GlIn, Leu, lle and Orn. Of all the
SNAC-substrates cyclised in the study by SurE, only the substrate vigmihal GIn did not
cyclise when incubated with Sudhd this was reflected by a lack of cyclisation from the
PEGA-bound surugamide withfterminal Gin.

Additionally, cyclisation of SNAGsubstrates was corroborated by cyclisatioh its
corresponding PEGA substrate in all cases. Therefore, this work demortbaRISGA resin

bound peptides can be utilised to successfully assess the activity of SurE on surugamide
substrates. In a broader context, this work provides further credibility to the hypothesis that
PEGA resin bound peptides may be suitable for assegaius thioesterase enzymes from

NRPS systems therefore circumventing the need to produceCShBstrates as suitable
mimics of the PCP domaisimilar exploration of TycC on tyrocidine A by Koleli al. showed

that PEGA bound substrates can be successfully used to assess promiscuous thioesterase
activity. As such, this work provides further evidence for utilising PEH®BANd peptides to

expedite the process of exploring NRPS thioesterase activity.
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6 Experimental Methods

6.1 Reagents and Equipment

All reagents and starting materials were obtained from commercial suppliers, if further
purification of the starting materiakas performed this will be outlined the corresponding
experimental procedure. Where reactions were performed in a dry environment, the glassware
wasbeen predried in a glassware oven, exposed to vacuum and backflushea eaitttinuous

flow of N2. TLC was performed on aluminium sheets top with Merck silica g&l @dedium

pore diameterfzss. Column chromatography was performederck Supelco silica gel 68

(mean pore size), 463¢e m particle size.

All peptides were made in a polypropylene column with a filter and an attached stopcock. The
tubes were mounted orSaipelcoVisiprepE SPE Vacuum Manifold, PTFE Frell solvents

used in peptide synthesis were commercially available and used direct from supplier with no
further drying or purification. Some peptides were synthesised on a peptide synthiegiser
Liberty Blue where this is the case, the experimental procedure will state use of the synthesiser
explicitly. Centrifugation of peptides prior tveeen wash steps was performed nEppendorf

centrifuge 5810. Lyophilisation was performed on a Virtis Benchtop freeze dryer.

NMR spectronetrywas performed onBruker AV3HD 9.4 T (400 MHz 1HandBruker AV4

NEO 11.75 T (500 MHz 1Hcryoprobe). Chemical shifts are reported in ppm with the
multiplicity, integral and assignmeffior *H NMR analysis:t = shift in ppm (multiplicity,
coupling constanintegral, assignment). Where assignment is more complex, the atom being
assigned will be listed with a numbered atom corresponding to a diagramveemyotons on

H2 would be transcribedi = shift in ppm (multiplicity, coupling constanH, H2).
Multiplicities will be recorded as: s = singlet, d = doublet, t = triplet, g = quartet, dd = doublet
of doublets, td = triplet of doublets, dt = doublet of triplets, dg = doublet of quartets, m =
multiplet. 3P NMR is proton decoupled where multiplicities are not recorded and thus only
singlets are observed unless explicitly stated otheri3klS is obtained on a Bruker amaZon

speed spectrometer and HRMS was obtained by a Bruker Maxis Impact.
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6.2 4-lodo-1H-pyrazole (31)
|

H

Pyrazole (3.90 g57.3mmol, 1.00eq.) was suspended in deionised waterni®) to which

NaOAc (9.84g,120mmol,209e q. ) was added. The solution wa
before the addition ofa solution of Nal (17.§,114mmol,1.9eq.) and 4

(9.159, 36.1 mmol, 0.630 eq.) in deionised watérdropwise through an addition funnel.®}

(30 wt%) (11.4mL, 3.79g,111mmol,1.93eq.) was added dropwise and the reaction was
heated to reflux for 6 hours. After reflux, the reaction was left to aublsadium hydroxide
pellets were added; addition of sodium hydroxide pellets resulted in white precipitate
formation, pellets were added until the precipitate dissolved. The solution was then filtered and
the filtrate placed in an ice bath to form thestitbmpound as whiystals;the crystals were
subsequently washed with iceld deionised water and dried in vaclim.accordance with
methodology by Padiat al.(248),

v

4-iodo-1H-pyrazole (3.37 g1 7.4mmol,30%),'"H NMR (400 MHz,CDC) : U0 = 7. 64 ( S
11.17 (s, 1H, NH); ®C NMR (126MHz,CDCk) : 4 = 138.8, 56.7. Spec
with Mezeiet al. (249)
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6.3 4-lodo-1-trityl -1H-pyrazole (32)

Under N> atmosphee, 4iodopyrazole (500ng, 2.58mmol, 100eq.) wasdissolved in
anhydrous DCM (6nL) and triethylamine (756 L , rBmol3 B08eq.) was added. Trityl
chloride (666mg, 2.39mmol, 0.89%e(.) was dissolved in anhydrous DCMniL) and syringed

into the reaction mixture over ice. After addition of the trityl chloride solution, the ice bath was
removedand the reaction was left to stir overnight. The crude solution was poured into water
(8 mL) and saturated NaHG® mL) was added slowly. The crude product was extracted in
DCM (4 x 5mL), dried over MgS®@and he solvent was removed in vacuo. The crude product
was subsequently purified by flash chromatography (9:1 hexane: ethyl adatat&ordance

with methodology from Zhanet al. (250)

4-lodo-1-trityl-1H-pyrazole (376 mg, 0.8 mmol, 3%), R (Hex: EtOAc 9:1) = 0.35H

NMR (400MHz, CDCbk) : a = 7.66 (s, -72&(n, 11Hj, 7.45109 (ms , 1H)
7H); %C NMR (126MHz, CDCk) : o = 144.7, 142.7, 136.5, 1
127.9, 127.8, 127.7, 127.3, 7918.accordance with data by Elguesbal.(251)and Zhanget

al. (250)
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6.4 Diethyl-1H-pyrazole-4-ylphosphonate(35)
0

/1

EtO—R
EtO
\
Z/ hY
N

H

4-iodopyrazole (499ng, 2.57mmol, 100eq.), PPk (206 mg, 0.785mmol, 0.35eq.) and
Pd(OAc) (59 mg, 0.268 mmol, 0.2 eq.) were combined in a romtettomed flask equipped

with a condenser. The flask was evacuated under vacuum and flusheNwittis was
repeated 3 times. Ethanolrf&), E&N (0.8 mL, 6 mmol, 2eq.), HPO(OE} (0.8 mL, 6 mmol,

2 eq.) were added to the flask and the reaction was heated at reflux for 22 hours before being
left to cool to room temperature. SaturatedsN8H(20mL) was added. The solution was
extraced in EtOAc (4 x 20nL) and the combined organic layers were subsequently washed
with brine (1 x 20mL) before being dried over MgSOThe solvent was removeud vacuq

and the residue was purified by column chromatography with a 1:9 ethyl acetate: hexane flush
followed by elution of the product spot in ethyl acetate. The product fractions were combined
and the solvent removed in vacuo, producing the title compound aevan tsolid. In

accordance with methodology by Makwaataal. (158)

Diethyl-1H-pyrazole4-ylphosphonate(354mg, 1.73mmol, 67%), R (EtOAc) = 0.12,
IH NMR (400MHz, CDCk) : U = 7 HB 2H, Arld), 4.093.9% (m14H, CHj), 1.24
(t, J =7.1Hz, CHs); 3P NMR (162MHz, CDCk) : & =n atcbrdaBcg with data by
Makwanaet al.(158)
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6.5 1H-pyrazole-4-yl phosphonate(28)
0

/

HO-R
HO \
2/ hY

N
H

Diethyl (1H-pyrazot4-yl) phosphonate100 mg, 0490 mmol, 100 eq.) was dissolved in

MeCN (5 mL), followed by the addition of TMBr (750mg, 635¢ L4.90mmol, 100 eq.).

The reaction was heated to 50eC and | ef't 0
temperature before the volatiles were remowvedacuo The residue was triturated in water:

MeCN, the supernatant waecantedand the precipitate was centrifuged with two further

washes in MeCN, to produce the title compound as a dry white powder.

HO .0

\

P/

HO/ 2 1
\
3/ N

N

H

1H-pyrazole4-yl phosphonaté21 mg, 0.14mmol, 29%),H NMR (500MHz, D-O) :=8.02
(d, J=2.3Hz, 2H, H1H3); 1*C NMR (126MHz, D;0) : g = 136Hz8C1,(C8), J =
112.6 (d, J = 209.Biz, C2);3P NMR (162MHz, D,O) :=8.27.

152



6.6 2,5-dibromohexanediamide(25)
@] Br

NH
HZNM 2

Br (@]

Recrystallisation of NBromosuccinimide:

N-Bromasucchimide (NBS) (25.63), 144.0mmol) was dissolved in 25@L of water. Hot
filtration was performed, the filtrate was submerged in an ice bath for 2 hours before vacuum
filtration to isolate NBS (16.1§, 90.96mmol, 63%).

Synthesis of 2;8ibromoadipamide

Adipic acid (5.23y, 35.8mmol) was dissolved in thionyl chloride (SQ15 mL, 207mmol,

58eq.) and heated to 81eC under reflux condit
was left to cool to room temperature overnight. O@2DmL) was added, followed by, the

freshly recrystallised, NBS (16.1§, 90.96mmol, 2.540eq.). The solution was stirred
vigorously followed by addition of HBr (3®t% in acetic acid) (1 drop). A guard tube,
containing sodium hydroxide pellets, was affixed to theofdpe condenser before the mixture

was heated to 80eC for 4 hours, dakredblack whi ch
was observed. The reaction was cooled to 0ec
flask was washed with ether (&L). The filtrate was concentrated in vacuo to give a crude
darkred oil. Ammonium hydroxide solution (35%, #lL) was cockd t o 0O0eC bef ol
dropwise addition of the crude daréd oil. The solution, which had turned light blue, was
stiredforanhouat 0 e C b bliechaky salid waa isodated by filtration. Subsequent
recrystallisationinMeOH: O ( 1: 1) at 60eC for 30 minutes
solid. The filtrate was placed into an4bath where formation of the title compound as an off

white/grey crystal product was observitethod in accordance with Chalketral. (252)

2,5-dibromohexanediamid€2.76g, 9.14mmol, 25%) (offwhite/grey crystals)H NMR
(500MHz,DMSO-de) : U = 7 :HY, 0.31(ss2H, Na)H,354M82 (m, 2H, CH), 2.06
1.81 (m, 4H, CH); °C NMR (126MHz,DMSO-dg) : & = 170.3, 170.25, 4

Analytical data in alignment with Morrisaet al. (166)
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6.7 AC-GYKA CA-NH2 (43)

NH,
o) b0 e SHH o)
)J\NWN\.)J\N N\.)J\N/Q(N\.)J\NHQ
HoO = H g = H J :
.,

Rink amide MBHA resin (0.51 mmol/g loading97 mg, 0.15 mmol) was swollen in DMF

(I mL, 1 hou). After filtering off the DMF, the resin was deprotected with a solution of
piperidine (20% in DNF, 10 minutes). iPeridine was filteredff andfollowed by aradditional

wash of piperidine (20% in DMEF5 minute$. Piperidine was filteredagainand the resin
washed with DMF (5 x 2 mL). A solution of Fm@da-OH (121 mg, 0.39 mmol, 2.6 eq.) with
Oxyma Pure (3mg, 040mmol,27eq. ) and DI C (23.7 €L, 0.15
added to the resin and agitated for 4 hours at room temperature. The amino acid solution was
filtered and a solution of acetic anhydride: pyridine (3:2) was added and agitated for 30 minutes
to endcap th resin. The loaded resin was washed with DMF (3 x 2 mL), DCM (3 x 2 mL) and
MeOH (3x 2mL). The resirRbound Fmoeprotected alanine was deprotected with piperidine
(20% in DMF, 2x 5 minutes) and washed with DCM @2 mL) and DMF (2x 2mL).
Deprotection of the loaded alanine walkdwed by addition of a premixed solution dfmoc
CyqTrt)-OH (387mg, 0.6 mmol, 44 eq.),Oxyma Pure (8éng, 0.® mmol, 4eq.) and DIC

(96¢ L, 1mMmol641eq.)in DMF (2mL). After an hour of agitation, the amino acid cocktalil
was decanted and the resin was washed @A (3x 2mL), DCM (3 x 2mL), piperidine

(2 x 2mL, 5 minuteseach), DMF (3 x 2 mL) and DCM (3 x 2 mLJjhis process was repeated

with subsequent amino acid@nocAla-OH (190 mg, 0.61 mmol, 4 eq.), Fmbgs(Boc)-OH
(295mg, 0.8mmol, 42eq.), FmoeTyr(tBu)-OH (28 mg, 0.63mmol, 42eq.),
Acetyl-Gly-OH (75 mg, 0.6t mmol, 43 eq.) The final coupling was followed by washes of
DMF (3x 2mL), DCM (3 x 2 mL) and MeOH (3 x 2 mL). The resuasdriedover a vacuum
manifold and a stream of>.Nvaspassed over the resin until dé.cocktail of TFA (91%):

water (2.5%)EDT (2.5%) TIPS(1%) (2 mL) was added to the resin and agitated for 3 hours.
The solution was then filtered into iceld EtO (20mL) and centrifuged at 4000 rpm for 10
minutes. The EO was decanted and the precipitate washed twice more wi(h fiétlowed

by centrifugation and decantation of residual etfiéae residual solid was resuspended in

deionised water (/L) and lyophilised.
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Peptide (AeGYKACA-NH2) (27 mg, 0.04mmol, 27%) was obtained as a flocculent white
solid. LCMS analysispbservedM+H]* = 653.2 , expected [M+H} 653.3
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6.8 Ac-GYKADhaA -NH2 (45)

NH,
0] H O H O H O
A AR AR
H § = H § ¢ H § :
-,

Peptide(Ac-GYKACA-NH>) (19 mg, 0.03mmol) was dissolved in water (OmL) and TCEP

(4 mg, 0.01mmol, 0.5eq.) was added. A solution of 2dtbromoadipamide (96g, 0.3mmol,

10eq.) in DMF (0.2nL) was added. The solution was added to a vial containg@OK

(21mg, 0.15mmol,5e g. ) . The vial was placed in a falc
LCMS analysis was performed at hour intervals. After 4 hours, LCMS anabjssrved

[M+H] " 619.3, expected [M+H]= 619.3
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6.9 Dibenzyl [(triisopropylsilyl)ethynyl]phosphonate (57)

0
P

/48 >7/ osa"

R
TIPSacetylene (1.4nL, 6.2mmol, 1.2eq.) was added to dry THF (#@L) and the solution
cool ed to O0epEMdCh(2MamTHF, 2.&mL,b.2rmntol, 1.0eq.) was added in a
dropwise manner. The mixture was stirred for 10 minutes then warmed to room temperature
for 1 hour. The solution was cooled in an ice bath and CIBJNEtmL, 5mmol, 0.9eq.) was
added dropwise before heating to room temperature and being left to stir overnight. The solvent
was removed in vacuo before the addition of anhydrous MeCk[)&nd the solution was
stirred over ice. Anhgirous benzyl alcohol (34L, 33mmol, 5.3eqg.) was added in one
portion followed by tetrazoled(45M in MeCN, 23nL, 10mmol, 1.9eq.) and the solution left
to stir overnight. Saturated N8I (15mL) was added,and the volatiles were removed in
vacuo. The biphasic solution was washed with EtOAc (3 mPPand the combined organic
layers washed with brine (1 x 208L). The organic layer was dried over Mg&@ltered and
the solvent removeth vacuo The crude oil (4.8§) was analysetly LCMS displaying the
diagnostic [M+H}* 427 peak. The crude oil was dissolved in EtOAcr(®0 and subsequently
washed with water (2 x 1L), N&S0s (5%) (3 x 10mL), water (1 x 1GnL) and brine (1 x
10mL). The collected organic layer was dried with MgSiXered and the volatiles removed
in vacuo.The colourless oil (1.90 gias purified by column chromatography, a flush of
hexane: ethyl acetate 9:1 followed by elution of the product in hexane: ethyl acetate 6:4.

Removal of the solvent in vacuo gaaecolourless oilln accordance with methodology by
McAllister et al. (159)

1 12 14
. 1 _p_ 1
2 é CI) 0" 43 °
3 g 5”10 2
9 6 18 16
13 17
18 14
45
17 15

16

Dibenzyl [riisopropylsilyl)ethynyl]phosphonat@94mg, 0.66mmol, 13%) (colourless oil),

R (Hex: EtOAc 3:2) = 0.8'H NMR (500MHz, CDCk) : & = 7. 348),(5m1(d, 10 H,
J = 8.5Hz, 4H, H12), 1.08 (m, 21H, H®); 3C NMR (126MHz, CDCk) : U = 135. 5
7.6Hz, C13), 128.56 (C15, C17), 128.50 (C16), 127.9 (C14, C18), 107.8 (d, Hz,T40),
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95.8 (d, J = 274.Hz, C11), 68.5 (d, J = 51z, C12), 18.4 (CH), 10.8 (C79); 3P NMR
(162MHz, CDCk) : -8§i00.=

Analytical data in alignment with McAllisteat al. (159)
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6.10 Diethyl ethynyl phosphonate(49)

O
M

P<
¢/ CI) E(t)Et

Diethyl chlorophosphate (73, 4.84mmol) was suspended in anhydrous THF G20).
Ethynyl magnesium bromide (0L, 5mmol, 1eq.) was added dropwise to the-cmd
diethyl chlorophosphate solution. After 3 hours of stirring at room temperature, saturated
NH4CI (10 mL) wasaddedand the solution was extracted in@13 x 10 mL). The combined
organic extracts were dried over MgHS@nd the solvent removeth vacuo Column
chromatography ilmexane:ethyl acetate (1:1) R= 0.22 yielded 6@ng of an impure product.

In alignment with methodology by McAllistet al.(154)

/O_II 5_
1 5 (0]

Diethyl chlorophosphate (4@g, 0.24mmol, 4.8% - based on®*'P NMR analysis),Rs
(Hex: EtOAc 1:1) = 0.22'H NMR (400MHz, CDCk): i 4:224.15 (m, 4H, H23), 2.89 (d,
J =13.2Hz, 1H, H6), 1.38 (td, J = 7.1,8Hz, 6H, H1 & H4);3'P NMR (162MHz, CDCh): i
=-8.37, LCMS analysis: [M+H]= 162.4, expected: [M+H} 162.0

Analysis corresponds with McAllistet al. (154)
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6.11 Dibenzyl ethynyl phosphonate(58)

0
I

P<
Z 082"

Dibenzyl [(triisopropylsilylethynyl] phosphonaté.81g, 6.35mmol, 1.00eq.) was dissolved
in THF (300mL) and BO (50mL). TBAF (1M in THF) (7mL, 7mmol, 1 eq.) was added and

the mixture was stirred over ice for 2 hours. SaturatedONKROmL) wasadded,and the

solution was extracted in £ (4x 50mL), the combined organic extracts were dried over

MgSQs and reducedn vacuo The crude oil was purified by column chromatography in

hexane:ethyl acetate (3:2). In accordance with methodology by McAllisteal. (159)

12

Dibenzyl ethynyl phosphonat@810mg, 2.82mmol, 44%) (colourless oil)Rs (Hex: EtOAc
3:2) = 0.26H NMR (400MHz, CDCk) : 7iB6 (m, 10H, H5L4), 5.12 (d, J = 8.58z, 4H,
H3-4), 2.91 (d, J = 13.6lz 1H, H1);33C NMR (126MHz, CDCk): 135.3 (d, J = 7.5iz, C15
16), 128.8 (s), 128.7 (s), 128.1 (s), 88.5 (d, J =51.7 Hz, C2), 74.1 (d, J +29%1), 68.9
(d, J=5.3Hz, C34),*'P NMR (162MHz, CDCkL) : -7i88.£CMS analysis shows [2M+H]

= 572.89, expected: [2M+H} 573.16

In alignment with data by McAllistest al.(159)

160



6.12 Fmoc-pTza(OBn)-OH (16)

O
BnO—-p

BnO/ >§\
N

NP
N -

N
Fmoc< OH
N
H

O

Dibenzyl ethynyl phosphonaté810mg, 2.82mmol, 1.2eq.) was dissolved in THF (38L).
Cul (44mg, 0.23mmol, 0.1eq.) and sodium ascorbate (1#@, 0.7mmol, 0.3eq.) were
dissolved in HO (16mL) and added to the THF solution. FraAdap(Ns)-OH (828mg,
2.35mmol, 1 eq.) was dissolved iiHF: H20(1:1) (32mL) and added to the alkyne solution.
The reaction was stirred for 2 hours at room temperature. The volatiles were remaec
and the residue was washed with@@s (10%) (100mL) and E#O (3 x 60 mL). The aqueous
layer was acidified to pH 1 with HCI (conc.) and washed with EtOAx 60 mL). The
combined organic extracts were dried over Mg®@d concentrated. In accordance with
methodology by McAllisteet al.(159)

FmocpTza(OBn)-OH was obtained (97@g, 1.55mmol, 66%),'H NMR (400 MHz, CDCJ):
U 805 (s, H13), 7.74 (d, 2H, J = H&, FmoeH), 7.55 (m, 2H, Fmo#d), 7.407.25 (m, 14H,
FmocH and H1625), 6.27 (d, 1H, NH), 5.22 (d, J = &2, 2H), 5.12 (dd, J = 8.4, 2Hr, 4H,
H14-15), 4.904.75 (m, 3H, H1412), 4.41 (m, 1H, H10), 4.26 (m, 1H, Bl 4.14 (t, 7.Hz,
1H, H9);*C NMR (126 MHz, CDGJ): i 1%1.7 (s, C28), 155.8 (s, C27), 143.6 (d, J = P2
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Fmoc/Ph C), 141.3 (d, J = 6& , Fmoc/Ph C), 135.2 (d, 35z, C26), 132.1 (d, 348z,
C13), 128.6 (s, Fmoc/Ph C), 128.6 (s, Fmoc/Ph C), 128.5 (s, Fmoc/Ph C), 128.1 (d,dz= 10.9
Fmoc/Ph C), 127.7 (s, Fmoc/Ph C), 127.1 (d,H6Fmoc/Ph C), 125.@, 10.8Hz, Fmoe

C), 119.9 (s, Fme€), 69.3 (d, J = 5.Biz, C1415), 69.07 (d, J = 5.4, Cib), 67.3 (s, C10),
53.8 (s, C11), 51.1 (s, C12), 47.0 (s, G4, NMR (162 MHz, CDGJ): i 848 (m), LCMS
analysis [M+H] = 639.3, expected: [M+H]= 639.2

Analytical data in alignment with McAllisteat al. (159)
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6.13 Benzylethyl ethynyl phosphonate(60)

0
Ml

P<
Z o8

TIPSacetylene (1.4nL, 6.2mmol, 1.24eq.) was added to iemld anhydrous THF (401L),
followed by dropwise addition dpr-MgCl (2M in THF, 3mL, 6 mmol, 1.2eq.) over 10
minutes. Once added, the solution was left to stir at room temperature for 1 hour. The solution
was cooled in an ice bath a@iP(NEt)2 (1 mL, 5mmol, 1eq.) was added dropwise before
heating to room temperature and being left to stir overnight. The solvent was remeaedo

and the residual waxy solid was suspended in anhydrous MeQNL(?@nd stirred over ice.
Anhydrous benzyl alcohol (0.B1L, 5mmol, 1eq.) was added in one portion followed by slow
dropwise addition of tetrazole (11mL, 5.15mmol, 1.03eq.) and stirred over ice for 10
minutes before heating to room temperature. After 1 hour, the solution was cooled in an ice
bath andanhydrous ethanol (0.3 mL,mmol, 1eq.) was added followed by slow dropwise
addition of tetrazole (11.4L, 5.15mmol, 1.03eq.), the reaction stirred over ice for 10 minutes
before heating to room temperature and being left towtimight. Saturated NA€I (20mL)
wasadded,and the volatile were removeéa vacuo The biphasic solution was washed with
EtOAc (3 x 20mL), the combined organic layers were washed with brine (1 ml20and

dried over MgS@ The volatiles were removedn vacuoproducing a colourless oil (2.5,

LCMS analysis: [M+H}" = 365. The oil was resuspended in EtOAc {20 and washed with

H202 (30%wt, 10mL), water (2 x 10nL), sodium metabisulphite ¥b) (3 x 10mL), water

(1 x10mL), brine (1 x 10nL) anddried over MgS@ The volatiles were removed vacuo
producing a colourless oil (1.7, LCMS analysis: [M+Hj" = 381.

The crude colourless oil (1.7 was dissolved in THF (128L) and HO (10mL). TBAF

(IM in THF with 5% HBO, 6mL, 6 mmol, 1.2eq.) was added in one portion, the solution
displayed a redinge andwas stirred for 25 minutes. The mixture was poured int® Et
(100mL) and saturated NKEI (50mL). The mixture was shaken and the aqueous and organic
phases collected. The aqueous phase was subsequently washed@vi(h Et50mL), the
combined organic phases were dried dMgSQs, and the volatiles were removeédvacuo
LCMS analysis: [M+NH]'* = 242, [2M + H}* = 449. Column chromatography was performed

in hexane: ethyl acetate (3:a0d the title compound was isolated as a-ganiple olil.
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Benzytethyl ethynyl phosphonaté260mg, 1.16mmol, 23%), R (Hex: EtOAc 7:3) = 0.43,
IH NMR (500MHz, CDCk) : U 7%.327(m, &3, H611), 5.16 (dd, J 21.8 8.4Hz, 1H,
H5),5.12 (dd, J =1.8,8.5Hz, 1H, H5), 4.18 (dq, J = 8.6, iz, 2H, H3), 2.90 (d, J = 13 Az,
1H, H1), 1.36 (td, J = 7.1, OHz, 3H, H4);"*C NMR (126MHz, CDCkL) : = 185.5 (d, J =
7.5Hz, C6), 128.80 (C9), 128.76 (C8, C10), 128.15 (C7, C11), 88.1 (d, J H51C21), 74.34
(d, 3 =291.Hz, C2), 68.8 (d, J =5Hz, C5), 63.9 (d, J =5Hz, C3), 16.2 (d, J = 5112z,
C4);*'PNMR (162MHz, CDCk) : -&13.HRMS analysispbservedM+Na]* = 247.050,
[2M+Na]" = 471.110; expected [MNa]" = 247.049]2M+Na]* = 471.109
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6.14 Boc-protected benzytethyl phosphondriazolylalanine (pTza) (65)

P —0OBn

l/< OEt

Boc. OH
H

O

Benzylethyl ethynyl phosphonate (11@y, 0.491mmol, 1.09eq.) was dissolved in THF
(3mL). A solution of CuS® (8 mg, 0.05mmol, 0.1leq.) and sodium aerbate
(28mg, 0.14mmol, 0.2%4q.) in BO (6 mL) was added. Beg&azidoalanineOH
(dicyclohexylammonium salt) (18%g, 0.450mmol, 1eq.) in THF (3mL) was added and the
reaction was left to stir at room temperature. After 24 hours, the volatiles were removed
vacuq the remaining solution was acidified to pH 1 in 1M HCI. The product was extracted in
EtOAc (3 x 15 mL), HCI 1M (1 x 15 mL) and dried over MgS®he volatiles were removed

in vacuo The crude mrial was purified by column chromatography eluting in Hex: EtOAc
(3: 7) up to EtOACc (100%), giving the title compound a brown oil.

osg_

ey
i 1 LWOH

Boc-protected benzykthyl protected posphonotriazolylalanine (122 mg, 0.2®8n0l, 55%),

Rr =, H NMR (500MHz, CDCk): ti = 7.387.31(m, 5H, H1519), Ui = 5.48 (d, 1H, H6)}i =
5.16(m, 2H, H13),li = 4.95(s, 2H, H8), 4.76 (slH, H9), 4.18 (t, 2H, H11), 1.45 (s, 9H, H1
3), 1.31(t, 3H, H12);3C NMR (126MHz, CDCk): ti= 170.4 (s, C7), 155.4 (s, CA)353 (s,
C14/Cl19), 128.8 (d, C1718), 128.3(d, C15C16),80.9 (s, C4), 69.0 (s, C13), 64.2 (s, C11),
53.8 (s, C6), 51.4 (s, C8), 28.4 (s,-8)1 16.3(s, C12)*'P NMR (162MHz, CDCk): ti=7.14.
LCMS analysis: observgtl+H] " = 455.11 expected [M+H] = 455.16
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6.15 Boc-protected benzytethyl phosphondriazolylalanine glycinamide (66)

Boc-protected benzythyl phosphontriazolyldanine (122 mg, 0.268nmol, 1 eq.) was

dissolved in anhydrous DCM (5 mL). Oxyma pure (54 mg, tn8&l, 1.4 eq.) and DIC (52

e L, rmmoB B2 eq.) were added and the solution was stirred for one hour. A separate
solution of glycinamide hydrochloride (37 mg, 0.:38nol, 1.2 eq.) and DI PEA
mmol, 2.5 eq.) was prepared. With slalropwise addition, the pTzaxyma solution was

added slowly to the glycinamid@IPEA mixture. The solution was stirred for two hours at

room temperature. LCMS analysis showed the presence of [M#b{]1.12 along witlsome

remaining [M+H] = 455.11. An additional aliquot of glycinamide hydrochloride (37 mg, 0.33

mmol, 1.2 eq.) was addma 1l.2wq.). After@3 hGurs( LEMS andlysis 0. 3 3
showed predominant presence of [M+K]511.13.

The title compound was never isolated by column chromatography.
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6.16 H-AlaGlyDap(N3)AlaGly-NH2 (67)

e N3H o)
HQNJﬁfN\)J\N N\:)J\NWNHZ
o) H o = H ¢

Rink amide MBHA resin (0.60mmol/g loading, 33 mg, 0.25mmol) was swollen in DMF

(I mL) for 1 hour, in a polyprep SPPS tube. DMF was filtered and the resin deprotected with
a solution of piperidine (20% DMF) for 10 minutes. The piperidine was filtered and an
additional wash with piperidine (20 DMF) wasperformed for 5 minutes. The piperidine

was filtered and the resin washed with DMF (5ml2). A solution of FmoeGly-OH (149 mg,

0.50L mmol, 2.5 eq.), Oxyma Pure (72 mg, 0.50enin, 2.5 eq.) and DI C
2.35eq.) was added to the resin amgtated for 4 hours. The amino acid solution was filtered

off and a solution of acetic anhydride: pyridine (3:2) was added to the resin and agitated for 30
minutes before being filtered off. The resin was washed with DMF (3 x 2 mL), DCM (3 x 2
mL) and MeOH(3 x 2 mL). The loaded glycine residue was deprotected with piperidine (20%
in DMF) (2 x 2 mL x 5 minutes), followed by DMF (1 x 2 mL), DCM (1 x 2 mL) and DMF

(1 x 2 mL) washes. A solution of Fm@da-OH (250 mg, 0.84 mmol, 4 eq.), Oxyma Pure

(114 mg, B02mmol, 4. 01 eq. ) andnmb i3.86ed.)InDMF wak adde@ . 7 9 2
to the resin and the polyprep tube was agitated for 1 hour. The amino acid solution was filtered
off and the resin was washed with DMF (1 x 2 mL), DCM (1 x 2 mL), DMF (1 x 2 mL). The
resin was washed with piperidine (20% in DMF) (2 mL x 5 minutes), the piperidine solution

was filtered off and the resin was washed with DMF (1 x 2 mL), DCM (1 x 2 mL) and DMF
(1 x 2 mL). This procedure was repeated for the following amino acidsc-Brap(Ns)-OH

(204 mg, 0.5%9 mmol, 2.90eq.), FmoeGly-OH (238 mg, 0.81 mmol, 4 eq.) and FmoeAla-

OH (250 mg, 0.84 mmol, 4.02eq.). After the final coupling, the resin was washed with DMF
(3x2mL), DCM (3 x 2 mL) and ED (3 x 2 mL) and left to dry on a vacuum manifold. The
dried resin was cleaved in a cocktail of TFAQH TIS (95%: 2.5%: 2.5%) (2 mL) for 2 hours.

The filtered solution was decanted into-tz@d E£O (20 mL). The solution was centrifuged at
4000 rpm for 10 minutes, the supernatant desanted and an additional volume of&{20

mL) was added, the precipitate was agitated and centrifuged at 4000 rpm for 10 minutes. The
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supernatant was discarded and the precipitate dried over a streanTbéNrude peptide was

suspended in ¥D and lyophilised.

The title compound was obtained as a crude white powder (82 mgntall 97% without
further purification. LCMS analysis: observpd+H] " = 386.04, expected [M+H} 386.18
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6.17 H-AlaGlypTza(OBnOEt)AlaGly -NH2 (68)

Benzy-ethyl ethynyl phosphonate (86g, 0.29mmol, 1.38eq.) was dissolved in THF (GL).

A solution of CuS®@ (5 mg, 0.03mmol, 0.14 eq.) and sodium ascorbates(mg, 0.08 mmol,
0.38eq.) in HO (3mL) was added. Crude-AlaGlyDap(Ns)AlaGly-NH2 (82 mg, 0.21mmo],

1 eq.) was dissolved in THF20 (1:1) (6mL) and added to the reaction mixture. The reaction
was left to stir overnight. The reaction changed from clear to cloudy. The volatiles were
removedn vacuo The solution was washed withBt(3 x 30 mL) and he aqueous layer was

lyophilised to yield

H-AlaGlypTza(OBnOEt)AlaGlyNH2 (68 mg, 0.11mmol, 52% without further purification.
HRMS analysioobserved[M+H]* = 6102501, expected: [M+H]= 610.2492
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6.18 Phenylethyl [(triisopropylsilyl) ethynyl] phosphonate(77)

Q
_— IID\OPh
/OEt

TIPS

TIPSacet yl ene rnohD1034 eql) was @dded ® iceld anhydrous THF (40 mL),
foll owed by dropwise addition of iisopropyl
mmol, 1.13 eq.). The solution was stirred at room temperature for one hour. The solution was
cooled over ice and CIP(NBi( 3 50 ¢ mmol, 1eq.pbvéas added slowly dropwise. The
reaction was left to stir for one hour. The solvent was removegedcuobefore resuspension

in anhydrous acetonitrile (20 mL) and cooled over ice. BIh@1BM in MeCN) (156 mg, 3.30

mL, 1.65mmol, 0.99eq.) was added followed by dropwise addition efethylthio)-1H-
tetrazole (ETT) (0.5M in MeCN) (216 mg, 8.3nL, 1.65mmol, 0.99eq.), the reaction was
allowed to stir at room temperature for one hour. The solution was cooled over ice and
anhydrous et hamnmol 1l ef.)lwagadded followkd iy @ropwise addition of
ETT (0.5M in MeCN) (216 mg, 3B mL, 1.65mmol, 0.99eq.), the reaction was stirred
overnight at room temperature. Saturateds®IH20 mL) was added to the reactionxture,

and the volatiles were removedvacuo The biphasic solution was washed with EtOAc (3 x

20 mL), brine (1 x 20 mL), ¥D2 (30 wt%) (10 mL), HO (2 x 10 mL), sodium metabisulphite

(5%) (3 x 10 mL), HO (1 x 10 mL), brine (1 x 10 mL) and dried over MgS®he organic

phase was concentratéd vacuo An attempt at purification by column chromatography in

Hex: EtOAc (3:7) gave a cleaolourless oil, analysis showed remaining impurities.

The title compound was obtained as a cldourless oil (93 mg, 0.2mol, 15%), LCMS
analysis [M+H] = 366.68 and [2M + H]= 733.34. NMR analysis imconclusive;phenyl

regions do not integrate and match with ethyl regions so cannot be assigned clearly.
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6.19 Diethyl [(trimethylsilyl)ethynyl] phosphonate (53)

|
— FI)\OEt
/OEt
™S

TMS-acetylene (508L, 3.83mmol, 1.34eq.) was dissolved in iesold anhydrous THF
(25mL). iPr-MgClI (2M in THF, 1.6mL, 3.2mmol, 1.12eq.) was added dropwise to the
solution and stirred at room temperature for 1 hour. The solution was cooled and QP (NEt
(600¢L, 2.86mmol, 1 eq.) was added dropwise. The solution was stirred at room temperature
for 1 hour before the solvent was remowedacuo Anhydrous ethanol (34€L, 5.82mmol,

2 eq.) was added followed by dropwise additioB-QEthylthio)}1H-tetrazole(0.5M in MeCN,
5.72mmol, 11mL) to the icecold solution. The mixture was stirred overnight at room
temperature. Saturated NEl (20 mL) was added to thgolution,and the crude mixture was
extracted in EtOAc (¥ 20mL), H02 (30 wt%, 1x 10mL), HO (2x 10mL), sodium
metabisulfite (5%) (¥ 10mL), H20 (2x 10mL), brine (1x 20mL). The combined organic
extracts were dried over Mg@nd concentrateth vacuo Columnchromatography in Hex:

EtOAc (2:3)(Rf = 0.49 did not give pure product, sonrapurity remained.

9 7
Vo
A

Si” 4
2/|
3

Diethyl [(trimethykilyl)ethynyl]phosphonat€130mg, 0.55mmol, *14%), Rt (Hex:EtOAc
2:3) = 0.44'H NMR (400MHz, CDCkL): i 4.18 (m, 4H, H6 & H8), 1.38 (t, J =T/.6H,
H7 & H9), 0.24 (s, 9H, HB); 13C NMR (126MHz, CDCk): i 63.5(d, J = 5.6Hz, C6/C8),
162 (d, J= 6.8Hz, C7/C9),-0.8 (s, C%3); *'P NMR (162MHz, CDCk): i -8.34, LCMS
Analysis: [M+H]" = 234.3, [2M+H] = 468.7, expected: [M+H} 235.0, [2M+H] = 469.2*
Impurity still evident by'H NMR analysis

Analytical dataconsistent with Achesoet al.(253)andDutremezet al.(188)
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6.20 Diethyl [triisopropylsilyl) ethynyl] phosphonate(84)

O
I

P<
TIPS/ OEr™!

TIPSacetylene (InL, 4.5mmol, 1.34eq.) was dissolved in anhydrous THF (B0).
iPr-MgCl (2M in THF, 1.9mL, 3.8mmol, 1.13eq.), was added dropwise to the-cx®d
solution. After stirring at room temperature for 1 hour, CIP@). (894mg, 3.35mmol, 1eq.)
was suspended in anhydrous THF (db) and added dropwise to the-celd reaction mixture.
The mixture was stirred at room temperature overnight. The solvent was remgaedoand
the mixture was resuspended in MeCN (20). Anhydrous EtOH (0.4nL, 6.7mmol, 2eq.)
was addedThe reaction was cooled over ice and ETT @i 6.7mmol, 2eq.) was added
dropwise as a solution in MeCN (&8.). The mixture was stirred for 1 hour. Saturated:GH
(20mL) was added and the mixture was extracted in EtOAcZ@mL), H2O2 (1 x 10mL),
HO (2x 10mL), sodium metabisulfite (5% w/v) (810mL), H.O (2x 10mL). The
combined organic extracts were dried over Mg&@d concentrateid vacuo The crude pale
yellow oil (0.94g, 2.95mmol) was purified by column chromatography, R(Hex: BOAc
(4:1)) = 0.24.
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Diethyl [(triisopropylsilyl)ethynyl] phosphonat€0.15g, 0.47mmol, 1499, Rs (Hex: EtOAc
4:1) = 0.44 'H NMR (400MHz, CDChk): Ui  4224.12 (m, 4H, H10/H12), 1.37 (td, 6H,
H11/H13), 1.10 (m, 21H, H®); *P NMR (162MHz, CDCk): Ui  -8.48; LCMS analysis:
[M+H]* = 319.2, [2M+H] = 637.2, expected: [M+H]E 319.18, [2M+H] = 637.3

Analytical data in alignment with Pereral.(254)
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6.21 3-(3-methyl-3H-diaziren-3-yl)propanoic acid

N=N

)WOH

o]

Levulinic acid (1.0 g, 8.6hmol) wasdissolved in liquid NH (30 mL). The solution was stirred
with the condenser kept at8C. HOSA (1.13g, 10nmol) was added dropwise as a solution
in MeOH (15 mL). The reaction was stirred overnight at room temperatuveasl flushed
through the apparatus to ensure remaining Whls expelled. The solution was then filtered
and washed witiMeOH; the volatiles were removerh vacuo The oil was dissolved in
anhydrous MeOH (15 mL) and cooled g0E&N (1.6 mL, 11Immol) was added dropwise to
the solution. Idine (3.8 g, 15nmol) in anhydrous MeOH (20 mL) was added dropwise until
the solution maintained a dark brown colour, the reaction was stirred for 1 ha. @fter
suspending in EtOAc (15 mL), the solution was washed with 1M HCI (15 mL), 10% sodium
thiosulphate (15 mL) and brine (15 mL). The organic phase was dried over ,Mg6O
concentrateth vacuo In accordance with methodology by Kandiel. (255)

3-(3-methyk-3H-diaziren3-yl)propanoic acid210 mg, 1.64nmol, 19%) *H NMR (400 MHz,
CDClk) : 2R4(& 2H, 7.7 Hz), 1.72 (t, 2H, 7.7 Hz), 1.05 (s, 3HC NMR (126 MHz,

CDClk) : U = 177.5 (s, Cl), 29.8 (s, C4), 29.

Analytical data in alignment with Wriglet al. (256)
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6.22 Ac-NPVPYHNQPL -NH2 (88)

o oH
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Synthesised on CEM Liberty BluRink amide MBHAresin (0.55mmol/g loading, 182ng,
0.100mmol), FmoeLeu-OH (0.39 g, 1.Inmol, 5.5 mL), FmoePro-OH (0.74g, 2.2mmol|,
11mL), FmocGlu(OtBu}OH (0.47g, 1.1 mmol, 5.5mL), FmocAsn(Trt}OH (1.31g,

2.2 mmol, 11mL), FmocHis(Trt)-OH (0.68g, 1.1mmol, 5.5mL), FmocTyr(PO(OBzl)OH}

OH (0.56g, 1.1mmol, 55 mL), FmocValine (0.39g, 1.1mmol, 5.5mL). The Nterminal
Fmoc loaded resin was deprotected with piperidine (20% in DM¥R(ehL) and washed with
DMF (5 x 2 mL). N-terminal acetylation was performed with a solution@and DIPEA (3:2)

(5 mL). After 30 minutes, the acetylated peptide was washed with DMR2 (8L), DCM
(3x2mL) and E#O (3x 2mL). The resin was left to dry over vacuum manifold. The dry resin
was suspended iFFA: TIPS: HO (95%:2.5%:2.5%) (3mL) and agitated for 2 hours before
decantation into iceold E;O (30mL). The solution was centrifuged and the supernatant
decanted, EO (15mL) wasadded,and the solution was centrifuged Z). The peptide was
suspended in deionised water (hQ) and lyophilised.

The title peptide was obtained (8@, 0.024mmol, 24%)i analysis by HPLC showed 87%
purity by area. HRMS analysis indicates [M+1]1202.534, [M+2H]" = 601.771, expected:
[M+H]* = 1202.535, [M+2H]* = 601.771.
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6.23 Diazirine-propargylglycine-GMpTSHAAVVARG -NH:2 (89)
YNHZ

HN
OH NH
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Synthesised on CEM Liberty BluRink amide MBHAresin (0.55mmol/g loading, 182ng,
0.100mmol), FmoeGly-OH (0.66g, 2.2 mmol, 11mL), FmocArg(PbfyfOH (0.72g,
1.1mmol, 5.5mL), FmocAla-OH (1.03g, 3.31mmol, 16.5mL), FmoeVal-OH (0.75g,
2.2mmol, 11mL), FmoeHis(Trt)-OH (0.69g, 1.1mmol, 5.5mL), FmocSer(OtBu)OH
(0.43g, 1.1mmol, 5.5mL), FmoeThr(PO(OBzl)OH}OH (0.57g, 1.1mmol, 5.5mL), Fmo¢
Met-OH (0.41g, 1.2mmol, 5.5mL), FmoepropargytGly-OH (0.36g, 1.1mmol, 5.5mL).

The Fmoeprotected resin was deprotected manually in a polyjutee with piperidine (20%

in DMF) (2x 2mL) (5 minutes) followed by DMF (% 2 mL). Diazirine @-(3-methyl3H-
diaziren3-yl)propanoic aciyl (25mg, 0.20mmol, 2 eq.) was dissolved in DMF (8L), to
which Oxyma Pure (361g, 0.25mmol, 2.5 eq.) and DIC (39 L , rmoR55eq.) were
added. The activated diazirine solution was added to the resin and agitated for 2 hours. The
solution wagddecantedand the resin was washed with DMFP{2 mL), DCM (2 x 2 mL) and

EtO (2% 2 mL). The dried resin was cleavewiin the resin witifFA: EDT: H2O: TIS (94%:
2.5%:2.5%:1%) (3mL). After agitating the solution for 3 hours, the solution was decanted
into ice-cold EtO (30mL) and centrifuged. The supernatant Wwasantedand the peptide was
resuspended in B (15mL) and centrifuged (x2). The peptide was resuspended in deionised
water (10mL) and lyophilised.

The title compound was obtained (23 mg, 0.016 mmol, X&alysis by HPLC showed 85%
purity by area HRMS analysis observedM+H]* = 1440.663,[M+2H]?* = 720.832
[M+2N&?" = 742.814, [M+2H}" = 720.832 [M+3H]*" = 480.890 expected:[M+H]* =
1440.660]M+2Na]?* = 742.814 [M+2H]?" = 720.832 [M+3H]3* = 480.890
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6.24 SNAC-Surugamide sequencesSNAC-DLeuDPhelleLysDllelleDAlaX-NH>)

NH,
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2-chlorotrityl chloride resin (20 mg, 0300 mmol i based onl.47 mmol/g loading was
swollen in anhydrous DCN# mL) for 30 minutes. A premixed solution of FmbeLeu-OH
(129mg, 0.365mmol, 1.21eq.), DIPEA (24%L, 1.42mmol, 3.88eq.i relative to amino acid)

in dry DCM (2.04mL) was added to the resin solution and stirred for 40 minutes. The resin
was subsequently washed with DCM/MeOH/DIPEA (17:2:1% @mL), DCM (3% 2 mL),

DMF (2 x 2mL) and DCM (2 X2 mL). The resin was washed with piperidine (209®©MF)
(2x2mL) (5 minutes), DMF2 x2mL), DCM (2 x2 mL). FmoeD-PheOH (466mg, 1.20
mmol, 4.01 eq.), Oxyma Pur&q2mg, 1.21mmol, 4.05eq.) and DIC (185 L , nimoll 8
3.95eq.). were added to the resin and agitated for 1 hour. The resin was washed with DMF
(2 x2mL), DCM (2 x2mL), piperidine (20% in DMF) (% 2 mL) (5 minutes), DMF

(2 x2mL), DCM (2 x2mL). This process was repeated for all subsequent amino acids:
Fmoclle-OH (431mg, 1.22mmol, 4.07eq), FmocLys(Boc}OH (568mg, 1.21Immo],
4.05eq.), FmoeD-lle-OH (440mg, 1.25mmol, 4.16eq.), Fmoelle-OH (427mg, 1.21mmol,
4.04eq.) and Fmo®-Ala-OH (379mg, 1.22mmol, 4.07eq.). This process was repeated to

produce another resin with 0.360nol of surugamide heptapeptide.

The peptide loaded resweredivided intosix aliquotsand each resin was henceforth treated
separately. A solution d@doc-Val-OH (90.2mg, 0.415mmol, 4.15eq.), Oxyma Pure (589,
0.41 mmol, 41 eq.) and DIC (62.6 L(Q.400mmol, 4.00eq.)in DMF was added to one resin.
A solution of Boc-Trp(Boc)OH (164mg, 0.4® mmol, 4.3 eq.), Oxyma Pure (6hg,
0.43mmol, 43eq.)and DIC (62.6 L , Onmdl, .00 eq.) in DMF was added to the second
resin. A solution oBoc-Thr(tBu)-OH (113mg, 0.410mmol, 4.10eq.), Oxyma Pure {Gmg,
0.40mmol, 4.0eqg.)and DIC (62.& L , Onmdl, @.00 eq.) in DMF was added to the third
resin. Boc-Lys(Boc)YOH (142mg, 0.401mmol, 4.01eq.), Oxyma Pure (5&g, 0.41mmol,
4.1eq.) and DIC (62.6L, 0.400mmol, 4.00 eq.) in DMF was added to the fourth resin aliquot.
Boc-Ala-OH (81mg, 0.43mmol, 4.3eq.), Oxyma Pure (6dg, 0.45mmol, 4.5eq.) and DIC
(62.6e L, Onmdl, @.00 eq.) in DMF was added to the fifth resin. A DMF solution of-Boc
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Gly-OH (76mg, 0.43mmol, 4.3eq.), Oxyma Pure (6hg, 0.43mmol, 4.3eq.) and DIC
(62.6e L, Onmel, @.00 eqg.) was added to the six resin aliguot

The resins were washed with DMFX2 mL) and DCM (2 x2 mL) followed by suspension
in HFIP: DCM (L:4) (3 mL) for 30 minutes. The eluent was collected and dried to leave crude
peptides withN-terminal Boc-valine, Boc-tryptophan andBoc-threonine Boclysine, Boe

alanine and Boglycine without further purification.

Crude sirugamideVal (40mg, 0.9 mmol) was dissolved in DCM (@L) to which DIC
(7.7 €L, 0.060mmol, 13 eq.) was added. HOBY (ng, 0.05mmol, 1eq.) was added followed
by N-acetylcysteamine (48L, 0.40mmol, 10eq.)

Crude sirugamideTrp (70mg, 0.08 mmol) was dissolved in DCM (2 mL) to whidbIiC
(9.4¢L, 0.061mmol, 11 eq.) was added. HOBLt (8g, 0.6 mmol, 1.eq.) was added followed
by N-acetylcysteamines(L L, 0.57 mmol,9.8eq.)

Crude sirugamideThr (60mg, 0.0% mmol) was dissolved in DCM (L) to which DIC
(10.4¢L, 0.0672mmol, 120eq.) was added. HOB®O fng, 0.0/ mmol, leq.) was added
followed by N-acetylcysteamine @&eL, 0.55 mmol,9.8eq.)

Crude sirugamidelLys (250mg, 0.28 mmol) was dissolved in DCM (@&L) to which DIC
(40.4¢L, 0.261 mmol, 120eq.) was added. HOBt (3dg, 0.25mmol, 11 eq.) was added
followed by N-acetylcysteamine @L. €L, 2.17mmol,9.95eq.)

Crude sirugamideGly (120mg, 0.23mmol) was dissolved in DCM (@&L) to which DIC
(22.7¢L, 0.147 mmol, 1.D eq.) was added. HOBR{ mg, 016 mmol, 13 eq.) wasadded
followed by N-acetylcysteamine @il eL, 1.23mmol, 100 eq.)

Crude sirugamideAla (304mg, 0308 mmol) was dissolved in DCM (&L) to which DIC
(57.3¢L, 0.370mmol, 1.Deq.) was added. HOB68mg, 039 mmol, 13 eq.) was added
followed by N-acetylcysteamine3R7¢L, 3.08mmol, 100 eq.)

The samples were concentraiadvacuoand subsequently resuspended in TFA: DCM (9:1)
(2 mL). The solutions were stirred for 3 hours at room temperature. After 3 hours, the solvent

was removed with an MNirflow. The SNAGpeptides were purified by preparative HPLC.
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SNAC-surugamideVal (3 mg, 0.003mmol, 3%) i analysis by HPLC showed 45% purity by
area, HRMS analysis observed: [M+H]= 1017.62; [M+Na]* = 1039.634, [M+2H]" =
509.330;expected: [M+H] = 1017.653[M+Na]" = 1039.635, [M+2H]" = 509.330.

SNAC-surugamideTrp (6 mg, 0.005mmol, 5%) i analysis by HPLC showed 63% purity by
area,HRMS analysis observedM+H]* = 1104.663 [M+Na]* = 1126.644; [M+2H]?* =
552.837; expectedM+H]* = 1104.664, [M+Na] = 1126.646, [M+2H]" = 552.835.

SNAC-surugamideThr (12mg, 0.012mmol, 12%) i analysis by HPLC showe2% purity
by area HRMS analysis observed: [M+HE 1019.632, [M+Na] = 1041.614, [M+2H}* =
510.319; expected: [M+HE 1019.632, [M+Na] = 1041.614, [M+2H]" = 510.319.

SNAC-surugamideLys (8 mg, 0.008mmol, 8%) i analysis by HPLC showed 63% purity by
area, HRMS analysis observed: [M+HJ= 1046.679,[M+Na]* = 1068.661,[M+2H]?" =
523.843 [M+3H]3* = 349.564 expected: [M+H]=1046.634[M+Na]" = 1068.661[M+2H]>*
=523.820 [M+3H]** = 349564.

SNAC-surugamideGly (14 mg, 0.014 mmol, 14%) 7 analysis by HPLC showed 81% purity
by area HRMS analysis observed: [M+HE 975.605,[M+Na]* = 1011.603[M+2H]?* =
488.308; expected: [M+HF 975.606[M+Na]* = 1011.603[M+2H]?* = 488.306.

SNAC-surugamideAla (33mg, 0.033mmol, 33%)i analysis by HPLC showed 77% purity
by area,HRMS analysisobserved [M+H]* = 989.621,[M+Na]* = 1011.603[2M+H]* =
1978.238[M+2H]?" = 495.317; expected: [M+HE 989.621[M+Na]* = 1011.603[2M+H]*

= 1978.235[M+2H]%* = 495.314.

178



7 General Methods

7.1 Generating Dha on affimer and incubating with heterocycles

Anti CTB affimer 3A2, 40.&M (150¢L) was mixed withDibromoadipamide in DMF (4.06
mM) (150¢L) followed by KoCOs (4.06 mM, 15¢L) and the solutiorwas incubated at 200

rpm, 3&C.

Anti CTB affimer 3A2was measured by HRMS every hour for evidence of conversion to
Modified anti CTB affimer 3A2 (containing dehydroalaniiiegppearance of 17182 Da peak,
typically after 3 hours.

The crude solutiowas buffer exchangedn a G25 MiitrapE PD Column(Cytiva) with
sodium phosphate buffer (50 mM, pH 8 ate@p The resulting 1 mL sampleas spin

concentrated to 10€L.

A 1M solution of the heterocycle (imidazole/pyrazohgs produced by solvation in sodium
phosphate buffer (50 mM, pH 8 ate€g and incubation at room temperature. The solwtias
monitored every hour by HRMS to assess conversion.
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7.2 UV Crosslinking Assays

Samples of protein and peptide prolwere mixed with PBS along with DMSO control
solutions. The mixturewereincubated at 2&, 700 rpm for 30 minutes. The mixtunesre
irradiated with UV light (365 nm) for 30 seconds, except the DMSO UV negative control. If a
competitorwas added, thisvasdone prior to irradiation.

After irradiation 10% SDS (1.6L) was added to eadfppendorfollowed by click stock (3.6
eL)

Click Stock
Ingredient Quantity (eL)
TamraN3z (10 mM in DMSO) 0.6
CuSQ (50mM in Hx0) 1.2
TCEP(50mM in Hz0) 1.2
TBTA (10mM in DMSO) 0.6
Total Volume 3.6 (perEppendorf

The Eppendorf tubes wersubsequently incubated ate5 700 rpm for 1 hour. After
incubation EDTA (0.5M) (0.5L) was added to eadfppendorfthe samples were precipitated
in ice-cold acetone (106L). The samples are vortexed and left ¥2@C freezer overnight.

The following day, the samplegere centrifuged at €C , 136000g (10 minute
werewashed with icecold methanol (2 100€L). The pelletswvereleft to airdry (no more

than 30 minutes) and subsequently suspended in 2% SDS in PB2I(12ahd 2x sample

loading buffer (SLB) (12.%L). The samplesvere boiled for 2 minutes at @ and then
centrifugedatdc, 136000g for 2 minutes.

The samplesvereloaded onto a gel for SBBAGE electrophoresis. A piained protein
ladder (10cL) wasloaded alongside the samples in each lanee[30The SDSPAGE was
run at 180V, 400 mA for 50 minutes.

Once run, the gelas imaged for rhodamine staining and subsequently soakédamassie
blue stain. Th&€oomassidlue destained gel can subsequently be compared to the rhodamine

gel to assess crosslinking and protein concentration.
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7.3 Proteomics Protocol

Peptide probe @eM, 25¢L, 10% DMSQ was mixed with HeLa Lysate (2.BgmL?,
100¢L) in PBS buffer (12%L) to form 250¢eL probe sample Probe sample (probesM,
proteinl mgmL?, PBS buffer (1% DMSO)).

Peptide probe (100M, 25¢l, 10% DMSO) was mixed with Hela Lysate (2cgmL?,
100¢L) in PBS buffer (12%L) to form 250¢L probe sample Probe sample (probe E0/,
protein iImgmL?, PBS buffer (1% DMSO)).

Sample Probe (ZM) Probe (1&M) DMSO Control
Probe- volume from| 25 25 N/A (25¢eL of 10%
10x stock(eL) DMSO in PBS stock
HelLa 100 100 100

Lysate

(2.5mgmL™Y)

PBS €L) 125 125 125

The samples were incubated @5 1 hour, 750pm). Following incubation, the sample were
UV-irradiated (3651m, 1 minute). 10% SDS (12¢h) was added to the samples. A

biotinylating azideclick mix was added tthe samples (18L).

Click Stock
Compound Volume (gL)
Biotin-N3 (10 mM in DMSO) 20
CuSQ (50 mM in H20) 40
TCEP(50 mM in H,0) 40
TBTA (10mM in DMSO) 20

The samples with click stock were incubated 251 hour, 900pm) followed by addition of
ice-cold acetongl mL) and the samples were left in a freezer overnight. The samples were
centrifuged (4C, 20 minutes, 13,0009g) and the supernatant was removed anecide
MeOH (1mL) was added. The residual pellet was sonicated and centrifugédi@ minutes,

13,000x% g). The icecold MeOH supernatant wasmovedand the process was repeated with
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another volume of iceold MeOH (1mL) twice more. After the final washing, the methanol

supernatant was removed, and the samples wedeiedt for 45 minutes.

Pellets were resuspended in SDS4Rin PBS (2%L) and DTT (0.5M) (0.%L). PBS
(225¢L) was added to the samples. Samples were centrifugesT(2® minutes]13,000x g)

and the supernatants were transferred to new vials. The samples were mixeaddaitiesin
(30¢L) 1 awvdin resin prewashed with 0.260 SDS in PBS (% 500¢L). The samples were
incubated (2%C, 2 hours, 90@pm) and theavidin beads were subsequently washed with SDS
(0.2%) in PBS (Z 500¢L), Urea M) in PBS (2x 500¢L) and TEAB (50mM) (2 x 500¢L)

T centrifugation (2%C, 2minutes, 200 g) between every wash st&pl' T (1M) (2¢eL) was
added, and the samples were incubated@530 minutes, 956pm) followed by washing with
TEAB (50mM) (1 x 500¢L). lodoacetamidé500mM, 2¢L) was added to the samples were
incubated (3@C, 30 minutes, 956pm) (protected from light). The samples wsubsequently
washed with TEAB (50nM) (2 x 500¢L) andtrypsin in acetic acid (0.thgmL?) (5¢L) was
added to the samples. The samples were incubatesT (3B hours, 956m) followed by the
addition of formic acid (0.8L) and TEAB (50mM) (50¢L). The samples were agitated and
then centrifuged (2BC, 5 minutes, 2008 g). The supernatant was transferred to a clean
Eppendorf vial. The residual beads were washed with TEABNE) (1 x 50¢L), and the
combined supernatant layers were driednre@apendd concentratof3 hours).
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7.4 Desalting Protocol

Polyprep tubes were placed onacuummanifold (SupelcoVisiprepE SPB. The tubes were
washed with methanol: deionised water: formic acid (90: 10: 0.1%)(3L) and deionised
water (formic acid0.1%) (2x 1 mL). The samples were resuspended in deionised water
(formic acid 0.1%) (25@L) and transferred to the polyprep tubes. Desalting was performed
by washing samples with deionised water: methanol (95: 5%)1(hL). Clean Eppendorf
tubes were placed under the vacuum manitaldets,and the samples were eluted with a
solution of acetonitrile: water: formic acid (50: 50: ~0.1%X @ mL). Samples were dried in

an Eppendorf concentrator (3 hour§amples were resuspended in deionised water:
acdonitrile: formic acid (98: 2: ~0.1%) (5€L).
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7.5 Cell culture protocol

7.5.1 Hela cell passaging

All equipment was sterilised with ethanol except for HeLa culture dish. The old cell culture
was removed with a serological pipette and discarded. Using a fresh serological pipette, the
cells were washed with PBS (3L) and the PBS was removed and discarded. Trypsin/EDTA
(1.5mL) was added to theells,and they were incubated (87C ,min&teg to detach adherent

cells. The enzymatic reaction was stopped by additignafth mediumDulbecco's Modified

Eagle Medium supplemented with 10% foetal bovinewsa and 1% penicillin/streptomycin)
(3mL). The dish surface was rinsed by aspirating and dispensing the cells a few times before
transferring the cells to a fresh falcon tufidhe @lls were centrifuged (5009, 20€C,

5 minutes)and the supernatant was discarded. The cell pellet was reconstituted in growth
medium (ImL). Cell culture (10@L) was added to growth medium (L) in a fresh dish.

The cells were incubated (8Z, 5% CQ).

7.5.2 Hela solution preparation

One phosphatase inhibitor tablet (PhosSTHRRoche) andone protease inhibitor tablet
(cOmpleté& Protease Inhibitor CocktaiRoche) were diluted to 1x working concentration in

a Tris buffer(25 mM, pH 8, 25¢C). HelLa cell pellet was suspended in the Tris buffer ¢200

and the suspended pellet was sonicated over ice. The solution was centrifuged),(s00
minutes, 46C) and the supernatant was collected. Protein concentration was determined by
Bradford assayThe HelLa protein was aliquoted, flash frozen and subsequently stoaed
freezer(-80 €C).
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