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Bioreactive Unnatural Amino Acids as Tools for
Probing Protein-Protein Interactions
By
Viktoriya Berdan
Abstract

The study of protein-protein interactions is essential to our understanding of cell biology
and our development of therapeutics for human diseases. Bioreactive unnatural amino acids
(Uaas), which can selectively crosslink with specific nucleophilic canonical amino acids, have the
potential to change the way we study protein-protein interactions. Bioreactive Uaas can allow us
to study and manipulate protein-protein interactions without fear of drastically altering native
protein structure, function, or binding capabilities. By engineering a bioreactive Uaa into a protein
in order to target another protein, or proteins, of interest, we make a relatively small mutation but
endows the mutant protein with an incredibly powerful novel capability to chemically crosslink
nucleophilic residues on other proteins. The potential of bioreactive Uaas, though vast, has yet to
be proven. The work described in this thesis attempts to showcase some of the potential of
bioreactive Uaas as both tools to develop potential bio-therapeutics and as tools to study and

identify novel protein-protein interactions.

Chapter 1 describes efforts to elucidate how chemical crosslinking affects the biologics of
receptor-ligand interactions. Using human growth hormone as a model system, we investigate
whether a native ligand can be engineered to successfully bind and crosslink with its receptor, and

how this crosslinking affects the downstream signaling of the receptor-ligand pair.

Chapter 2 is a review of current literature pertaining to the use of chemical crosslinking,

including bioreactive unnatural amino acids, in the development of peptide and protein

Vi



therapeutics. We compile known examples in the literature of peptide inhibitors that have been
developed to crosslink proteins of interest and surmise their therapeutic potential. We also
introduce the relatively novel concept of covalent protein therapeutics, particularly proteins
containing bioreactive unnatural amino acids which would crosslink the proteins to their binding

partners and effect a therapeutic outcome.

Chapter 3 details the major efforts of this doctoral degree in the study of the interactome
of mammalian histidine kinases. Through the use of various bioreactive unnatural amino acids, we
generate a library of mutants for the proteins NDPKA and NDPKB. We investigate whether these
mutants crosslink proteins in mammalian cells and mammalian cell lysates, and, upon finding
mutants with crosslinking potential, we utilize different purification techniques to prepare samples
for analysis via mass spectrometry. The proteins identified through mass spectrometry analysis

have the potential to be substrates or binding partners of the mutant proteins.
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Chapter 1: Elucidating the biological effects of a
covalent human Growth Hormone
1.1 Abstract

Biological functions are carried out through complex networks of signaling pathways.
Many of these intracellular pathways are initiated by the binding of extracellular ligands to cell-
surface receptors, leading to downstream signaling cascades. Tight regulation of signaling
networks is vital for cell health, and aberrant signaling caused by certain ligand-receptor
interactions can lead to the development of various diseases, including cancer. Therefore, there is
a pressing need for the development of more precise and accurate methods to study ligand-receptor
interactions. Specifically crosslinking ligands to their receptors would provide a novel approach
to the study of downstream signaling cascades and other biological properties of ligand-receptor
binding, and could potentially lead to the development of better therapeutics that target ligand-
receptor pairs. By utilizing amber stop codon suppression, we can incorporate a latent bioreactive
unnatural amino acid (Uaa) into a ligand of interest and, through proximity-enabled crosslinking,
covalently bind the ligand with its specific receptor. Bioreactive Uaa incorporation has the
potential to be a powerful tool for studying a wide range of protein-protein interactions. Here, we
report crosslinking between human growth hormone (hGH) and its receptor (hGHR) utilizing a
novel proximity-enabled bioreactive Uaa. We attempt to study how this covalent interaction affects
downstream signaling, and try to discern if there is any difference in downstream signaling

cascades between mutant crosslinking hGH and wild-type protein.



1.2 Introduction

Unnatural amino acids (Uaas) have been incorporated into proteins for over two decades.*2
Until recently, however, the vast majority of Uaas being utilized have contained inert or
biorthogonal side chains. Bioreactive Uaas, which could potentially chemically interact with
canonical amino acids, were not developed as often due to fear that the Uaas would be over-
reactive and lead to toxicity in the cells, or would simply be too reactive to allow for the selection
of orthogonal synthetase/tRNA pairs. However, recent developments have shown that it is possible
to develop bioreactive Uaas that have proximity-enabled reactivity, meaning that they only
reactive with nucleophilic residues when in close proximity, such as during a protein-protein
interaction.®>* Taking a page from the development of covalent drugs, which use electrophilic
warheads that are specific for certain nucleophilic groups found on only a handful of native amino
acids, the genetic code expansion field has progressed towards the development of various Uaas

that selectively target nucleophilic residues such as Cys, Lys, and/or His.>®

Our lab has recently developed one such Uaa, fluorosulfate-L-tyrosine (FSY), which we
have shown to react selectively with Lys, His, and Tyr residues in close proximity.” This makes
FSY particularly unique, in that it can react with more than one nucleophilic residue, when
previous bioreactive Uaas have generally targeted only Cys residues or only Lys residues.* This
allows FSY to target a wider range of protein-protein interactions (PPIs) by not limiting it to PPIs
with one specific nucleophilic residue at the interface. This makes FSY a potentially powerful tool,

and worthy of further study.

Previous bioreactive Uaa studies have only shown that the Uaas have the ability to

crosslink two proteins together, but do not delve into what the biological effects of the crosslink



would be.”® We are interested in exploring the potential of FSY to crosslink an endogenous ligand
with its receptor. Receptor-ligand interactions are a particular class of PPIs that could potentially
be greatly affected by the introduction of a permanent chemical crosslink between the two proteins.
Receptor-ligand interactions are paramount in the activation of downstream signaling cascades
that form the basis for the biological function of cells. The affinity of the ligand and the structural
changes that occur upon ligand binding all play an important role in the biological response of the
receptor and other downstream proteins. Because any changes in binding affinity or protein
structure upon ligand binding could drastically change the biological response of the receptor, the
introduction of a permanent chemical crosslink in a receptor-ligand pair would be an interesting

system to study in order to further understand how bioreactive Uaas can alter biology.

To begin our study of how bioreactive Uaas affect receptor-ligand interactions, we decided
to focus on a well-known model system for our biological assays. Therefore, we decided to study
the human growth hormone (hGH) and growth hormone receptor (hnGHR) pair. The kinetics of the
hGH-hGHR interaction have been well studied.®° The downstream signaling pathways of hGH-
hGHR are well known.®%1! Previous studies have shown the biological effects of increasing the
binding affinity of hGH; there is an upper limit for the biological signaling of the hGHR that, once
reached, will no longer be affected by increasing the binding affinity of hGH.? There is a point at
which increasing the affinity of hGH no longer has any biological effect on the receptor. Using a
system with this known limitation to study the effects of introducing a bioreactive Uaa into the
interaction is therefore interesting because 1) we can attempt to elucidate the difference between
having a ligand with 50-fold higher affinity compared to the original ligand versus a ligand with
an effective off rate that is infinitely small, which is the case for a nonreversible crosslinking

ligand, and 2) we can try to determine if altering the interaction from noncovalent to covalent



affects the structure or biological function of the PPI without necessarily connecting those changes
to a change in affinity. Furthermore, a long term goal of studying the hGH-hGHR interaction and
designing hGH mutants with crosslinking ability would be to determine if the Uaa-containing
mutants have a biological effect on the downstream signaling pathway of hGHR that could
potentially be therapeutic. Growth hormone deficiency affects 1 out of every 4000 kids in the US
and can lead to stunted growth and hypoglycemia;> in recent years, excess hGH has also been
implicated in the development, progression, and metastasis of breast cancer.'* Further studying the
hGH-hGHR interaction using bioreactive Uaas, and attempting to alter the downstream signaling
of this interaction, would not only give us further essential insight into the effects of bioreactive
Uaas on PPlIs, but could also lead to the development of a type of mutant hGH that could be used
for 1) further study in academic setting of the hGH-hGHR interactions and 2) therapeutic treatment

of growth hormone deficiency or even potentially breast cancer treatment.

Thus, having decided to use hGH-hGHR as a model system, we move forward with
designing mutant hGH proteins containing our Uaa of choice, FSY, for crosslinking with the
growth hormone receptor, testing the crosslinking capabilities of these mutants, then utilizing
successful mutants for further cellular assays to study the effects of crosslinking on downstream
signaling, in order to gain more insight into the potential bioreactive Uaas might have as tools in

the study of PPIs and as tools for the development of potential bio-therapeutics.

1.3 Results

Design, expression, and crosslinking of mutant hGH proteins. Human growth hormone
receptor forms a homodimer on the cell surface. The hGH ligand then binds to this dimer to activate

downstream signaling. The hGH ligand, however, is asymmetrical, thus it binds to the receptor



first with site 1, which has a higher affinity for the receptor, then with site 2, which has a lower
affinity.’® We decided to make two hGH mutants, with a bioreactive Uaa on either site 1 or site 2,
in order to see which site would afford more efficient crosslinking, though we postulated that a
bioreactive Uaa in site 1, which binds first and more tightly, would be more likely to crosslink the
receptor. We looked at the interaction interface of hGH-hGHR to identify a nucleophilic residue
on the receptor which was in close proximity to residues on site 1 and residues on site 2. We
identified site Lys166 on the hGHR monomer which was in close proximity to residues GIn68 on
site 1 and Tyr103 on site 2 (Fig 1.1a). By mutating this residue to our bioreactive Uaa FSY, we
hoped to see crosslinking between the mutant hGH proteins and the Lys166 residue of the hGHR.
Plasmids containing TAG codon mutations at either site GIn68 or Tyr103 were constructed and
co-transformed with the plasmid containing the FSY synthetase/tRNA pair (FSYRS). Mutant hGH
proteins were expressed in E. coli cells and purified under previously published conditions (Fig
S1.1and S1.2).%° After purification, in order to test the crosslinking capabilities of the mutant hGH
proteins (denoted at hGH-Q68FSY or hGH-Y103FSY), the mutant proteins were incubated
overnight at 37C with purified extracellular domain of hGHR. In vitro crosslinking results were
visualized via Western blotting, which showed that, as previously hypothesized, the hGH-Q68FSY
mutant, which has FSY incorporated at the higher affinity site 1, crosslinked with the extracellular
domain of hGHR, while the hGH-Y103FSY mutant, which has weaker binding affinity for hGHR,
did not show any crosslinking in vitro (Fig 1.1b). Based upon this initial result, we decided to
move forward with the hGH-Q68FSY mutant for further biological study of the effect crosslinking
has on the hGH-hGHR interaction. We conducted an in vitro time course assay to determine
optimal incubation time between hGH mutant and the receptor for crosslinking to occur, and saw

that crosslinking was seen as early as after 20 minutes of incubation at 37C but was most robust at



around 1-2 hours of incubation (Fig 1.1c). Moving forward, we would continue optimizing

incubation times for further cellular studies of downstream signaling.

4 50 kDa; hGH + ECD of receptor

ECD of Receptor = 28 kDa

4 72 kDa; hGH

WT FSY WT FSY WT FSY WT FSY WT FSY WT FSY

50 kDa; crosslink )

22kDa; hGH ~ e—) - - - @D o @D -

Fig 1.1: Crosslinking of hGH with growth hormone receptor. a) Location of mutant sites GIn68
(left) and Tyr103 (right) in proximity to site Lys166 on hGHR. Human growth hormone ligand is
depicted in green, and human growth hormone receptor is shown in either cyan or magenta. PDB:
3HHR. b) In vitro crosslinking test of hGH-Q68FSY and hGH-Y103FSY. The purified mutant
hGH proteins were incubated O/N at 37C either with or without the extracellular domain of the
hGHR. Results show crosslinking of hGH-Q68FSY mutant but no crosslinking of hGH-Y103FSY
mutant. Anti-His tag Western blot. ¢) In vitro time course assay for crosslinking of hGH-Q68FSY
mutant and extracellular domain of hGHR. Assay shows crosslinking after 20 minutes, with most
robust crosslinking after 2 hours. No crosslinking is seen with the wild type (WT) control of hGH.
Anti-His tag Western blot.

Studying the downstream signaling effects of h\GH-Q68FSY. Having shown that we are
capable of crosslinking a mutant hGH protein containing a bioreactive Uaa to its target receptor in
vitro, we then moved forward to study how this crosslinking might affect the downstream signaling
of the hGHR. Upon binding of hGH to hGHR, several pathways can be activated; one of the most
well-studied is the JAK/STAT pathway leading to the transcription of genes important for cellular
immunity, proliferation, and apoptosis.'! Various other studies on hGH-hGHR signaling have used
the phosphorylation of STAT5 as a measure of downstream signaling activity.’5'® Thus, we

wanted to initially study how the crosslinking of hGH to hGHR on cell surfaces might alter the



signaling of STATS5/pSTATS. As a model system, we decided to use the Ba/F3 GHR+ cell line,
which is a murine pro B cell line engineered to express hGHR. Ba/F3 cells are 1L-3 dependent, so
cells have to be serum starved 24 hours before treatment with hGH to de-convolute IL-3 activation
of the STATS pathway from activation with hGH.'® Ba/F3 cells were grown up according to
previously established protocols. First, we wanted to see if my mutant hGH would even elicit any
downstream signaling, or if the crosslinking potentially negates activation of the hGHR. We added
hGH-WT or hGH-Q68FSY to serum-starved Ba/F3 cells at a concentration of 100 ng/mL and
harvested the cells for Western blot analysis after 1 hour. We saw that our initial study showed
similar activation of pSTAT5 by both the WT and the mutant hGH protein, when compared to the

negative control cells that had nothing added to activate the pSTAT5 pathway (Fig 1.2a).
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Fig 1.2: Downstream signaling assays comparing WT and mutant hGH proteins. a) Initial
study to see if hGH-Q68FSY elicits activation of pSTATS5 pathway. 100 ng/mL of either WT or
hGH-Q68FSY mutant was incubated with serum starved Ba/F3 cells for 1 hour. After 1 hour, cells
were harvested, lysed, and run on Western. Blocking with anti-pSTATS antibody shows similar
activation of pSTATS pathway for WT and mutant hGH proteins. No activation of pathway is seen
in negative control where PBS was added instead of hGH protein. Beta actin is shown as loading
control. Blotting with anti-STAT5 antibody shows similar expression of STATS across samples.
b) Time course assay for downstream signaling shows no significant difference between the
mutant hGH-Q68FSY protein and the hGH-WT protein at any time point. Western blot analysis
with anti-pSTATS antibody. Beta actin shown as loading control.



Once it was established that our mutant hGH protein could activate downstream signaling
of the pSTATS pathway, we decided to conduct a time course cellular assay to determine if there
was differences between hGH-WT and hGH-Q68FSY after incubation for longer periods of time.
Because our mutant hGH would bind once, crosslink, and remain bound to the receptor, while the
WT protein would bind and unbind with the receptor, we postulated that our mutant protein would
have a stronger effect on downstream signaling as it might activate the receptor more by binding
indefinitely. We incubated the WT protein and the FSY mutant protein for various time points, up
to 4 hours, to see if pSTATS activation was altered in some way between the two proteins.
However, our results showed that there was minimal, if any, difference between the two proteins’
effect on pSTATS signaling (Fig 1.2b). Activation of pSTATS is fast and prolonged, regardless of

the length of time the two different proteins are incubated.

Once we learned that incubating the same concentration of hGH-Q68FSY and WT for
varying lengths of time did not have any noticeable effect on downstream signaling, we wanted to
test whether incubating different concentrations of hGH-Q68FSY and hGH-WT for the same
length of time would change the downstream signaling. We hypothesized that, due to the
crosslinking that occurs between hGH-Q68FSY and the hGHR, a lower concentration of hGH-
Q68FSY could potentially elicit the same level of downstream signaling as a higher concentration
of hGH-WT. If this is true, lower doses of hGH-Q68FSY could be used to treat growth hormone
deficiency disorders, which would be therapeutically beneficial. However, several attempts were
made to deduce if different concentrations of hGH-Q68FSY and hGH-WT led to differences in
downstream signaling, but all were inconclusive (Fig. S1.3). The initial study, which looked at
three different concentrations (1 ng/mL, 10 ng/mL, and 100 ng/mL) of each protein incubated with

serum starved Ba/F3 cells for 1 hour showed no pSTAT5S activation, despite previous studies



showing that 100 ng/mL of both hGH-WT and hGH-Q68FSY incubated at 1 hour did lead to
noticeable activation of pSTAT5 (Fig S1.3a). Another study was conducted in parallel with the
concentration assays: one set of serum starved Ba/F3 cells were treated with 100 ng/mL of hGH-
Q68FSY and hGH-WT for different periods of time, including 1 hour. Another set of serum starved
Ba/F3 cells were simulatenously treated with different concentrations of hGH-Q68FSY and hGH-
WT (1 ng/mL, 10 ng/mL, and 100 ng/mL) for 1 hour. Both sets of cells were harvested and
analyzed in the same manner. However, the data once again showed pSTATS5 activation in the set
of cells that were treated with 100 ng/mL of either protein for 1 hour as part of the time course
assay, but no activation of pSTATS in the cells that were treated under the same condition in the
concentration assay (Fig. S1.3b). The last attempt to study how different concentrations of mutant
hGH might affect downstream signaling compared to WT hGH showed some difference at higher
concentrations (500 ng/mL); however, the negative control falsely showed pSTATS activation
(Fig. S1.3c), ultimately making the data gathered from this investigation inconclusive and
unreliable. Thus, we cannot conclude that engineering chemical crosslinking onto hGH ligand has
any different effect on downstream signaling of the STAT pathway through the activation of

hGHR.

The last study we attempted during our investigation of the effects of crosslinking on the
hGH-hGHR pair was to try and show chemical crosslinking between the two proteins on the cell
surface. After incubation of the hGH-Q68FSY protein with serum starved Ba/F3 cells, we lysed
the cells and attempted to pull down and purify out the crosslinked complex using His tag
purification. However, despite trying different concentrations of hGH-Q68FSY, we were unable
to see any crosslinked complexes after pull down (Fig. S1.4). This might be due to the relatively

quick internalization and turnover of the hGHR upon ligand binding. Ultimately, though several



attempts were made, we could not definitively prove mutant hGH-hGHR crosslinking on cell

surface.

1.4 Discussion

We were able to show that it was possible to achieve crosslinking between a native ligand
and its receptor if a bioreactive Uaa was engineered into the binding site of the ligand-receptor
interaction in close proximity to a nucleophilic residue. Our mutant hGH-Q68FSY was able to
target the extracellular domain of hGHR and crosslink with the receptor in a matter of minutes
during in vitro studies. We were also able to show that our mutant hGH-Q68FSY, despite having
a mutation in the binding site, was still able to elicit prolonged downstream signaling, as seen via
time course assay, through the STAT5 pathway in a manner similar to the WT hGH. We were
unable to show any conclusive differences in signaling between hGH-WT and hGH-Q68FSY at
different concentrations, however, nor were we able to purify out a crosslinked complex between

hGH-Q68FSY and hGHR after treating cells with the mutant.

Many of the issues we faced in the study of the hGH-hGHR interaction might have to do
with specific special properties of this receptor-ligand interaction. We know that simply increasing
binding affinity of hGH does not in turn increase downstream signaling. Though we hoped to see
some definitive difference in signaling between our mutant and WT, it is unsurprising that making
the mutant covalent, in essence, increasing the binding affinity infinitely, did not have an effect on
downstream signaling. Furthermore, the fast internalization and turnover of the receptor upon
ligand binding might also explain why we were not able to show crosslinked complex on cell
surfaces. It is also worth noting that though we did not see any in vitro crosslinking between hGH-

Y103FSY and the hGHR extracellular domain, this might be due to site 2, where Y103 is located,

10



being unable to bind to the hGHR monomer. The hGHR extracellular domain protein we used in
this initial study did not contain the necessary domain for the receptor to dimerize. If tested on
full-length hGHR, the hGH-Y103FSY mutant has a potential to crosslink successfully with hGHR.
Further study should focus on the second mutant, as improving binding at site 2 might have more

biological effect than site 1.

Ultimately, the hGH-hGHR model system might not be best for further studying the effects
of chemical crosslinking on PPIs and signal activation. There are other ligand-receptor pairs which
might serve as better model systems and which can be used to study the questions posed in this
proposal. The utility of bioreactive Uaas in the study of PPIs and biological signaling processes is

still to be shown, but we were able to make promising progress with the results that we gathered.

1.5 Materials and Methods

Full length hGH amino acid sequence

FPTIPLSRLFDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLQNPQTSLCFSESIPT
PSNREETQQKSNLELLRISLLLIQSWLEPVQFLRSVFANSLVYGASDSNVYDLLKDLEE

GIQTLMGRLEDGSPRTGQIFKQTYSKFDTNSHNDDALLKNYGLLYCFRKDMDKVETFL
RIVQCRSVEGSCGF

Q68 and Y103 highlighted in red
Codon optimized hGH sequence

TTCCCGACCATTCCGCTGAGCCGTCTGTTTGATAATGCCATGCTGCGCGCCCATC
GCCTGCATCAGCTGGCTTTTGATACCTATCAGGAATTTGAAGAAGCATATATTCCG
AAAGAACAGAAATATAGTTTCCTGCAGAATCCGCAGACCAGCCTGTGTTTTAGTGA
AAGCATTCCGACCCCGAGCAATCGTGAAGAAACCCAGCAGAAAAGTAATCTGGAA
CTGCTGCGTATTAGCCTGCTGCTGATTCAGAGTTGGCTGGAACCGGTGCAGTTTCT
GCGTAGCGTGTTTGCCAATAGCCTGGTGTATGGTGCCAGTGATAGTAATGTTTATG
ATCTGCTGAAAGATCTGGAAGAAGGCATTCAGACCCTGATGGGCCGTCTGGAAGA
TGGCAGCCCGCGCACAGGTCAGATTTTTAAACAGACCTATAGTAAATTCGACACCA
ATAGCCATAATGATGATGCACTGCTGAAAAATTATGGCCTGCTGTATTGTTTTCGCA
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AAGATATGGATAAAGTGGAAACCTTTCTGCGTATTGTTCAGTGCCGCAGTGTGGAA
GGCAGTTGTGGTTTT

Q68TAG primers

Forward: GAGCAATCGTGAAGAAACCtagCAGAAAAGTAATCTGGAAC

Reverse: GTTCCAGATTACTTTTCTGctaGGTTTCTTCACGATTGCTC

Y103TAG primers

Forward: GTAGCGTGTTTGCCAATAGCCTGGTGtagGGTGCCAGTGATAGTAATGTTTATG
Reverse: CATAAACATTACTATCACTGGCACCctaCACCAGGCTATTGGCAAACACGCTAC
Expression and purification of hGH proteins

Mutant and WT hGH proteins were cloned into pBad plasmid with arabinose promoter. 5 uL of
approx. 1ng/uL pBad plasmid containing hGH protein was transformed into DH10b cells along
with 5 uL approx. 1 ng/uL pEvol plasmid containing FSYRS/3xtRNAFSY, After transformation,
cells were spread onto +Amp/+Cam plates and incubated at 37C O/N. Colonies were picked and
grown to OD600 in 100 mL 2XYT media +Amp/+Cam, shaking at 37C. Once culture reached OD,
1 mL of 100mM stock of FSY was added to culture containing mutant proteins. 1 mL 20%
arabinose (by weight) was added to all cultures. Cultures were transferred to 18C shaker and grown
O/N. Purification of proteins followed established protocol. In brief, the O/N cultures were spun
down at 4000xg for 30 min. The pellets were re-suspended in wash buffer containing 1x PBS, 150
mM NaCL, 10% glycerol, 10 mM imidazole, and 0.1% Triton X-100. Lysozyme, protease
inhibitor, and DNase were added to re-suspended pellets. Pellets were sonicated at 20% amplitude,
10 sec on, 10 sec off, for 5 min, then spun down for 30 min at 30000xg. The cleared supernatants

were either purified using the AKTA FPLC with a Ni-NTA column or using Ni-NTA resin. To
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purify using resin, 200 mL of beads per sample were equilibrated with wash buffer and incubated
with cleared supernatant in 50mL tube at 4C for 1 hour while rotating. Samples were spun down
at 500xg for 5 min, supernatant decanted, and resin washed with 3 mL wash buffer. Resin for each
sample was transferred to small filtered column and washed an additional 3 times, 3x column
volume. Samples were eluted with elution buffer consisting of 1x PBS, 150 mM NaCL, 10%
glycerol, 500 mM imidazole, and 0.1% Triton X-100. Samples were buffer exchanged to storage

buffer (50mM Tris-HCI, pH8.0, 150mM NaCl) and concentrated using spin columns.

In vitro crosslinking

Purified WT hGH and hGH mutant proteins were diluted to 0.1 mg/mL. 5 uL of diluted protein
was added to tubes with 5 uL 0.2 mg/mL hGHR extracellular domain. Samples were incubated,
shaking, at 37C for either set time points, as in the time course assay (Omin, 20min, 1h, 2h, or 4h),
or O/N (approx.. 16h), as in initial crosslinking study. After incubation, samples were boiled and

run on SDS-PAGE gel and transferred to Western blot to identify crosslinking.

Western blotting

For western blotting, all samples were mixed with 4x laemmli buffer and boiled at 95C for 5
minutes. Boiled samples were loaded onto 12% SDS-PAGE gels and run at 90V for 10-15 min,
then at 170V for 40-50 min. Membrane for Western blot transfer was soaked in methanol. Transfer
for western blot was run at 25V for 45 min. Membrane was covered in 5% blocking buffer for 1
hr, then with relevant antibody (anti-His antibody conjugated with HRP, beta actin antibody,
pSTATS antibody, or STATS antibody) was added with fresh blocking buffer and incubated for

another 1 hr. In necessary, a secondary antibody with HRP conjugated was added with fresh
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blocking buffer for 1 hr after the initial antibody. The Western was washed 3x for 5 min with

TBST. HRP substrate was added and Western blot was imaged for up to 3 min.

Time course cell assay protocol

Ba/F3 GHR+ cells, at confluency in 6 well plates, were serum starved the night before experiment
— RPMI 1640 media (10% FBS) with containing IL-3 was removed and RPMI 1640 media (10%
FBS) without IL-3 was added. WT hGH and hGH-Q68FSY protein were thawed and diluted to
100 ng/mL. The 100 ng/mL protein stocks were added to wells: hGH-Q68FSY was added to 4
wells and incubated for 20 min, 1 hr, 2 hr, or 4 hr at 37C before harvesting; hGH-WT was also
added to 4 wells and incubated for the same time points. At each time point, cells were harvested,
spun down, lysed with RIPA buffer containing protease inhibitor and a phosphatase inhibitor
cocktail. Lysed cells were analyzed via Western blot as previously described for pSTATS

activation.

Cell assay for testing different concentrations

As for the time course cell assay, Ba/F3 GHR+ cells were grown to confluency then serum starved
O/N before the experiment in RPMI 1640 + 10% FBS. hGH-Q68FSY and hGH-WT protein stocks
were thawed and diluted to various concentrations: 100 ng/mL, 10 ng/mL, or 1 ng/mL (or 500
ng/mL). Cells were incubated 1 hr, then harvested and lysed with RIPA buffer (+ protease

inhibitor, + phosphatase inhibitor) and analyzed via Western blot with anti-pSTAT5 antibody.

Crosslink purification protocol

Ba/F3 GHR+ cells, serum starved O/N, were incubated with various concentrations (100 ng/mL
or 500 ng/mL) of hGH-WT or hGH-Q68FSY for 20 minutes. After 20 minutes, cells were

collected, spun down, and washed with cold PBS 3x. Cells were then lysed with 40 uL of 6M
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guanidine-HCI solution and vortexed vigorously to disrupt membrane and allow for isolation of
potential hGH-Q68FSY-hGHR crosslinked complex. Ni-NTA beads, equilibrated with wash
buffer previously described, were added to the samples and incubated at rt for 1-2 hrs. Samples
were washed 3x with wash buffer; 4x laemmli buffer was added to the samples and they were
boiled to remove His-tagged complex from Ni-NTA beads. Boiled samples were briefly spun

down, then analyzed via Western blot to attempt to identify crosslinked complex from cell

surfaces.

1.6 Supplemental Figures
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Fig S1.1: FPLC traces for the purification of hGH-WT and hGH-Q68FSY. hGH-WT is on the
left and hGH-Q68FSY is on the right.
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Fig S1.2: Expression of hGH-WT, hGH-Y103FSY, and hGH-Q68FSY proteins.
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Fig S1.3: Testing different concentrations of hGH-WT and hGH-Q68FSY. a) Initial attempt
to test the downstream signaling effects of different concentrations of hGH-WT and hGH-
Q68FSY. No pSTATS signaling was detected for either WT or mutant protein at varying
concentrations of 100 ng/mL, 10 ng/mL, or 1 ng/mL. b) Time course assay using 100 ng/mL of
hGH-WT and hGH-Q68FSY was conducted in parallel with the concentration study. Despite
observing downstream signaling when adding 100 ng/mL of ligand for 1 hour during the time
course assay, no pSTATS signaling was detected for the 100 ng/mL samples from the
concentration assay. c¢) A third attempt to elucidate potential differences in signaling between
different concentrations of hGH-WT and hGH-Q68FSY shows that hGH-Q68FSY might signal
better at higher concentrations (500 ng/mL) than hGH-WT, while hGH-WT might signal better at
lower concentrations (10 ng/mL). These results are inconclusive due to a false positive in the
negative control sample.
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Fig S1.4: hGH-QG68FSY crosslinking on cell surface. Attempt at purifying crosslinked ligand-
receptor after on cell incubation shows no detected crosslinking. This is potentially due to the
quick internalization of hGH-receptor upon activation.
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Chapter 2: Covalent peptides and proteins for
therapeutics
2.1 Abstract

Drugs with a covalent mechanism of action benefit from enhanced potency, selectivity,
and in vivo efficacy. Historically, the only covalent drugs on the market have been covalent small
molecules. However, many proteins and protein-protein interactions cannot be targeted by small
molecules due to their lack of small molecule binding pockets, and are thus deemed
“undruggable.” In order to drug the undruggable, peptide and protein therapeutics that can better
bind to flat protein surfaces have been developed. Until recently, peptide and protein therapeutics
have had noncovalent mechanisms of action. The recent advancement of unnatural amino acid
chemistry, along with the development of better and more specific electrophilic warheads, has
allowed for the application of covalent mechanisms to peptide and protein drugs. Covalent peptide
and protein therapeutics have the potential to benefit from the same advantages that covalent small
molecules have over their noncovalent counterparts. Here we provide a brief overview of the
chemistry that makes this advancement possible, as well as examples of covalent peptides and the
first covalent protein drug. These examples successfully crosslink their target proteins and have

beneficial therapeutic effects.

2.2 Introduction

In recent years, there have been major efforts in the fields of drug discovery and chemical
biology to develop covalent small molecule drugs.>?® These drugs provide a unique mechanism

of action that gives them certain added advantages when compared to conventional noncovalent

21



binders. Covalent drugs possess a two-step binding mechanism: first, the drug binds to the target
through reversible, noncovalent interactions; then, the drug reacts with a residue on the target and
forms a covalent bond, resulting in the final covalent complex.* This additional step of covalent
bond formation results in an increased residence time of the drug and a possible off-rate of zero,
driving in vivo efficacy and more desirable pharmacodynamics.® Furthermore, compared to their
noncovalent counterparts, covalent drugs are typically more potent, have higher selectivity, and

can potentially avoid certain resistance mechanisms.%’

Traditionally, only small molecules have been developed into covalent drugs due to their
potential for infinite chemical diversity.®° Strategies to covalently target a protein with a small
molecule are only limited by the reactivity of the protein, not the small molecule. Most covalent
small molecule drugs target cysteine or lysine residues that are buried in protein pockets or active
sites.2% However, small molecule drugs are generally not suited for binding to smooth and flat
protein surfaces or for inhibiting protein—protein interactions (PPIs), which account for the
majority of biological activity and interactions in cells. Protein-protein interactions occur across
interfaces that can span hundreds of angstroms in area. Small molecule drugs are more apt for
binding specifically in distinct pockets than to these vast surfaces.®*? In order to address this gap
in the field, many have started to develop peptide and protein drugs instead. Both peptide and
protein drugs are able to bind specifically to large surface areas.!®*1> Antibodies are perfect
examples of clinically effective protein drugs,® and recent years have seen a gradual shift towards
the development of more peptide and peptidomimetic drugs as well.*1” While progress continues
to be made in the fields of protein and peptide drug development, both fields could benefit from

the potential advantages of developing covalent peptide and protein therapeutics. Peptide and
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protein therapeutics that can bind covalently to their target of interest could have improved

pharmacodynamic properties that make them desirable drug candidates (Fig. 2.1)

Target Protein

Covalent Peptide
ﬁv
Elt-ctrophi”

Warhead

———p Therapeutic Effect

Target a.a.

Covalent Protein

Figure 2.1: Covalent crosslinking between the target protein and peptide or protein drug. By
installing electrophilic warheads that target specific amino acids onto peptides and proteins,
covalent crosslinking between the target protein and peptide or protein drug can be achieved. A
covalent mechanism of action has the potential to improve the therapeutic effect of the peptide or
protein drug.

Unfortunately, unlike small molecule drugs, peptide and protein drugs are significantly
limited by the chemical reactivity of canonical amino acids. Of the twenty canonical amino acids,
only one, cysteine, can form a covalent bond with another amino acid — itself — without catalytic
assistance from an enzyme. However, disulfide bonds are weak, reversible, and redox sensitive,
making cysteine-cysteine crosslinking unsuitable for use in developing covalent peptide and
protein drugs.'® While other nucleophilic amino acid residues, such as lysine and tyrosine, exist,

there are no canonical electrophilic amino acids; this fundamental issue has prevented

advancement in the development of covalent peptide and protein drugs.

This lack of chemical diversity, however, can be solved by the introduction of unnatural

amino acids (Uaas) into peptides and proteins through either solid phase peptide synthesis,'%%
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post-synthesis chemical modification,?! or genetic code expansion methods.?>?32* Many Uaas
have been developed for a wide variety of purposes, including photoswitchable,?
photocrosslinkable,?® fluorescent,?” and bioorthogonal Uaas.?®?® However, only in recent years
have latent bioreactive Uaas been developed to covalently target natural amino acids.*® These
latent bioreactive Uaas do not react with free amino acids or other biomolecules inside cells; rather,
they only react with specific natural amino acid residues when they are in close proximity and in
the correct orientation in regards to each other, e.g., during a protein—protein interaction. Unlike
photocrosslinkable Uaas, they do not require UV light for activation, making them ideal for
crosslinking in in vivo systems. Further innovation of these latent bioreactive Uaas allows for the

development of covalent peptides and proteins.

Herein, we briefly review the current development of covalent peptides and proteins as

therapeutics, including developing new latent bioreactive Uaas to react with protein targets.

2.3 Advances in Covalent Peptide Drugs

Targeting protein—protein interactions, which can span hundreds of angstroms in area, with
small molecules has been a difficult task.'?> The development of peptide drugs, which can better
target, bind, and block these PPI interfaces, has allowed us to go after proteins and interactions
that were previously deemed “undruggable”.313? Peptide drugs are often derived from mimicking
— and optimizing — one half of a protein—protein interaction in order to inhibit the two proteins
from binding, though some peptide drugs have also been designed de novo.323334353637 nlike
protein drugs such as antibodies, certain peptides can cross the cell membrane, allowing for the
targeting of intracellular proteins as well as membrane-bound ones.® Peptide and peptidomimetic

drugs have real potential for being an effective and important class of drugs.
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The issue with peptides is that mimicking a small portion of a PPI interface leads to a
significant decrease in binding affinity, which can be a major problem as many proteins already
naturally have weak affinities for their interaction partners. Peptide drugs may also have a
relatively short half-life because of instability, degradation by proteases, or quick clearance due to
their small size.*® Given that small molecule drugs are able to overcome similar problems via
introduction of a covalent mechanism of action, making peptide drugs covalent is an attractive

strategy to design and develop better and more effective peptide drugs.

Early attempts to develop covalent peptide drugs relied on a photoreactive moiety,!%%
which is inapt for in vivo applications. Incorporating warheads utilized in covalent small molecule
drugs into peptides is a simple and straight-forward strategy to develop peptide inhibitors that can
covalently bind with native amino acid residues such as cysteine. In one study, after identifying a
13-mer peptide (BI1-107D1) that targets the E3 ubiquitin ligase Siah — which is key in regulating
cellular events that lead to cancer development and progression — Stebbins et al. converted BI-
107D1 into a covalent peptide by synthesizing a Lys-acrylamide (Fig. 2.2 compound 1) warhead
onto a residue in the peptide.*® The Lys-acrylamide crosslinked an endogenous Cys residue next
to the binding pocket of the peptide. Cellular studies showed that the covalent peptide more
efficiently inhibited Siah than the noncovalent peptide. A later study installed multiple
electrophilic warheads into the native peptide ligand BIM to target a Cys residue of the oncogenic
protein Bcl2A1.22 When acrylamide was used, the modified BIM peptide bound covalently and
irreversibly to one Cys residue within the helix-binding groove of Bcl2A1, but not to two other
exposed Cys residues on its surface. When the more reactive chloroacetamide or propiolamide
warheads were used, nonspecific reactions with the two other surface Cys residues of BIc2A1 were

observed. These results suggest the importance of achieving reaction specificity and predictability.
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Fig. 2.2: Electrophilic warheads and amino acids utilized in covalent peptide design. Used to
target nucleophilic amino acids.

While unpaired Cys residues can be found in active sites or binding pockets, they are rare
at protein—protein interaction interfaces. The ability to covalently target other residues such as Lys,
Tyr, and His, which are often present on protein surfaces and PPI interfaces, as well as a general
mechanism to ensure reaction specificity, are highly desired. The introduction of proximity-

enabled bioreactive Uaas targeting various natural residues has effectively advanced the field.*° In

26



a 2016 paper,** Hoppmann et al. initially put forward the concept of proximity-enabled
bioreactivity to generate covalent peptide binders: an otherwise chemically stable Uaa — the latent
bioreactive Uaa — is incorporated into a peptide; this Uaa then reacts with the target natural residue
of the protein only when the peptide binds with the protein and brings the Uaa into proximity of
the target natural residue (Fig. 2.3). The latent reactivity of the bioreactive Uaa prevents
nonspecific reactions and any potential cytotoxicity from over-reactivity; the proximity-enabled
reactivity of the Uaa offers high target specificity. To prove the concept, they designed an aryl
sulfonyl fluoride-containing Uaa (Fig. 2.2 compound 3) that could target either a nucleophilic Lys
or His residue and introduced the Uaa into the SAHps3.s peptide that inhibits p53-Mdm2/4
interactions. Sulfonyl fluoride participates in the Sulfur(\V1) Fluoride Exchange (SUFEX) reaction,
a new generation of click chemistry pioneered by Sharpless.***® As designed, the resultant mSF-
SAH peptide efficiently crosslinked with MDM2 and MDM4 under mild conditions. The covalent
binding increased the inhibition activity against MDM4 by > 10-fold. Interestingly, covalent
binding of the SAH peptide to MDM2/4 occurred when sulfonyl fluoride was installed on the
meta-, but not the para-position of the bioreactive Uaa, indicating that the covalent reaction is
dependent on side chain orientation, which can afford high specificity. In addition, unlike the
noncovalent peptide SAHps3.s, which binds to MDM2 and MDM4 with similar affinity, the mSF-
SAH peptide was more selective for MDM4 by a 6-fold difference. Selectivity for MDM4 over
MDM2 has been difficult to achieve in the field of MDM2/4 inhibition.** This work establishes
the use of latent bioreactive Uaas to covalently target noncatalytic, non-cysteine residues via a
defined mechanism of proximity-enabled bioreactivity, and also demonstrates the potential

benefits that covalence might have for peptide drug efficacy and specificity.
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Fig. 2.3: mSF-SAH crosslinks with MDM2/4. mSF-SAH is a stapled peptide with an
electrophilic aryl sulfonyl fluoride warhead, which can covalently react with nucleophilic residues,
such as Lys and His, placed in proximity. The binding interface of MDM2/4 has both a Lys and
His residue that can react with the warhead. Incubation of the covalent peptide with MDM2/4 (both
purified and in cell lysate) showed efficient binding and crosslinking of the peptide with the
protein(s), leading to target inhibition.

Inspired by the work above,** Charoenpattarapreeda et al. took on a slightly different
approach towards the synthesis of covalent stapled peptides.*>*® Instead of directly incorporating
the warhead onto a residue in the peptide, the warhead was placed into a staple core, which bridges
two residues of the peptide to form the staple. This “two-component” peptide stapling eases the
synthesis of stapled peptides containing electrophiles via a “one-size fits all”” approach. They used
an activated ester (Fig. 2.2 compound 4) installed on the staple of peptide P1 to target a Lys
residue of MDM2. The resultant peptide covalently bound to MDM2 and showed an improved

dissociation constant with time when compared with the noncovalent peptide.

The Pellecchia group has extensively studied the enthalpy and entropy of binding of
peptide ligands to members of the inhibitors of apoptosis proteins (IAPs) family of proteins, and
has been able to identify pan-specific noncovalent peptide inhibitors, as well as some more
selective peptide inhibitors.*” By incorporating a sulfonyl fluoride warhead (Fig. 2.2 compound

5) into one of these inhibitors, they were able to specifically target a Lys residue on the X-linked
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IAP (XIAP) protein. This Lys residue is a Glu residue in cellular 1AP1 and IAP2, two other
members of the IAP family. When compared to the lead noncovalent peptides, the covalent
peptides selectively targeted XIAP, showed enhanced cell killing of various cancer cell lines, and
were also effective in cell lines insensitive to the lead noncovalent peptide. As the SuFEx
applications progress, aryl sulfonyl fluoride and aryl fluorosulfate are increasingly appreciated as
better warheads for targeting other nucleophilic residues including Lys, Tyr, His, Thr, and Ser in
a protein context.*3484%%0 |n 3 follow up study,>! the Pellecchia group paired different warheads
(Fig. 2.2 compounds 5-8) against a panel of XIAP proteins with different nucleophilic amino acid
mutations at the target Lys site. They showed that both benzyl sulfonyl fluoride and benzyl
fluorosulfate can covalently target Lys, Tyr, and His residues, which is consistent with the earlier
reported reactivity of benzyl fluorosulfate genetically incorporated in proteins.>® They further
altered the short tetramer peptide to be more “drug-like” by methylating the N-terminal alanine
residue and by replacing the C-terminal phenylalanine residue with different amino-indanes, which
improved peptide stability in serum and also cell permeability. While this work showed modest
therapeutic potential, a wider screen of cell lines is underway to better ascertain the therapeutic

potential of these covalent inhibitors.

While stapled peptides have long been the standard for synthesizing short peptides with
proper secondary structure,®®>2 alternative methods, such as the hydrogen bond surrogate (HBS)
approach, are available.>® The advantage of using the HBS approach, where the N-terminal
backbone hydrogen bond is replaced with an isosteric, covalent carbon—carbon bond to initiate
nucleation of the peptide helix, is that, unlike stapled peptides where one face of the helix is the
large, often hydrophobic staple, all side chain residues in the HBS peptide are open and able to

make proper contacts for molecular recognition.>® Yoo et al. combined the HBS platform for
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peptide design and synthesis with covalent peptide technology.®* This paper targeted the G12C
mutation of Ras, one of the first enzymes to be successfully targeted with a covalent small
molecule drug, via a Sos-mimic peptide.>>®® Yoo et al. conjugated various electrophilic warheads
to the HBS Soc-mimic to create covalent peptide inhibitors. A vinyl sulfonamide (Fig. 2.2
compound 2) was shown to have the best efficacy. When compared against control HBS peptides,
the HBS peptide containing compound 2 showed promising therapeutic potential in cell viability
assays and an ERK downstream signalling assay. This work showcases the potential of covalent

peptides on a different scaffold, as well as their ability to target the catalytic sites of enzymes.

2.4 Advances in Covalent Protein Drugs

The development of covalent protein therapeutics can, in theory, provide the same
advantages as covalent small molecule and peptide drugs. These potential advantages include
‘infinitely high’ affinity, better selectivity, and enhanced pharmacodynamic properties.*
Antibodies can form covalent bonds with small molecule antigens when the latter contain or are
modified with warheads to react with natural residues of the antibody,>”>® yet this approach cannot
enable covalent binding of protein antigens, because target proteins usually cannot be modified in
vivo in therapeutics. In a reverse manner, Holm et al. were able to conjugate a weakly electrophilic
acrylamide onto an affibody,*® and showed that the affibody forms a covalent complex with its
substrate protein ZSPA through the reaction of the attached acrylamide with either a Cys, His, or
Lys residue on ZSPA. The covalent affibody has good specificity towards the target protein both
in vitro and on mammalian cell surfaces expressing the target protein, improving the detection
sensitivity of ELISA and stability in cell surface imaging. Unfortunately, the covalent bond

formation with Lys and His has a slow rate and a low yield, and introduction of the electrophilic
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warhead via Cys conjugation is not generally applicable to other proteins. Moreover, the specificity
and performance of the covalent affibody in vivo, which are critical to drug development, have not

been evaluated.

Unlike peptides, in which various chemical functionalities can be readily installed through
chemical synthesis or post-synthesis modification, the introduction of bioreactive functionalities
into proteins imposes a huge challenge. A general site-specific method for incorporating Uaas into
proteins in live systems is genetic code expansion, which uses an orthogonal pair of tRNA and
aminoacyl-tRNA synthetase (aaRS) to translationally incorporate the desired Uaa into
proteins.?#%324 To be compatible with live cells or systems, Uaas genetically incorporated in the
past have contained functional groups that are either chemically inert, bio-orthogonal, or caged,
that is, they are non-bioreactive.?0%162 Genetically encoding a bioreactive Uaa itself is a
conundrum:*° to form a new covalent bond between the side chains of a Uaa and a natural amino
acid, the Uaa must be reactive toward the target natural amino acid. However, the ubiquitous
presence of the natural amino acid in proteins and inside cells could result in nonspecific linkages,

which may trap the Uaa during translation and/or cause cytotoxicity.

This impasse of bioreactivity and selectivity has been overcome elegantly through the
concept of proximity-enabled bioreactivity initially proposed and demonstrated by Xiang et al.®3
Specifically, the reactivity of the Uaa is fine-tuned so that it does not react with free natural amino
acids and other biomolecules under physiological conditions, thereby permitting genetic
incorporation in vivo via endogenous translational machinery. When the Uaa comes into proximity
to its target natural residue in proteins while in the appropriate orientation, the increased local

effective concentration then facilitates the Uaa to selectively react with the side chain of the target
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natural residue to create a covalent bond. Xiang et al. designed and incorporated the first
bioreactive Uaa, p-2'-fluoroacetyl-phenylalanine (Fr.ct), to target Cys.%® When introduced at the
binding interface of an affibody and its substrate protein, Frct Specifically reacts with a proximal
Cys to generate a covalent complex of the two proteins. Frct has also been incorporated into
fluorescent proteins to generate covalent bonds with Cys intramolecularly in live cells, improving
the photon output and photostability of the proteins, and into a GPCR expressed on live

mammalian cell surfaces in order to pinpoint receptor-peptide ligand interactions.

The work of Xiang et al. opens the gate to the incorporation of bioreactive Uaas into
proteins via genetic code expansion. A range of bioreactive Uaas have subsequently been
incorporated to covalently target different natural residues, such as Uaas containing haloalkanes
(haloalkane Uaa, EB3), perfluoro-benzene (F-PSCaa), or fluoroacetamide (FAcK) to target
Cys, 220465666768 vjinyl sulphonamide (VSF), acrylamide (AcrK, AcrF), or phenyl isothiocyanate
(PNCSF) to target Lys,®*'0 alkyl bromide (BrC6K) to target Lys/Cys/His,® and aryl carbamate
(FPheK) to target Lys/Cys/Tyr (Fig. 2.4)".. These bioreactive Uaas have largely been used to study

protein—protein interactions in vitro and in cells.
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Fig 2.4: Bioreactive Uaas. These Uaas have been successfully incorporated into proteins via
genetic code expansion and used to target specific nucleophilic natural residues.

To develop covalent protein drugs, the bioreactive Uaa needs to meet more stringent
requirements: these Uaas must be chemically inert in vivo; they must efficiently react with the
target residue before target dissociation; and they must have no cytotoxicity and no cytotoxic
reaction products or metabolic byproducts. A milestone toward this goal was the design and
genetic incorporation of the latent bioreactive Uaa flourosulfate-I-tyrosine (FSY) by Wang et al.>°

Aryl fluorosulfonate installed on small molecules has been shown to be essentially unreactive
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toward the proteome.*® Wang et al. showed that FSY is nontoxic to mammalian cells, remains inert
in proteins inside cells, and is able to react with residues Tyr, His, or Lys in proximity efficiently
via SUFEX, generating stable linkages resistant to hydrolysis. In addition, the byproduct of the
reaction, the fluoride ion, is found in fluoridated salt, milk, and toothpaste, and is excreted through
the kidneys, which means it should be nontoxic in vivo. Interestingly, the reaction of FSY with Ser
and Thr in proximity results in the conversion of the latter into dehyroalanine and dehydrobutyrine,

respectively.”

Recently, Li et al. demonstrated the first successful example of a covalent protein drug by
incorporating FSY into the human programmed cell death protein-1 (PD-1) through a general
platform technology termed PERx (Proximity-Enabled Reactive Therapeutics).” The latent
bioreactive Uaa FSY was genetically incorporated into protein PD-1, and, upon PD-1 binding to
PD-L1, the Uaa reacted with a natural His residue of the target PD-L1 via proximity-enabled
reactivity. This highly specific reactivity resulted in irreversible binding of the PD-1(FSY) drug to
the target PD-L1 selectively in vitro, on cancer cell surface, and in tumors in vivo. The PD-1/PD-
L1 interaction inhibited T-lymphocyte proliferation and activity, resulting in exhaustion and
apoptosis of tumor-specific T cells. As PD-L1 is often overexpressed in different tumors, Li et al.
used PD-1(FSY) to block the PD-1/PD-L1 interaction as cancer immunotherapy. Compared with
the noncovalent PD-1(WT), the covalent PD-1(FSY) significantly enhanced the functional
activities of human T cells and CAR-T cells in vitro. When administered in tumor xenograft mouse
models immune-humanized with human peripheral blood mononuclear cells (PBMCs), human
CAR-T cells, or with the advanced systematic bone marrow-liver-thymus humanization, in all
cases the covalent protein drug PD-1(FSY) showed an antitumor effect that is markedly more

potent than PD-1(WT), with a therapeutic effect equivalent to or better than the anti-PD-L1
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monoclonal antibody atezolizumab (Fig. 2.5). In addition, the covalent binding of PD-1(FSY) to
PD-L1 showcased that covalent reactivity in PERX necessitates both drug-target binding and Uaa-
natural residue pairing, thus uniquely affording unusual specificity and target selectivity.
Moreover, irreversible binding through PERX also enabled the direct use of small proteins in vivo
as protein drugs without worrying about their half-lives. This seminal paper on the benefits of
covalent protein therapeutics and the use of latent bioreactive Uaas for their development opens
the field of drug discovery up to an innovative and potentially advantageous approach to protein

drug development that has not been accessible before.

FSY His Covalent Crosslinking

2
0-8-N
o)

SN

Fig 2.5: Covalent PD-1 drug. A) The latent bioreactive Uaa FSY reacts with His in proximity via
SuFEx. B) Upon binding, PD-1(FSY) crosslinks with PD-L1 covalently and specifically on tumor
cells in vivo. This irreversible binding efficiently blocks the native interaction between PD-1 (on
T cells) and PD-L1 (on tumor cells), reversing the dampened antitumor immune response to Kill
tumor cells.
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2.5 Conclusions and perspectives

Developing covalent peptide and protein drugs has the potential to improve on existing
therapeutics and lead to a new generation of biological therapeutics working in the covalent mode.
Here we focus on the Uaa chemistry that has been developed to allow for the design and generation
of covalent peptide and protein drugs, and also look into several successful examples of covalent
peptide and protein drug development. The field of covalent peptide and protein drugs is currently
in its infancy and more work needs to be done to investigate the full therapeutic impact of these
new drug classes. Uaa incorporation via stop codon suppression often leads to lower protein yields
when compared to the wild-type protein. Release factor-knockout bacterial strains and Uaa
incorporation via unnatural base pairs are mitigating this issue.”*" Furthermore, there are still
many questions to be asked about the impact of covalent binding on the target biology and drug
efficacy. While covalent peptide and protein drugs might show significant improvement over
noncovalent, weak-binding peptide and protein drugs, the difference between high affinity binders
and covalent binders might be more subtle. Investigation into how a covalent moiety affects the
efficacy of a tight-binding antibody protein might, for example, give us insight into this question.
In addition, more investigation into the in vivo efficacy of these drugs is needed, as many studies
so far have not extended past cellular assays. Exploring the efficacy of covalent peptide and protein
drugs in mouse models and studies in other higher order organisms, including immunogenicity
tests, will speak better to the potential of these drugs as viable therapeutic options for the treatment

of cancers and other diseases.
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Chapter 3: Utilizing Genetically Encoded
Chemical Crosslinking for the Discovery of
Novel Binding Partners of Mammalian
Histidine Protein Kinases

3.1 Abstract

Histidine phosphorylation is an understudied post-translational modification in mammalian
cells that has recently been linked with important signaling pathways. The two known mammalian
histidine protein kinases, NDPKA and NDPKB, have few confirmed substrates. In order to further
understand the role of phosphohistidine in protein structure and function, we need to develop a
method to robustly capture and identify substrate proteins of NDPKA and NDPKB. We
hypothesize that unnatural amino acid (Uaa) incorporation via genetic code expansion will allow
us to elucidate the functional roles of phosphohistidine in mammalian cell biology. We have
previously developed bioreactive Uaas to capture and identify protein-protein interactions in live
cells. We will explore using bioreactive Uaas to capture unknown interacting partners of the two
mammalian histidine kinases across multiple cell lines, which we will then identify and attempt to
validate. The findings will give us further insight into these histidine kinases and the identity of
their substrates and other interacting proteins, and how they might contribute to cell health and
function. Our proposed research will not only provide new technologies enabling previously
infeasible studies of phosphohistidine, but also advance our understanding of histidine

phosphorylation in mammalian cell biology
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3.2 Introduction

Phosphorylation is a post-translational modification that plays an important role in
pathways controlling cell proliferation, apoptosis, and survival. Misregulation of these pathways
is linked with various human diseases. It is therefore vital for therapeutic development to fully
understand this modification and its related pathways.'® Histidine phosphorylation, which plays
an important role in bacterial gene expression and metabolism, has recently been implicated in
important mammalian cellular processes, including epigenetic signaling, ion channel conduction,
and metastasis suppression.*’ These studies suggest phosphohistidine plays a far more important
role in mammalian cell biology than previously thought. However, this modification remains
understudied due to the labile nature of the phosphoramidate bond, which gets readily cleaved
under the acidic conditions typically used to study phosphoproteins.®® Consequently, we lack the
tools necessary to identify sites of phosphohistidine modification or characterize the functional
roles this modification plays in proteins and signaling pathways. This has led to controversy over
the physiological relevance and biological importance of histidine phosphorylation. It is
imperative that we develop new and reliable methods to identify novel phosphonhistidine-
containing proteins so that we may further study the functional role of phosphohistidine and better
understand how this post-translational modification contributes to cellular health and function.

There are two known mammalian histidine kinases: nucleoside-diphosphate kinase
(NDPK) A and B. These multifunctional proteins are most commonly known for their roles as
house-keeping proteins that catalyze the transfer of y-phosphate from nucleoside-triphosphates to
nucleoside-diphosphates, a mechanism that occurs via formation of a high-energy
phosphohistidine intermediate on a conserved histidine residue in the catalytic domain.*® These

two proteins also contribute to metastasis suppression in mammalian cancer cells, though their
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exact roles in this complex process are relatively unknown.!! To add to their growing repertoire of
functions, NDPKA and NDPKB have also been proven to act as histidine protein kinases, however,
only a handful of substrates have so far been identified.!%!® Some of those substrates include the
G protein beta subunit and the potassium ion channel KCa3.1.14®> How histidine phosphorylation
affects the function of these substrates is still under investigation, as is the question of how
histidine phosphorylation affects cellular health in general. Some studies have suggested that the
protein kinase activities of NDPKA and NDPKB are linked with their roles as metastasis
suppressers; other studies show that global histidine phosphorylation levels differ between healthy
and cancerous cells.”*® Identifying novel substrates and interacting partners of NDPKA and
NDPKB would give us further insight into how histidine phosphorylation affects cell health.
Advances in the field of genetic code expansion allow us to incorporate unnatural amino
acids (Uaas) at specific sites in proteins-of-interest, making it a powerful tool for the cellular study
of protein function and interactions.”® Genetic code expansion has recently been utilized to study
enzyme-substrate interactions through the use of proximity-enabled bioreactive Uaas.!%%
Bioreactive Uaas are generally electrophiles that can crosslink protein-protein interactions by
targeting nucleophilic residues near interaction sites. Crosslinking occurs upon binding of the two
proteins, and these crosslinked proteins can then be identified via mass spectrometry analysis as
the crosslinked peptides of the two interacting proteins remain intact. Bioreactive Uaas have been
used to capture and identify known and unknown enzyme-substrate interactions. Our lab has
crosslinked the enzyme UBE2D3 to its substrate PCNA directly in E. coli cells by genetically
encoding BprY, a bioreactive Uaa that targets cysteine residues, at three sites on PCNA that
interact with the catalytic site of UBE2D3. We have also utilized BprY to capture and identify

unknown substrates of the enzyme thioredoxin (Trx) in live E. coli cells by incorporating BprY at
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a site adjacent to the catalytic residue of Trx.2° Other studies have also shown that enzyme-
substrate interactions, known and unknown, can be captured in mammalian cells.?! These studies
together confirm that bioreactive Uaas have the potential to be powerful tools for the study of

protein-protein and, more specifically, enzyme-substrate interactions.

Many bioreactive Uaas only target cysteine residues, greatly limiting the range of
substrates that can be covalently trapped to ones with cysteine at or near the interaction site. In
order to expanding our crosslinking capabilities beyond one amino acid and be able to target a
wider range of the proteome, our lab has recently developed a Uaa, fluorosulfate-L-tyrosine (FSY),
that can crosslink with lysine, tyrosine, or histidine residues.?? FSY reacts via sulfur fluoride
exchange, or SUFEXx click chemistry, which is robust, stable, and compatible with aqueous and
physiological conditions.?>2® FSY has been shown to crosslink known interacting proteins in vitro,
and in cells when both proteins are overexpressed. Thus far, FSY has not been used to identify
novel interactions or to crosslink proteins that are expressed endogenously. We believe FSY has

the potential to be a really powerful tool for capturing unknown interactions.

We hypothesize that unnatural amino acid incorporation via genetic code expansion would
create innovative and reliable tools in the study of phosphohistidine and phosphohistidine-
containing proteins. We plan to use our bioreactive Uaa FSY, alongside other Uaas, to capture
unknown proteins that interact with the histidine kinases NDPKA and NDPKB in live cells. We
will identify these proteins via mass spectrometry analysis and attempt to validate the interactions
in order to bring further insight into the types of proteins interacting with NDPKA and NDPKB

and how these proteins might contribute to the complex biological functions of these proteins.
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3.3 Results

Designing mutant kinases to capture substrate proteins. Previous studies of protein-
protein interactions using bioreactive Uaas have relied heavily on crystal structures to determine
where best to place the unnatural amino acids so that it is in proximity to a nucleophilic residue on
the protein of interest one is trying to capture. When attempting to study or capture unknown
interactions, determining where to engineer in the Uaa is less straightforward. When approaching
the study of NDPKA and NDPKB, we first began by looking at their active site residues, as we
determined that any substrate that binds to these kinases would have to bind in close proximity to
the catalytic histidine residue 118, which is the residue responsible for phosphate transfer during
the phosphorylation of NDPs, and which is also believed to be responsible for the phosphorylation
of protein substrates as well. Based on the crystal structure of both NDPKA and NDPKB (Fig.
S3.1), we decided to pick six residues initially for mutation to FSY: L55, F60, L64, R88, T94, and
R105. These residues sit primarily to the front of the active site, where the bases of NDPs and
NTPs bind. We hoped that any protein or substrate that binds would be near that area of the active
site, and would thus be captured by our FSY Uaa, potentially even at the histidine position which
would be phosphorylated by the catalytic histidine. After initially testing these mutants, we decided
to make four more mutants at the K66, Y67, S125, and K128 positions. We expressed these mutant
NDPKA and NDPKB proteins in HEK293T cells and were excited to see that for a number of the
NDPKB mutants, there were potential crosslinking bands visible after Western analysis of cell
lysates (Fig 3.1a). Unfortunately, NDPKA mutants did not express well in HEK293T cells (Fig.
S3.2), thus the majority of our mammalian cell work was conducted with NDPKB. To compare
FSY to other unnatural amino acids we had in our repertoire, we also tested some of the mutant

NDPKB proteins with FmnbY, our photocaged quinone methide Uaa, or with Azi, a
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photocrosslinking Uaa. The results showed consistent, reproducible crosslinking patterns across
several of the mutants(Fig 3.1b). These results ultimately suggest that FSY as these positions is
capturing one or two very major interactions which dominate over any other interaction. Because
FSY is less reactive than photoactivated Uaas, we expect to see it capture major or tightly binding
interactions since it requires more time to react with a nucleophilic residue in close proximity. The
results with the photoactivated Uaas should have shown more bands if any other proteins were
captured that bound less tightly or less frequently. However, since the results all looked the same,
the sites we chose to incorporate FSY into are not allowing us to capture a wider range of
interacting partners because they are being biased towards a specific interacting partner or two.
We expect that mass spectrometry analysis, which is more sensitive than Western blot analysis,

might show more crosslinks in the sample that we cannot visualize but can potentially purify out.

a) WT | LS5TAG | F60TAG | L64TAG | R88TAG | T94TAG | R105TAG | K66TAG | Y67TAG | S125TAG | K128TAG SK-BR-3
FsY| - |+ - |+ -|+ -[+ -]+ -|+ -]+ -+ -|+ -]+ - c) FEO0TAG
FSY | +
crosslink
> | —
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Fig 3.1: Crosslinking of NDPKB mutants. a) Mutant protein incorporating FSY expressed in
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HEK?293T cells. Certain mutants show potential crosslinking bands. b) Mutant proteins
incorporating FmnbY expressed in HEK293T cells. Similar band patter as with FSY crosslinking,
even though FmnbY can crosslink a wider array of amino acids, even though it is photoactivatable.
Mutant proteins incorporating Azi. Similar crosslinking pattern as FSY. c¢) Expression of F60
mutant in SK-BR-3 cells shows same crosslinking pattern as in HEK293T cells, suggesting no
new proteins captured.

We also briefly looked into whether we could capture different proteins in a different cell
line, particularly a breast cancer model cell line like SK-BR-3. After transiently transfecting one
of our most robustly expressing mutants, NDPKB-F60FSY, into SK-BR-3 cells, we saw a similar

crosslinking pattern as in our HEK293T studies (Fig 3.1c).

In order to identify these potentially crosslinked proteins, we turned to mass spectrometric
analysis. We decided to focus first on the NDPKB-F60FSY mutant, as it expressed robustly in
HEK293T cells and showed very strong upper bands in Western analysis. Before our initial mass
spectrometry study, we had not yet made the K66FSY or Y67FSY mutants, which also show robust
expression and crosslinking. First, we scaled up the expression of NDPKB-F60FSY in HEK293T
cells so that we could express enough for purification from cell lysate and mass spectrometry
analysis. We conducted a time course assay to determine the best time to harvest our cells for
optimal concentration of crosslinked complexes (Fig. S3.3). In order to purify the crosslinked
protein complexes, we initially decided to use immunoprecipitation (IP) pull down on the Flag tag
at the N terminus of our NDPKB mutant constructs. Though overall yield of NDPKB-F60FSY
protein and its crosslinked complexes was low using this method (Fig. S3.4), and we were unable
to visualize bands on SDS-PAGE gel, we ultimately purified enough for mass spectrometric
analysis. Samples were trypsin digested and further prepared using an established protocol, then

sent off for analysis via Orbitrap Mass Spec.

Mass spectrometry data was analyze using either MaxQuant or OpenUaa data analyzing

software. The initial mass spec data for the NDPKB-F60FSY mutant, which consisted of two
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biological replicates, which was analyzed via MaxQuant, showed that the proteins with the largest
sequence coverage were NDPKA and NDPKB (Fig. S3.5). Due to the over 90% sequence
homology between NDPKA and NDPKB, we postulated that the high sequence coverage for
NDPKA in our sample was most likely due to the analysis software assigning NDPKB peptides to
NDPKA as well. Most of the other proteins identified in these samples appeared to be
contaminations, such as members of the keratin family of proteins, or members of the heat shock

protein (HSP) family. We were unable to identify any crosslinked peptides using MaxQuant.

We conducted further mass spectrometry studies, using the same IP pulldown protocol, but
this time further scaling up our expression of NDPKB-F60FSY. We conducted analysis of four
biological replicates of purified NDPKB-F60FSY and crosslinked complexes using OpenUaa
software, which is specifically designed to identify crosslinked peptides in mass spectrometric
data. The results of this analysis showed NDPKB-FG60FSY peptides crosslinked with four potential
proteins of interest: 2-5A-dependent ribonuclease (RNASEL), E3 SUMO?2 ligase KIAA1586, zinc
finger protein 568, and SET-binding protein (Fig. S3.6). None of the identified proteins matched
the speculated molecular weights as seen in the crosslinked bands of the Westerns. While some of
the proteins, notably the E3 SUMO2 ligase KIAA1586 and SET-binding protein, show some
literature precedent for potentially interacting with NDPKA and NDPKB, we have not yet been
able to establish a valid connection between the identified proteins and NDPKB. Attempts to
validate in cell crosslinking between one of the proteins of interest, 2-5A-dependent ribonuclease,
and NDPKB-F60FSY by overexpressing both proteins in HEK293T cells was unsuccessful (Fig.

S3.7).

One interesting discovery in the mass spectrometry data was that NDPKB-F60FSY

crosslinked with residues Y67 and K128 of NDPKB protein (Fig 3.2). This might suggest that this
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crosslinking is occurring in an intramolecular manner. The F60 residue is relatively close to the
Y67 and K128 residues in the active site of NDPKB. However, when studying the crystal structure
closely, we see that the distance between the Ca of F60 and the O of Y67 is around 12.1 A, and
the distance between the Ca. of F60 and the Ne of K128 is 16.7 A (Fig. $3.8). The ideal reactive
distance for FSY is 9A or less. In order for intramolecular crosslinking to occur, the residues would
have to be brought into closer proximity, thought the F60 residue is at the beginning of an
unstructured loop of the protein, which might also bring it closer to residues Y67 and K128.
However, the formation of intramolecular crosslinking bonds would not explain away the bands
we see in the Western blot. The residues Y67 and K128, due to their proximity, would act like
chemical sponges, absorbing the majority of available F6OFSY. Instead of crosslinking with any
potential interacting proteins, F6OFSY is more likely to crosslink with its neighboring residues
instead. This might explain why we do not see a lot of crosslinking bands, but the very prominent
bands we do see would have to be proteins that are out-competing F60FSY crosslinking with Y67

or K128.

This then suggests that NDPKB-F60FSY is potentially crosslinking in an intermolecular
manner, thus forming crosslinked dimers or other oligomers. This would explain the crosslinking
bands seen in Western blot analysis, as they appear to be around the correct MW to be dimer and
trimer formations. However, mutating the residues Y67 and K128 to phenylalanine and arginine,
respectfully, does not alter the band pattern we see in Western blot analysis of NDPKB-F60FSY
expressed in HEK293T cells (Fig. S3.9a). If these residues were causing the formation of
intermolecular bonds which we then see as the bands on the Western blot, mutating them to inert
residues should eliminate or significantly reduce the bands we see. This is not the case.

Furthermore, the F60 residue does not sit at the interface of dimer/oligomer formation for the
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NDPKB protein, and thus should not be crosslinking the protein in an intermolecular manner.
Crystal structure analysis shows that F60 is very distal from Y67 and K128 residues on other
NDPKB proteins when in an oligomeric form (Fig. S3.9b). Therefore, we are still unsure about

the manner of crosslinking between F60FSY and the Y67 and K128 residues.
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Fig 3.2: Mass spectrometry result; of NDPKB-F60FSY mutant. Results show self-
crosslinking. lon map of NDPKB-FG60FSY peptide crosslinked with Y67-containing peptide (top)
and ion map of NDPKB-F60FSY peptide crosslinked with K128-containing peptide (bottom).

Due to the inconclusive results of the mass spectrometry data of the previously studied
mutant, NDPKB-F60FSY, we decided to embark upon another mutagenesis of NDPKB. We
selected an additional 25 residues dispersed around NDPKB, on top of the already studied 10
mutants, and engineered FSY into each new position (Fig. S10). Of the new 25 mutants, only one,

N115FSY, showed any new crosslinking band pattern upon Western blot analysis (Fig. 3.3)
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Fig 3.3: Expression of new mutants of NDPKB. New mutants show lack of potential
crosslinking bands except for N115FSY mutant, which shows multiple bands, and has a different
banding pattern than the previously studied FGOFSY mutant.

Expressing NDPKB-N115FSY in HEK293T cells once again, we are able to reproduce the
binding pattern we saw initially (Fig. 3.4a). This time, in order to purify out the N115FSY
containing protein and its crosslinked complexes for mass spec analysis, we first express NDPKB-
N115FSY in E. coli. When expressed in E. coli, NDPKB-N115FSY shows minimal bands in
Western blot analysis, suggesting that most of the bands seen in the Western blot of the protein
expression in HEK293T are uniquely mammalian proteins. When NDPKB-F60FSY protein is
expressed in E. coli, the same crosslinking pattern appears in Western blot analysis as when
NDPKB-F60FSY is expressed in HEK293T cells. (Fig. S3.11). After expressing the mutant
protein in E coli, we purify it out using anti-Flag beads, which still use an anti-Flag antibody to
purify out the protein, but because of better protein yield from E coli expression, we are able to

purify out more NDPKB-N115FSY protein. Next, we incubate the purified mutant protein, still
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attached to Flag beads, with mammalian cell lysate. After incubation, we wash and elute. The
banding pattern of NDPKB-N115FSY when purified this way is the same as when expressed
directly in HEK293T cells, suggesting that this method is as effective at capturing binding partners

of NDPKB-N115FSY as directly expressing the mutant protein in HEK293T cells (Fig. 3.4b).
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Fig 3.4: Expression and purification of NDPKB-N115FSY mutant. a) Expression of
NDPKB-N115FSY in HEK293T cells. b) Western blot analysis of NDPKB-N115FSY after
purification from E coli and incubation with mammalian cell lysate. The band pattern in this
Western matches the band pattern for the protein after direct expression in HEK293T cells. SDS-
PAGE gel shows similar band patter, suggesting a higher yield than in previous methods of
purification.

The purified samples of NDPKB-N115FSY protein and crosslinked complexes were
prepared for mass spectrometry analysis in the same method as previously used to analyze the
NDPKB-F60FSY mutant. The results were analyzed using OpenUaa. OpenUaa software once
again identified a number of potential crosslinked proteins (Fig. S3.12), however, these proteins
were not identified in a second biological replicate of NDPKB-N115FSY, suggesting that this data

might not be conclusive. The analysis did identify more crosslinks between NDPKB-N115FSY
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and other residues of NDPKB, including 8 new crosslinked site on top of residues Y67 and K128
(Fig. S3.13). Due to N115 being situated in the active site, we believe that most of these crosslinks
are intramolecular, and that N115FSY is capable of interacting and crosslinking with all of these

residues.

We have submitted more samples for mass spectrometry analysis in hopes of getting

reproducible results. Data for that is still unavailable.

We have also attempted to express NDPKA-N115FSY in E. coli, incubate it with
mammalian cell lysate, and look for any potential crosslinks after purification using Flag resin.
For the first time, we see successful expression of an NDPKA mutant, which we were never able
to see in mammalian cells (Fig. 3.5). Furthermore, we see that NDPKA-N115FSY, when incubated
with mammalian cell lysate, also captures some proteins from the lysate. Samples of NDPKA-

N115FSY has been sent out for mass spectrometry analysis and the results are pending.

Fig. 3.5: NDPKA expression in E. coli. SDS-PAGE gel showing NDPKA-WT and NDPKA-
N115FSY after expression in E. coli and incubation with mammalian cell lysate. NDPKA mutant
expresses robustly in E. coli compared with previous HEK293T expression data, and NDPKA-
N115FSY captures proteins from mammalian cell lysate.
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3.4 Discussion

Our attempts to utilize bioreactive Uaas to capture novel interacting proteins of the kinases
NDPKA and NDPKB have shown some of the strengths and drawbacks of this new method for
studying unknown and undiscovered protein-protein interactions. First, not every mutant protein
will express well, as seen with NDPKA mutants which did not express well in mammalian cells.
Furthermore, identifying the interactions can be difficult and data intensive, as the more mutants
one wants to study, and the more biological replicates, the greater the mass spectrometry data set

is. Validating the mass spectrometry data is also crucial to ensure that the data is accurate.

Some of the benefits of utilizing this method to look for new PPIs is the relative easy to
make a large mutant library. Furthermore, when studying mammalian protein interactions, one can
scale up the expression of the mutant proteins by expression them in high volume in E coli, then
incubating the purified protein with mammalian cell lysate. The bioreactive Uaa is still active and
the proteins can still crosslink, as long as one is not conducting the experiment in reducing

conditions and the mammalian cells have been lysed gently.

There is still much work to be done to prove the utility of bioreactive Uaas in capturing
and elucidating novel protein interactions. Enzymes in particular are difficult proteins to study due
to the transient nature of their substrate binding. But with constitutively active Uaas, which can
bind without the need for UV activation, one is also more likely to capture a wider range of
proteins, not just proteins that interact with the mutant protein at one instance in time upon UV

irradiation.
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3.5 Materials and Methods

NDPKA amino acid sequence

MANCERTFIAIKPDGVQRGLVGEIIKRFEQKGFRLVGLKFMQASEDLLKEHYVDLKDRPFFAGLVKYMHSGPVVAMVW
EGLNVVKTGRVMLGETNPADSKPGTIRGDFCIQVGRNIIHGSDSVESAEKEIGLWFHPEELVDYTSCAQNWIYE

NDPKB amino acid sequence

MANLERTFIAIKPDGVQRGLVGEIKRFEQKGFRLVAMKFLRASEEHLKQHYIDLKDRPFFPGLVKYMNSGPVVAMVW
EGLNVVKTGRVMLGETNPADSKPGTIRGDFCIQVGRNIIHGSDSVKSAEKEISLWFKPEELVDYKSCAHDWVYE

NDPKA codon sequence

ATGGCCAACTGTGAGCGTACCTTCATTGCGATCAAACCAGATGGGGTCCAGCGGGGTCTTGTGGGAGAGATTATC

AAGCGTTTTGAGCAGAAAGGATTCCGCCTTGTTGGTCTGAAATTCATGCAAGCTTCCGAAGATCTTCTCAAGGAAC

ACTACGTTGACCTGAAGGACCGTCCATTCTTTGCCGGCCTGGTGAAATACATGCACTCAGGGCCGGTAGTTGCCAT
GGTCTGGGAGGGGCTGAATGTGGTGAAGACGGGCCGAGTCATGCTCGGGGAGACCAACCCTGCAGACTCCAAGC
CTGGGACCATCCGTGGAGACTTCTGCATACAAGTTGGCAGGAACATTATACATGGCAGTGATTCTGTGGAGAGTG

CAGAGAAGGAGATCGGCTTGTGGTTTCACCCTGAGGAACTGGTAGATTACACGAGCTGTGCTCAGAACTGGATCT

ATGAATGA

NDPKB codon sequence

ATGGCCAACCTGGAGCGCACCTTCATCGCCATCAAGCCGGACGGCGTGCAGCGCGGCCTGGTGGGCGAGATCAT
CAAGCGCTTCGAGCAGAAGGGATTCCGCCTCGTGGCCATGAAGTTCCTCCGGGCCTCTGAAGAACACCTGAAGCA
GCACTACATTGACCTGAAAGACCGACCATTCTTCCCTGGGCTGGTGAAGTACATGAACTCAGGGCCGGTTGTGGC
CATGGTCTGGGAGGGGCTGAACGTGGTGAAGACAGGCCGAGTGATGCTTGGGGAGACCAATCCAGCAGATTCAA
AGCCAGGCACCATTCGTGGGGACTTCTGCATTCAGGTTGGCAGGAACATCATTCATGGCAGTGATTCAGTAAAAA
GTGCTGAAAAAGAAATCAGCCTATGGTTTAAGCCTGAAGAACTGGTTGACTACAAGTCTTGTGCTCATGACTGGGT
CTATGAATGA

Construction of NDPKA and NDPKB mutants

NDPKB Forward Primer for pBad | AAG AAG GAG ATA TAC ATC ATG GCC AAC CTG GAG CGCACCT
plasmid
NDPKB Reverse Primer for pBad | CAT CCG CCA AAA CAG CCAAGCTTT TAG TGATGG TGA TGG TGA
plasmid (His tag) TGT TCA TAG ACC CAG TCATGA GCA CAA G

NDPKA Forward Primer for pBad | AAG AAG GAG ATA TAC ATC ATG GCC AAC TGT GAG CGT ACCTTC
plasmid
NDPKA Reverse Primer for pBad | CAT CCG CCA AAA CAG CCAAGCTTT TAG TGA TGG TGA TGG TGA

plasmid (His tag) TGT TCA TAG ATC CAG TTC TGA GCA CAG CTC

NDPKB Forward Primer for GCT GGC TAG CGT TTA AACTTA GCC ACCATG GACTAC AAG GAC

pcDNA plasmid (Flag tag) GAC GAT GAC AAG GGT GGC GGA GGT AGC ATG GCC AACCTG
GAG CGCACC

NDPKB Reverse Primer for TTC CAC CAC ACT GGA CTA GTG GAT CTT AGT GAT GGT GAT GGT

pcDNA plasmid (His tag) GAT GTT CAT AGA CCC AGT CAT GAG CAC AAG
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NDPKA Forward Primer for
pcDNA

GCT GGC TAG CGT TTA AAC TTA GCC ACC ATG GACTAC AAG GAC
GAC GAT GAC AAG GGT GGC GGA GGT AGC ATG GCCAACTGT
GAG CGT ACC

NDPKA Reverse Primer for
pcDNA

TTC CAC CAC ACT GGA CTA GTG GAT CTC ATT CAT AGATCC AGT
TCT GAG CACAGCTC

NDPKB L55TAG Forward Primer

CTA CAT TGA CTA GAA AGA CCGACCATTC

NDPKB L55TAG Reverse Primer TGCTGC TTCAGG TGT TCT

NDPKB F60TAG Forward Primer | AGA CCG ACC ATA GTT CCCTGG GC
NDPKB F60TAG Reverse Primer TTCAGG TCAATG TAGTGC

NDPKB L64TAG Forward Primer | CTT CCC TGG GTA GGT GAA GTACATG
NDPKB L64TAG Reverse Primer AAT GGT CGG TCT TTC AGG

NDPKB R88TAG Forward Primer

GAA GAC AGG CTA GGT GAT GCT TGG GGA GAC

NDPKB R88TAG Reverse Primer

ACCACGTTCAGCCCCTCC

NDPKB T94TAG Forward Primer

GCT TGG GGA GTA GAATCCAGCAGATTC

NDPKB T94TAG Reverse Primer

ATC ACT CGG CCT GTCTTC

NDPKB R105TAG Forward Primer

AGG CAC CAT TTA GGG GGA CTT CTG

NDPKB R105TAG Reverse Primer

GGCTTT GAATCT GCT GGATTG

NDPKA L55TAG Forward Primer

CTA CGT TGA CTA GAA GGA CCG TCCATT CT

NDPKA L55TAG Reverse Primer

TGT TCCTTG AGAAGATCTTCCTTG AGAAGATCT TC

NDPKA F60TAG Forward Primer

GGA CCG TCCATAGTTTGC CGG CC

NDPKA F60TAG Reverse Primer

TTC AGG TCA ACG TAG TGT TCC TTG AGA AGA TCT TCG GA

NDPKA L64TAG Forward Primer

CTT TGC CGG CTA GGT GAA ATA CAT GCA CTC AGG

NDPKA L64TAG Reverse Primer

AAT GGACGG TCCTTCAGG TCAACGTAGT

NDPKA R88TAG Forward Primer

GAA GAC GGG CTA GGT CAT GCT CGG G

NDPKA R88TAG Reverse Primer

ACCACATTC AGC CCCTCC CAG ACC

NDPKA T94TAG Forward Primer

GCT CGG GGA GTA GAA CCCTGC AG

NDPKA T94TAG Reverse Primer

ATG ACT CGG CCCGTCTTC ACC ACA

NDPKA R105TAG Forward
Primer

TGG GAC CAT CTA GGG AGA CTT CTG CAT ACA AG

NDPKA R105TAG Reverse Primer

GGC TTG GAG TCT GCA GGG TTG GT

NDPKA K66TAG Forward Primer

CCT GGT GTA GTA CAT GCA CTC AGG GCC GGT AGT TGC

NDPKA K66TAG Reverse Primer

AGT GCATGT ACT ACA CCA GGC CGG CAA AGA ATG GAC

NDPKA Y67TAG Forward Primer

TGG TGA AAT AGA TGC ACT CAG GGC CGG TAG TTG CCA

NDPKA Y67TAG Reverse Primer

CTG AGT GCATCT ATT TCA CCA GGC CGG CAA AGA ATG

NDPKA S125TAG Forward Primer

CTG TGG AGT AGG CAG AGA AGG AGATCG GCT TGT GGT TT

NDPKA S125TAG Reverse Primer

CTT CTCTGC CTA CTC CAC AGA ATC ACT GCC ATG TAT AAT GTT
CcC

NDPKA K128TAG Forward
Primer

TGC AGA GTA GGA GATCGG CTTGTG GTTTCACCCTGA G

NDPKA K128TAG Reverse Primer

CCG ATCTCCTACTCT GCACTCTCCACA GAATCACTG CC

NDPKB K66TAG Forward Primer

GGG CTG GTG TAG TAC ATG AACTCA GGG CCG GTT GT

NDPKB K66TAG Reverse Primer

TCA TGT ACT ACA CCA GCC CAG GGA AGAATG GTCGGT C

NDPKB Y67TAG Forward Primer

GCT GGT GAA GTA GAT GAA CTC AGG GCC GGT TGT GG

NDPKB Y67TAG Reverse Primer

TGA GTT CAT CTA CTT CAC CAG CCC AGG GAA GAATGG TCG
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NDPKB S125TAG Forward Primer

ATT CAG TAA AAT AGG CTG AAA AAG AAATCA GCCTAT GGT TTA
AGCC

NDPKB S125TAG Reverse Primer

TCTTTT TCA GCCTATTTT ACT GAATCA CTG CCA TGA ATG ATG
TTC

NDPKB K128TAG Forward Primer

GTG CTG AAT AGG AAA TCA GCC TAT GGT TTA AGC CTG AAG AAC
TG

NDPKB K128TAG Reverse Primer

GGCTGATTT CCT ATT CAG CACTTT TTA CTG AAT CACTGC CAT G

NDPKB Y67F Forward Primer

GCT GGT GAA GTT CAT GAA CTC AGG GCC GGT TGT GG

NDPKB Y67F Reverse Primer

GAG TTC ATG AACTTC ACC AGC CCA GGG AAG AAT GGT CG

NDPKB K128R Forward Primer

AAG TGC TGA AAG AGA AAT CAG CCT ATG GTT TAA GCC TGA AGA
ACT G

NDPKB K128R Reverse Primer

GCT GATTTCTCT TTC AGC ACT TTT TAC TGA ATC ACT GCC ATG
AAT

NDPKB LATAG Forward Primer

AACTAG GAG CGCACCTTC ATC GCCATC AAG CC

NDPKB LATAG Reverse Primer

AAG GTG CGCTCCTAG TTG GCC ATG GTG GCA AGC

NDPKB E5TAG Forward Primer

AAC CTG TAG CGCACCTTC ATC GCC ATC AAG CC

NDPKB E5TAG Reverse Primer

AAG GTG CGCTACAGG TTG GCC ATG GTG GCA AG

NDPKB K12TAG Forward Primer

TTC ATC GCC ATC TAG CCG GAC GGC GTG CAG CGC

NDPKB K12TAG Reverse Primer

GGCTAG ATG GCG ATG AAG GTG CGCTCCAGGTT

NDPKB G22TAG Forward Primer

CCT GGT GTA GGA GAT CAT CAA GCG CTT CGA GC

NDPKB G22TAG Reverse Primer

TGA TCT CCT ACA CCA GGC CGC GCT GCA CGC CG

NDPKB K26TAG Forward Primer

GAT CAT CTA GCG CTT CGA GCA GAA GGG ATT CC

NDPKB K26TAG Reverse Primer

CGA AGC GCT AGA TGA TCT CGC CCA CCA GGC CG

NDPKB Q30TAG Forward Primer

CTT CGA GTA GAA GGG ATT CCG CCT CGT GGC CA

NDPKB Q30TAG Reverse Primer

ATC CCT TCT ACT CGA AGC GCT TGA TGA TCT CG

NDPKB L35TAG Forward Primer

AAG GGATTC CGC TAG GTG GCC ATG AAG TTC CTC CG

NDPKB L35TAG Reverse Primer

ACCTAG CGG AAT CCCTTCTGC TCG AAG CGCTT

NDPKB A37TAG Forward Primer

CCT CGT GTA GAT GAA GTT CCT CCG GGCCTC TG

NDPKB A37TAG Reverse Primer

ACT TCATCT ACA CGA GGC GGA ATC CCT TCT GC

NDPKB K39TAG Forward Primer

TGG CCATGT AGT TCC TCC GGG CCT CTG AAG AA

NDPKB K39TAG Reverse Primer

GAG GAA CTA CAT GGC CAC GAG GCG GAATCCCT

NDPKB E46TAG Forward Primer

CTC TGA ATA GCA CCT GAA GCA GCACTACATTGA

NDPKB E46TAG Reverse Primer

TCA GGT GCT ATT CAG AGG CCC GGA GGA ACT TC

NDPKB Q50TAG Forward Primer

CCT GAA GTA GCA CTA CAT TGA CCT GAAAGACCG A

NDPKB Q50TAG Reverse Primer

TGT AGT GCT ACT TCA GGT GTT CTT CAG AGG CC

NDPKB K85TAG Forward Primer

AAC GTG GTG TAG ACA GGC CGA GTG ATG CTT GG

NDPKB K85TAG Reverse Primer

CCT GTCTACACCACG TTC AGC CCCTCC CAG AC

NDPKB N95TAG Forward Primer

AGA CCT AGC CAG CAG ATT CAA AGC CAG GCA CC

NDPKB N95TAG Reverse Primer

ATCTGCTGG CTA GGT CTC CCC AAG CAT CACTCG

NDPKB P96TAG Forward Primer

GAG ACC AAT TAG GCA GAT TCA AAG CCA GGC AC

NDPKB P96TAG Reverse Primer

TCT GCCTAATTG GTCTCC CCA AGC ATC ACT CG

NDPKB A97TAG Forward Primer

CCA TAG GAT TCA AAG CCA GGC ACC ATT CGT GG

NDPKB A97TAG Reverse Primer

GGCTTT GAATCCTAT GGATTG GTC TCC CCA AGC

NDPKB D98TAG Forward Primer

TCC AGC ATA GTC AAA GCCAGG CACCATTCG TG

NDPKB D98TAG Reverse Primer

GCT TTG ACT ATG CTG GAT TGG TCT CCC CAA GC

NDPKB S99TAG Forward Primer

AGC AGA TTA GAA GCC AGG CACCAT TCG TGG GG
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NDPKB S99TAG Reverse Primer

CTG GCT TCT AAT CTG CTG GAT TGG TCT CCC CA

NDPKB N115TAG Forward
Primer

TGG CAG GTA GAT CAT TCATGG CAG TGATTC AGT AA

NDPKB N115TAG Reverse Primer

GAATGA TCT ACCTGC CAA CCT GAATGC AGA AG

NDPKB V123TAG Forward
Primer

GGC AGT GAT TCA TAG AAA AGT GCT GAA AAAGAAATCAGCC

NDPKB V123TAG Reverse Primer

TTC TAT GAATCA CTG CCATGA ATG ATGTTCCT

NDPKB K124TAG Forward Primer

TTC AGT ATA GAG TGC TGA AAA AGA AAT CAG CCT AT

NDPKB K124TAG Reverse Primer

CAG CACTCT ATA CTG AAT CACTGC CAT GAATGATG

NDPKB E127TAG Forward Primer

GTG CTT AGA AAG AAATCA GCC TAT GGT TTA AGC

NDPKB E127TAG Reverse Primer

GATTTCTTT CTAAGCACT TTT TACTGA ATC ACT GCC

NDPKB I1130TAG Forward Primer

AAG AAT AGA GCC TAT GGT TTA AGC CTG AAG AA

NDPKB 1130TAG Reverse Primer

CCATAG GCT CTATTCTTT TTCAGCACT TTT TACTGA ATC

NDPKB S131TAG Forward Primer

CTA GCT ATG GTT TAA GCC TGA AGA ACT GGT TG

NDPKB S131TAG Reverse Primer

GCT TAAACCATAGCTAGATTTCTTTTT CAG CACTTTTTACTG A

NDPKB D148TAG Forward
Primer

TGCTCATTAGTG GGT CTATGAACATCACCATCA

NDPKB D148TAG Reverse Primer

AGA CCC ACT AAT GAG CAC AAG ACT TGT AGT CAA CCA

NDPKB W149TAG Forward
Primer

GCT CAT GAC TAG GTC TAT GAA CAT CACCAT CACCATC

NDPKB W149TAG Reverse
Primer

TAG ACCTAG TCATGA GCA CAAGACTTG TAG TCAA

NDPKA N115TAG Forward
Primer

CAA GTT GGC AGG TAG ATT ATA CAT GGC AGT GAT TCT GTG G

NDPKA N115TAG Reverse Primer

ATC TAC CTG CCA ACT TGT ATG CAG AAG TCT CC

RNASEL Forward Primer for

TTC GCC AGA ACCAGC AGC GGA GCCAGC GGATCC GCA CCC

pcDNA AGG GCT GGC
RNASEL Reverse Primer for AAA CTT AAG CTT GCC ACC ATG GAG AGC AGG GAT CAT AAC AAC
pcDNA (HA tag)

Transient transfection protocol for HEK293T cells

In 6 well plates, HEK293T cells were grown up in DMEM media + 10% FBA. When cells were

around 70% confluent, they were washed with 1 mL of PBS and given fresh DMEM (+ 10% FBS)

media. After adding fresh media, cell were returned to 37C incubator while transfection media was

set up. 2 ug of each plasmid was added to 150 uL of opt-DMEM in an Eppendorf tube (2 ug of

pcDNA-NDPKB-WT plasmid for transfection of NDPKB-WT, and 2 ug of pcDNA-NDPKB-

mutant + 2 ug pMP-FSYRS/3xtRNA for transfection of mutant NDPKB). 9 uL of PEI reagent was
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added to another 150 uL of opt-DMEM in another Eppendorf. The solutions were mixed via
pipetting and left at RT for 5 min. After 5 min, the solutions (2 ug DNA/opt-DMEM and 9 uL
PEIl/opt-DMEM) were mixed together via vigorous pipetting, then left at rt for 15 min. After 15
min, the solutions were added drop-wise to their respective wells containing HEK293T cells. The
cells were placed back in the incubator for 6 hr. After 6 hr, 20 uL of 100 mM FSY was added to
wells containing mutant NDPKB plasmids. Cells were left to incubate at 37C for 36-48 hrs, then

harvested for further analysis.

IP Pull down protocol

Lyse cells using NP-40 buffer with protease inhibitor for 1 hr on ice. Determine the total protein
concentration of samples using BCA assay. Add 1-4 ug of primary antibody to cell lysate (whole
cell lysate, not pre-cleared); incubate while gently rocking at 4C for 2-4 hours (4 uL of antibody
should be ~ 4 ug). Add 50 uL of Protein G beads per 0.5-1 mg total protein in lysate; gently rock
mixture at 4C for 1-4 hours. Centrifuge mixture at 1,000 rpm for 30 seconds at 4C; discard
supernatant. Wash beads 3-4 X with ImL 1X TBST with Protease inhibitor; centrifuge and discard
supernatant as in step 4. To elute, add 50uL of 2mg/mL Flag peptide (if just running gel to check
purity, can directly add 4x laemmli buffer to sample and boil). Remove elution, buffer exchange

and concentrate in necessary.

Flag bead purification protocol

5 uL of approx. 1 ng pBad plasmid containing NDPK protein was transformed into DH10b cells.
5 uL og approx. 1 ng pEvol plasmid with FSYRS/3xtRNA was also transformed along with pBad
plasmids containing mutant NDPK proteins. Transformed cells were spread on plates with +Amp

for WT or +Amp/+Cam for mutant NDPK. Plates were incubated O/N at 37C. Colonies were
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picked and E. coli was grown in 50 mL 2XYT +Amp or +Amp/+Cam, shaking, at 37C until
OD600. Once at OD, 500 uL of 20% arabinose was added to all cultures; 500 uL of 100 mM FSY
was added to cultures containing NDPK mutants. Proteins were expressed O/N, shaking at 18C.
Expression cultures were spun down at 4000xg for 30min at 4C. Pellets were re-suspended in 4mL
lysis buffer (4mL PBS + 40 uL stock lysozyme solution + 20 uL stock DNase | solution + 40 uL
stock protease inhibitor solution). Pellets were sonicated in ice bath (7.5min, 1 sec on, 1 sec off,
40% amp, or until clear). After sonication, samples were spun down at 30,000 g for 30 min at 4C;
supernatant was decanted into 15mL tube. Approx 50 uL of Flag resin per sample was washed
with 500 uL PBS 3x, then added to tubes with supernatant, and incubated at 4C (rotating) for 2
hours. During the last hour of resin/supernatant incubation, frozen EXPI cell pellets were thawed
and lysed with 1 mL RIPA buffer (ImL per pellet) on ice for an hour. Samples incubating with
Flag resin were spun down for 3 min at 500g, the supernatant decanted. FLAG resin was washed
3x with 500 uL PBS, then transferred to Eppendorf tubes. The lysed EXPI cells were spun down,
3min at 500g, the supernatant was collected and 500 uL added to each Eppendorf tube with FLAG
resin. The FLAG resin was incubated with EXPI cell lysate at room temp for 3-4 hours. After, the
samples were spun down, the supernatant removed. Resin was washed with 5x500 uL PBS. 50uL
of 2mg/mL FLAG peptide was added to samples, incubated at 4C for 1 hour before eluting. The
samples were all spun down, the supernatant was collected as the elution. All samples were buffer

exchanged supernatants to storage buffer and concentrated down to ~50 uL using spin columns.

Mass spectrometry work up protocol

To purified crosslinking reaction, cold acetone in a 6:1 ratio and incubate at -20 C for 1hr after
mixing well. Spin the samples at -10C 22,0009 for 30 min. While samples spin, prepare fresh 8 M

Urea (240 mg Urea, 270 uL water, 50 uL 1M Tris pH 8.5). Decant and discard the supernatant
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from the reaction and let sit on table for 20 min to complete dry. Add 100 uL of 8M urea to
completely dry sample. Sonicate for 10 min. Reduce with 5 mM of TCEP for 20 min at RT (1 uL
of 500 mM TCEP). Add alkylation buffer (IAA) 10 mM and incubate at RT in the Dark for 15 min
(stock 1AA 500 mM, 2 uL). Add 300 uL of 100 mM Tris and 4 uL of 0.5 ug/uL Trypsin (total 2
ug). Incubate at 37 C O/N. After O/N incubation, add Formic Acid until 5% and incubate in 4C
while preparing the desalting tips. Use a metal rod to pierce the desalting filter. Push filter into a
200 uL tip until it’s tight but not too tight. Peirce the tip onto the top of an Eppendorf tube that is
cut up on top with a razor and opened with a 1 mL tip. Activate filter with 20 uL of methanol
added to the top of the tip, run at 3000 rpm for 20 sec (note: never let the filter dry). Repeat with
buffer B (ACN + Formic acid) and twice with buffer A, making sure to check on samples regularly
and don’t spin for too long so filter does not run dry. Add your sample to the tip and spin all of it
down. Wash with buffer A two times. Elute the sample with buffer B into a fresh tube. Dry the

sample in the speedVac.
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3.6 Significant Figures

Fig S3.1: Crystal structure of NDPKB with mutated residues highlighted. Residues in
magenta (left) were part of the initial screen of mutants made; residues in cyan (right) were part of

the second screen of mutants looking for crosslinking.
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Fig. S3.2: Expression of NDPKA mutants in HEK293T cells. Lanes depict cells transiently
transfected with a mutant, with or without FSY added. Very faint expression is seen in samples
with FSY added. No upper bands indicating potential crosslinking are seen. WT NDPKA

expressed well.
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Fig S3.3: Time course assay of NDPKB-F60FSY expression in HEK293T cells. Assay
performed to determine optimal cell harvesting time to further study the crosslinked complexes.
Data shows that harvesting between 36 and 48 hours would lead to capture of the greatest
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- & -
- - -
\‘ -~

concentration of crosslinked complexes.
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anti-His

Fig S3.4: Purifying NDPKB-F60FSY mutant using IP pull-down. After transiently transfecting
cells and waiting 36 hours, we harvested cells, then lysed before doing IP pull down. Anti-Flag

antibody used for IP pulldown.
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Fig S3.5: Initial mass spectrometry results for NDPKB-F60FSY. Analysis with MaxQuant
showed high abundance of NPDKB and NDPKA protein (based on sequence coverage of
peptides in mass spec analysis)
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Fig S3.6: Mass spectrometry data for NDPKB-F60FSY. Second round of analysis, done on
OpenUaa software, identified crosslinked peptides corresponding to NDPKB-F60FSY and
peptides from other proteins. In order from top to bottom: NDPKB-F60FSY peptide crosslinked
to 2-5A-dependent ribonuclease; NDPKB-F60FSY peptide crosslinked to E3 ligase KIAA1586;
NDPKB-F60FSY peptide crosslinked to zinc finger protein 568, NDPKB-F60FSY peptide
crosslinked to SET-binding protein.
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Fig S3.7: Co-expression of RNASEL and NDPKB-F60FSY in HEK293T cells. 2-5A-
dependent ribonuclease, also known as RNASEL, was transiently transfected into HEK293T cells
along with NDPKB-F60FSY and FSYRS. Western analysis of cell lysates shows no overlap
between bands containing RNASEL (anti-HA tag) and NDPKB-F60FSY (anti-Flag tag). This
suggests these proteins are not crosslinking when overexpressed in cells.

Fig S3.8: Crystal structure of NDPKB showing Y67 and K128 residues. Distances between
F60 residue and the Y67 and K128 residues are depicted. Distances calculated from crystal

72



structures fall outside of the known reaction radius of FSY, though F60 is on a flexible loop region
of the protein. PDB: 1NUE.

F60/Y67F/
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FSY: S B E &

Crosslink
(55-60 kDa)

|
Crosslink |
(~40kDa) | |

|

|
NDPK-B — ’
|

|
| |
L

Fig. S3.9: NDPKB-F60FSY/Y67F/K128R mutant expression. a) Western blot analysis of
NDPKB-F60FSY crosslinking in HEK293T cells compared with NDPKB-F60FSY-Y67F-K128R
mutant, which has Y67 and K128 mutated to non-nucleophilic residues. The same crosslinking
patter is seen for both NDPKB-FG60FSY and the other mutant protein. Anti-Flag tag Western blot.
b) Crystal structure showing F60 in reference to the oligomerization interface of NDPKB; F60 sits
very distal from the other proteins, suggesting that significant changes would occur in
dimerization/oligomerization of NDPKB for intermolecular bonds to form. PDB: 1INUE.

L4FSY O30FSY | O50FSY | D98FSY E127FSY
E5FSY L35FSY | KB85FSY | S99FSY 1130FSY
K12FSY | A37FSY | N95FSY | N115FSY | S131FSY
G22FSY | K39FSY | P96FSY | V123FSY | D148FSY
K26FSY | E46FSY | A97FSY | K124FSY | WI149FSY

Fig S3.10: Final mutagenesis campaign on NDPKB. 25 residues were selected for mutation to
FSY.
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Fig S3.11: Expression of NDPKB-N115FSY and NDPKB-F60FSY in E. coli. NDPKB-
N115FSY only two upper bands when expressed in E. coli, as compared with the multiple bands
seen when expressed in HEK293T cells. The bands seen in the HEK293T Western blots are
mammalian specific proteins. NDPKB-F60FSY has the same crosslinking pattern in E. coli as in
HEK293T cells, suggesting the proteins captured are not mammalian specific.
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20211105_VYB_NW1154FSY_run2.85059.85059.3.3.dta  Seq: APPGGLHAPR-UIIHGSDSVE
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Fig. S3.12: NDPKB-N115FSY crosslinked peptldes lon maps of crosslmked peptides identified
on OpenUaa of NDPKB-N115FSY and unknown proteins. From top to bottom, the proteins
identified in each ion map are: MAPK9, mitogen-activated protein kinase; SHANKS3, SH3 and
multiple ankyrin repeat domains protein 3; uncharacterized protein C6orf132; DNAH7, dynein
axonemal heavy chain 7; laminin subunit alpha-3; and alpha-parvin.
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Fig S3.13: Self-crosslinking data for N115FSY mutant. lon maps of all identified self-
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