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Chemical Tools for Studying Phosphohistidine: Generation

of Selective T-Phosphohistidine and n-Phosphohistidine

Antibodies**

Mehul V. Makwana,™"®' Cleide dos Santos Souza, Barry T. Pickup,”” Mark J. Thompson,"
Santosh K. Lomada,” Yuxi Feng,'® Thomas Wieland,” Richard F. W. Jackson,* and

Richmond Muimo*™

Nonhydrolysable stable analogues of t-phosphohistidine (t-
pHis) and m-pHis have been designed, aided by electrostatic
surface potential calculations, and subsequently synthesized.
The t-pHis and m-pHis analogues (phosphopyrazole 8 and
pyridyl amino amide 13, respectively) were used as haptens to
generate pHis polyclonal antibodies. Both t-pHis and m-pHis
conjugates in the form of BSA-glutaraldehyde-t-pHis and BSA-
glutaraldehyde-ni-pHis were synthesized and characterized by
*'P NMR spectroscopy. Commercially available t-pHis (SC56-2)
and m-pHis (SC1-1; SC50-3) monoclonal antibodies were used to
show that the BSA—G-t-pHis and BSA—G-m-pHis conjugates
could be used to assess the selectivity of pHis antibodies in a

Introduction

The phosphorylation of histidine (His) residues is a post-
translational modification (PTM) that occurs by formation of a
phosphorus nitrogen bond (also known as a phosphoramidate
bond)."? Unlike, the O-phosphorylated amino acid residues
phosphoserine (pSer), phosphothreonine (pThr) and phospho-
tyrosine (pTyr), phosphohistidine (pHis) is relatively under-
studied which can arguably be attributed to its acid-labile
nature and insufficient/inadequate study tools.”’ Moreover, pHis
is unique, in that phosphorylation of His can occur on either
one of the imidazolyl group nitrogen atoms giving rise to two
isomers, namely t-pHis and m-pHis, both of which exist in
nature (Figure 1).?' There is now increasing evidence for the

competitive ELISA. Subsequently, the selectivity of the pHis
antibodies generated by using phosphopyrazole 8 and pyridyl
amino amide 13 as haptens was assessed by competitive ELISA
against His, pSer, pThr, pTyr, t-pHis and m-pHis. Antibodies
generated by using phosphopyrazole 8 as a hapten were found
to be selective for t-pHis, and antibodies generated by using
pyridyl amino amide 13 were found to be selective for m-pHis.
Both 1- and m-pHis antibodies were shown to be effective in
immunological experiments, including ELISA, western blot, and
immunofluorescence. The t-pHis antibody was also shown to
be useful in the immunoprecipitation of proteins containing
pHis.
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Figure 1. t-pHis (left) and st-pHis (right) under physiological conditions.

involvement of pHis in many eukaryotic cellular processes™ and

it is implicated in diseases states such as cancer.*” Further-
more, there is mass spectrometry (MS)®*'® and NMR
spectroscopy" evidence that His phosphorylation is both
abundant and more widely occurring than previously thought.
It is therefore important to develop a range of methods for the
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detection of pHis and chemical tools which will allow for pHis
isomer distinction, and the study of pHis proteins in vitro and
in vivo.

Antibodies have proven to be invaluable tools for studying
pTyr and it is conceivable that pHis antibodies will be as
effective in the study of pHis. In a 1995 review, Matthews refers
to unpublished attempts to generate pHis antibodies using
pHis attached to a hapten, pHis in proteins of the phosphoenol
sugar transport system or phosphorylated polypHis."? However,
none of these attempts was successful in generating pHis
antibodies; the most likely explanation was the unstable nature
of pHis under physiological conditions."”” In the 1980s a pHis
cross reactive pTyr antibody was generated using azobenzyl-
phosphonate (a proposed analogue for pTyr).'"” This study was
also the first to suggest that it may be possible to generate
pHis antibodies using a nonhydrolysable pHis analogue, but a
major challenge would be in designing pHis analogues that
produced selective pHis antibodies that did not cross react with
pTyr.“S]

Several stable pHis analogues have been proposed, and
some have been used in pHis antibody generation studies.”
Among these analogues, triazolyl side chains 3 and 6 have
been proposed as nonhydrolysable mimics of the t-pHis 1 and
m-pHis 5 side chains respectively, and have been used in the
generation of pHis antibodies (Figure 2)."'® However, ques-
tions remain as to whether the triazolyl side chain 3 is a suitable
analogue of the t-pHis side chain 1 both in antibody generation
and as a chemical tool because there is experimental evidence
which suggests that the triazolyl side chain 3 is a hybrid
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Figure 2. Density functional theory (DFT) calculations: a) Comparison of
mapped ESP surfaces (middle row) and ESP surfaces (contours drawn at a
potential of —0.285 au, bottom row) for model compounds (side chains) t-
pHis 1, pTyr 2, t-triazolyl 3, and pyrazolyl 4. b) ESP surfaces (contours drawn
at a potential of —0.285 au, bottom row) for model compounds mt-pHis 5, 7-
triazolyl 6, and 3,4-disubstituted pyridyl 7.
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S'[3,16,17,19,20] In

analogue of the t-pHis 1 and pTyr 2 side chain
addition, it is also unclear if the triazolyl side chain 6 is an
optimal analogue of the m-pHis side chain 5 because of the
additional nitrogen and lone pair of electrons in the two
position of the triazole aromatic ring.

With these considerations in mind, we proposed pyrazolyl
side chain 4 as a nonhydrolysable analogue of the t-pHis side
chain 1.2" Subsequently, we synthesized a pyrazolyl amino acid
4, which was used to generate pHis antibodies.”” Concurrently,
in an independent report an ethylamine derivative bearing the
pyrazolyl side chain 4 was also used to generate pHis
antibodies." The pHis antibodies generated using these
analogues were both found to be selective for pHis over pTyr as
assessed by dot blots and sandwich ELISA."*??

Despite the significant progress made by Muir and Hunter
on pHis antibody generation, the selectivity of pHis antibodies
has typically been tested using dot blots"®"'9?? against proteins,
peptides, amino acid conjugates or by sandwich ELISA!”'9?2
(which is a more quantitative variant of the dot blot). Recently,
differential scanning fluorimetry and biolayer interferometry
has been used to show the differences in binding between
phosphorylated peptides and pHis Fabs” The competitive
ELISA, which was used to good effect to clearly show the
selectivity of pTyr antibodies,"®*" is an accurate experiment to
demonstrate selectivity. The competitive ELISA used to assess
pTyr antibodies"**" utilized pTyr conjugated to a carrier protein
via a linker for pTyr antibody binding, in the presence of known
quantities of competitor (e.g., phosphoamino acids™). Unfortu-
nately, neither t-pHis nor m-pHis protein conjugates have
hitherto been available. Furthermore, the triazolyl side chain 6
remains the only reported stable ni-pHis analogue.?"

Here we report the generation of selective t-pHis and -
pHis antibodies. The selectivity of these antibodies was assessed
by competitive ELISA using synthesised BSA—G-t-pHis and
BSA—G-mt-pHis conjugates.

Results and Discussion
Design and synthesis of t- and nt-pHis analogues

Mapped electrostatic surface potentials (ESPs) provide a visual
representation of structure and charge distribution.” Assuming
molecular recognition was based on molecular shape/structure
and electrostatic interaction, such representations give an
insight into what the immune system is likely responding to
during an immune response. Mapped ESP calculations carried
out on model compounds (side chains) for t-pHis 1, pTyr 2, -
triazolyl 3, and pyrazolyl 4 side chains (Figure 2a, middle row)
confirm that the triazolyl 3 and pyrazolyl 4 side chains are
structurally similar to t-pHis side chain 1 (Figure 2a, middle
row). Similarly, previously reported mapped ESP reported by
Kee et al., suggested the same."®'” However, in the mapped
ESPs of t-pHis 1, pTyr 2, 1-triazolyl 3, and pyrazolyl 4 side chains
the dianion of the phosphoryl group dominates the representa-
tions and identifying subtler distinguishing features is difficult.
Consequently, we considered that the electrostatic potential

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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field could be better understood by showing more completely
the variation of ESP itself (Figure 2a, bottom row). From the ESP
isocontours it was clear that for the triazolyl side chain 3,
negative regions of ESP were similar to that of the pTyr side
chain 2 and do not have two separate regions of negative ESP
seen with the t-pHis side chain 1.

Therefore, the calculations suggested the triazolyl side chain
3 was very likely a hybrid analogue of both t-pHis and pTyr side
chains which is in line with experimental data,”"” whereas the
pyrazolyl side chain 4 has two separate regions of negative ESP
separated by a sp*hybridised carbon hydrogen bond bearing a
positive ESP, analogous to the t-pHis side chain 1. It was not
surprising that preserving the electronic features of a pHis
analogue was paramount. For example, we previously reported
that the use of a thiophene side chain (Figure S1a in the
Supporting Information) in antibody generation gave highly
selective pTyr antibodies.™™ Although structurally, the
thiophene side chain (Figure S1a) and the t-pHis side chain 1
appear to be similar, the ESP isocontours of the thiophene side
are more closely related to the pTyr side chain 2. Based on ESP
isocontour calculations for the thiophene side chain, the
comparable ESP isocontours of Schenkel’s et al. proposed furan
side chain analogue (Figure S1b) of the t-pHis side chain 1
would suggest it was also a likely analogue of the pTyr side
chain 2.

Comparison of model m-pHis 5 and triazolyl 6 side chain
ESP surface isocontours revealed an additional negative region
in the ESP present in triazolyl side chain 6 arising from the
nitrogen lone pair of electrons at the two position of the
triazole aromatic ring (Figure 2b). In pursuit of a closer mimic of
the m-pHis side chain 5 and inspired by the possibility of using
other aromatic ring sizes (see above), ESP surface isocontours of
a 3,4-disubstituted pyridyl side chain 7 suggested that it might
be an analogue of the m-pHis side chain 5.

Using model side chain 7, a nonhydrolysable pyridyl amino
amide 13 was designed as a potential stable analogue of m-pHis
for use in antibody generation. The pyridyl amino amide 13 was
specifically chosen, because historically primary amides have
worked well in the generation of peptide sequence independ-
ent phosphorylated side chain binding antibodies.'®***"! We
had proposed pyrazolyl ethylamine 8 as a potentially useful
compound for pHis antibody generation,”” and prepared it.
Pyrazolyl ethylamine 8 was independently synthesised and
used in pHis antibody generation.'” Despite the encouraging
results of pyrazolyl ethylamine 8 in pHis polyclonal antibody
generation, the selectivity of the pHis antibodies in detecting t-
pHis and mt-pHis isomers has not been established.

Pyrazolyl ethylamine 8 was synthesised following the
scheme shown in Figure S2, similar to a reported method."”
The synthesis of pyridine amino amide 13 began with selective
Negishi cross coupling of zinc reagent 10 at the four position of
3,4-dibromopyridine 9 to give pyridine 11 (Figure 3).*® Using
the Hirao cross coupling conditions reported by Bessmertnykh
et al.” palladium catalysed cross coupling of pyridine 11 and
diethyl phosphite gave pyridine phosphonate 12. Amidation of
pyridine phosphonate 12 and subsequent treatment with

ChemBioChem 2023, 202300182 (3 of 15)
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Figure 3. Proposed nonhydrolysable t-pHis and mt-pHis analogues for use as
haptens. a) Pyrazolyl ethylamine analogue 8 of t-pHis (see Figure S2 for
synthesis schemes). b) Synthesis scheme of nonhydrolysable pyridyl amino
amide 13 analogue of wt-pHis.

TMSBr gave the pyridine amino amide 13 after chromatogra-
phy.

Synthesis of 1-pHis and m-pHis antibody binders; BSA-G-t-
pHis and BSA-G-n-pHis

While BSA-pTyr, BSA-pSer, and BSA-pThr conjugates are
commercially available BSA-pHis conjugates are not. t-pHis®?/
pHis derivatives (phosphohistamine)!'” conjugated to the carrier
protein BSA via a glutaraldehyde linker have previously been
synthesized as pHis antibody binder(s), and used to assess the
selectivity of pHis antibodies by dot blots or sandwich
ELISA.'"?2 However, which isomeric form of pHis was con-
jugated to BSA or indeed whether it was a mixture of both
isomers was not reported. To address this issue, samples of t-
pHis and m-pHis were first synthesized by reaction of His with
potassium phosphoramidate in water.®” Since m-pHis is known
to undergo conversion to the more stable isomer (t-pHis), the
reaction was monitored by *'P NMR spectroscopy to determine
when the maximum amounts of T-pHis and st-pHis respectively,
had been formed (Figure S3 and S4). To isolate pure t-pHis and
m-pHis, the crude reaction mixture was purified
chromatographically®® but unlike in our previous report, pHis
was not precipitated.”? Instead, in order to suppress decom-
position and bimolecular isomerisation of t-pHis or m-pHis it
was found to be important to concentrate the combined
fractions of each isomer under vacuum to a specific volume
under controlled conditions (pH 10-12, 25°C).

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Subsequently t-pHis and m-pHis were each individually
conjugated to BSA by using a glutaraldehyde linker’*? to give
BSA—G-1-pHis and BSA—G-mt-pHis conjugates as pHis antibody
binders (Figure 4). BSA—G-t-pHis and BSA—G-mt-pHis were both
stable in 0.1 M Na,CO;/NaHCO;, pH 10.8 buffer for at least two
months stored at 4°C or —80°C (data not included). It is worth
mentioning that both invitro and invivo phosphorylated
NME1/NME2 and PGAM were originally used to screen
commercially available t-pHis and m-pHis monoclonal anti-
bodies raised using triazolyl side chains 3 and 6."® In vitro
phosphorylated NME1/NME2 and PGAM were shown to be
phosphorylated on His residues by mass spectrometry analysis
but the specific isomer of pHis present in NME1/NME2 and
PGAM1 proteins was not directly determined but rather inferred
based on reports which have shown/suggested NME1/NME2B"
to have m-pHis and PGAM15? to have 1-pHis."® However, some
previous studies have shown that NMET may potentially also
possess pSer,®¥ pLys and/or 1-pHis® and PGAM1 has pTyr;®
these factors mean that potential uncertainties exist with using
in vivo phosphorylated NME1 and PGAM1 as pHis standards.
Hence, it was important to establish that the samples of BSA—G-
t-pHis and BSA—G-mt-pHis contained only one isomer, namely
the isomer of pHis that had been used for their preparation.

While t-pHis and m-pHis are distinguishable by *'P NMR
spectroscopy,® it is not always possible to distinguish reliably
between t-pHis and m-pHis side chains in a protein/peptide
environment using t-pHis and sw-pHis *'P NMR chemical shift
values as references.®® On the other hand, t-pHis and m-pHis
conjugated to BSA via a linker are essentially free from the
influence of a protein/peptide environment. Indeed, the *'P
NMR chemical shift of BSA—G-t-pHis (—4.86 ppm) was compara-
ble to the chemical shift of t-pHis (—4.78 ppm), and the
chemical shift off BSA—G-mt-pHis (—5.63 ppm) was comparable
with the chemical shift of m-pHis (—5.61 ppm; Figure 4). Since
there was no signal characteristic of mt-pHis in BSA—G-t-pHis or
1-pHis in BSA—G-mt-pHis we concluded that there was no cross-
contamination. To show that the BSA—G-t-pHis and BSA—G-m-
pHis *'P NMR signals are distinguishable, a *'P NMR analysis was
also carried out on a mixture of the two conjugates (Figure 4c).
The data here suggest that *'P NMR spectroscopy was
particularly useful for the analyses of t-pHis and m-pHis
conjugated to a protein via a linker.

An external standard was used to determine the average
number of pHis phosphoryl groups per BSA protein for BSA—G-
t-pHis and BSA—G-m-pHis conjugates (Table S1). An approx-
imate molecular weight distribution analysis of BSA—G-t-pHis
and BSA—G-m-pHis conjugates was determined by SDS PAGE
and subsequent Coomassie staining (Figure S5). There was a
comparable distribution of monomers (BSA—G-pHis), and higher
molecular weight conjugates ([BSA—G-pHis],) in both BSA—G-1-
pHis and BSA—G-mt-pHis samples.

To test the applicability of BSA—G-t-pHis and BSA—G-mt-pHis
conjugates in a competitive ELISA, commercially available
isomer specific t-pHis (SC56-2) monoclonal antibody generated
using a randomised combination of alanine glycine peptides
containing triazolyl side chains 3, and mt-pHis (SC1-1, and SC50-
3) monoclonal antibodies generated using a randomised

ChemBioChem 2023, 202300182 (4 of 15)
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Figure 4.°'P NMR spectra of t-pHis and m-pHis antibody binder conjugates.
a) BSA—G-t-pHis (35 mgmL™") in 10% (v/v) deuterium oxide, 0.1 M NaHCO,/
Na,CO; pH 10.8 buffer (top) and t-pHis (4.9 mgmL™"; bottom) in basic
solution (pH ~ 12) (bottom). b) BSA—G-mt-pHis (40 mgmL™") in 10% (v/v)
deuterium oxide, 0.1 M NaHCO,/Na,CO; pH 10.8 buffer (top), and m-pHis
pH~12 (1.43 mgmL™"; bottom). ¢) A mixture of BSA—G-nt-pHis and BSA-G-1-
pHis in 10% (v/v) deuterium oxide, 0.1 M NaHCO,/Na,CO; pH 10.8 buffer
(top; the minor signal at 2.75 ppm is inorganic phosphate) and a mixture of
mt-pHis and t-pHis (bottom) in basic solution (pH ~ 12). The signals 8.15 ppm
and —0.90 arise from an unknown impurity present in potassium phosphor-
amidate that was carried forward. The respective chemical shift values of t-
pHis and mt-pHis do not change significantly between pH 10- 12."'39

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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combination of alanine glycine peptides containing triazolyl
side chains 6 were used (Figure5)."® In the report which
described the generation of t-pHis (5C56-2) and mt-pHis (SC1-1,
SC50-3) monoclonal antibodies, the selectivity of these anti-
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Figure 5. Competitive ELISA of commercially available pHis monoclonal
antibodies with His, pSer, pThr, pTyr, t-pHis, and st-pHis against pHis
antibody binder conjugates BSA—G-t-pHis or BSA—G-rt-pHis: a) 1:500 (v/v) T-
pHis isomer specific monoclonal antibody SC56-2 against BSA—G-t-pHis;

b) 1:1000 (v/v) mt-pHis isomer specific monoclonal antibody SC1-1 against
BSA—G-rmt-pHis; ¢) 1:1000 (v/v) mt-pHis isomer specific monoclonal antibody
SC50-3 against BSA—G-rmt-pHis.
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bodies were assessed by dot blot/western blots of peptides
containing pTyr side chain 2, triazolyl side chains 3 and 6, and
in vitro phosphorylated NME1/NME2 and PGAM1 but not
ELISA."® Using BSA—G-t-pHis as the t-pHis antibody binder, the
competitive ELISA profile of isomer specific T-pHis monoclonal
antibody SC56-2 against amino acid competitors His, pSer, pThr,
pTyr, T-pHis and m-pHis gave inconclusive results as none of the
phosphoamino acids outcompeted the BSA—G-t-pHis binder
(Figure 5a). In fact, the low absorption (<0.1) for all amino
acid’s competitors would suggest the that the monoclonal
antibody SC56-2 was a weak binder of t-pHis (see below,
compare absorbance of Figure 5a with b and ¢; and with
Figure 6a, and b) and thus artefactual competition was likely
observed with all amino acid competitors used. Using BSA—G-r-
pHis as the m-pHis antibody binder, competitive ELISA of isomer
specific m-pHis monoclonal antibodies SC1-1, and SC50-3 show
that both clones are selective for m-pHis (Figure 5b and c).
However, at higher amino acid concentrations, competition was
observed for all phosphoamino acids, in the following order:
aromatic phosphoamino acids (t-pHis and m-pHis, pTyr), then
hydroxy phosphoamino acids (pSer and pThr).

Generation of selective T-pHis and n-pHis polyclonal
antibodies

The combination of carrier protein keyhole limpet hemocyanin
(KLH), a glutaraldehyde linker and pHis analogue has previously
been used in pHis antibody generation."** Haptens KLH-G-8,
and KLH-G-13 were prepared using standard conditions®” and
administered into individual sheep. In a post immunization *'P
NMR spectroscopy analysis of KLH—G-13, a sharp signal at
5.02 ppm was observed (Figure S6). This preliminary finding
suggests that in future studies, 3'P NMR spectroscopy could also
be used to quantify the number of phosphorylated analogues
conjugated to a carrier protein, as we have shown for BSA—G-1-
pHis, and BSA—G-mi-pHis conjugates.

Sheep bleeds were collected monthly prior to boost
injections, with a total of three bleeds. Analysis of the pre-
immune bleed with bleeds 1-3 by sandwich ELISA indicated
that both haptens had elicited an immune response with bleeds
from the sheep immunized with KLH-G-8 and KLH-G-13
detecting BSA—G-n-pHis, and BSA—G-t-pHis respectively (Fig-
ure S7).

To isolate selective pHis antibodies from the antisera (bleeds
3) generated with KLH—G-8, and KLH—G-13, BSA—G-amino acid
conjugates were used. As we have shown previously, to remove
linker (glutaraldehyde) and cross-reactive antibodies, bleed 3
antisera generated with KLH-G-8 or KLH-G-13 were each
separately affinity depleted with a BSA—G-pTyr (Figure S8)
Sepharose conjugate resin.'*? Subsequently both antiserums
where individually affinity depleted using BSA—G-(t or m)pHis
Sepharose conjugate resin to give two antibody fractions
generated with KLH—G-8 (t-pHis-FT2 and t-pHis-W) and KLH—G-
13 (;t-pHis-FT2 and mt-pHis-W). Competitive ELISA of t-pHis-FT2
and t-pHis-W showed the presence of selective t-pHis anti-
bodies (Figure 6a and b). Similarly, competitive ELISA of m-pHis-
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Figure 6. Competitive ELISA of polyclonal pHis antibodies with His, pSer, pThr, pTyr, T-pHis and mt-pHis against pHis antibody binder conjugates BSA—G-t-pHis
or BSA—G-mt-pHis: a) 1:18 (v/v) t-pHis-FT2 against BSA—G-t-pHis; b) 1:4 (v/v) 1-pHis-W against BSA—G-t-pHis; ¢) 1:5 (v/v) mt-pHis-FT2 against BSA—G-mnt-pHis;

d) 1:5 (v/v) m-pHis-W against BSA—G-m-pHis

FT2 and m-pHis-W showed the presence of selective m-pHis
antibodies (Figure 6¢ and d). Our results also demonstrate that
a 6 membered phosphopyridine can be used to mimic the 5
membered aromatic ring of m-pHis in antibody generation.
Importantly, the competitive ELISA results strongly indicate that
matching electronic features (with minor compromises in
structure) was likely important in designing pHis analogues. On
the basis of the competitive ELISA data, one could argue that
the polyclonal antibodies generated using pyrazolyl ethylamine
8 and 3,4-disubstituted pyridine amino amide 13 might be
more selective and sensitive for t-pHis and m-pHis respectively,
than the commercially available monoclonal antibodies which
were generated using a randomised combination of alanine
glycine peptides containing triazolyl side chain 3 or 6 to give t-
pHis and m-pHis antibodies respectively. However, a direct
comparison cannot be made between the competitive ELISA of
Figures 5 and 6 because pHis antibodies used in Figure 5 are
monoclonal and those in Figure 6 are polyclonal. Nevertheless,
the data would suggest that the pHis analogue design used in
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this study was effective and shows how a relatively small
chemical change can have a significant effect in the generation
of selective t-pHis and mt-pHis polyclonal antibodies.

Application of t- and m-pHis antibodies in cell biology studies

With selective 1- and m-pHis antibodies in hand, the application
of these antibodies in western blots and immunofluorescence
was explored. Airway epithelia express His phosphorylated
proteins and the 16HBE140- or HBE cell line is a well-known
airway epithelia cell line.®*** Using pHis stabilizing western blot
conditions (see methods) many pHis protein bands were
detected from the 16HBE140-cell lysate using the pHis anti-
bodies (Figure 7). All pHis antibodies, t-pHis-FT2, t-pHis-W, -
pHis-FT2, and mt-pHis-W antibodies detected a broad molecular
weight range of pHis proteins (see Figure S9 for western blots
with SC56-2, SC50-3, and SC1-1 monoclonal antibodies; only a
few pHis protein bands were detected by these antibodies).
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Figure 7. Western blot of 16HBE140- cell lysate probed with pHis polyclonal
antibodies t-pHis-FT2, t-pHis-W, st-pHis-FT2, and st-pHis-W. Left lanes:
untreated; right lanes: after treatment with acetic acid to pH~4, at 90°C for
45 min.

Pre-acidification (pH~4) and heating (90°C, 45 min) of the
16HBE140- cell lysate reduced the pHis western blot signal
suggesting selective detection of pHis."®*? The presence of pHis
in other cell types including HUVEC and RFPEC was explored by
western blots (Figure S10 and S11). Similarly, both t-pHis-FT
and m-pHis-FT antibodies detected a broad molecular weight
range of pHis proteins in HUVEC and RFPEC cells. Additionally,
in a qualitative analysis, immunofluorescence stained images of
16HBE140- cells using t-pHis-W and zt-pHis-W antibodies show
that pHis proteins are present throughout 16HBE140- cells and
are in higher concentrations in the nucleus than the cytoplasm,
which was more pronounced with the cells probed with the t-
pHis-W antibody (Figure 8a).

Having established that t-pHis-W and m-pHis-W antibodies
could be used in immunofluorescence imaging we also used
the antibodies on other cells, namely neurons, in which pHis
remains understudied. The presence of pHis has not been
reported in healthy human neurons, although it has been
reported in neuroblastoma cells“? and there is some indirect
evidence for pHis in neurons.*"™ Immunofluorescence stained
images of human induced pluripotent stem cells (iPSCs) derived
neurons probed with t-pHis-W and mt-pHis-W antibodies shows
pHis to be present throughout the cell (Figure 8b). However, in
contrast to the 16HBE140- cells, only weak pHis immunofluor-
escence staining was observed in the neuron nucleus (see
Figure $12 for t-pHis-W and mt-pHis-W antibody dilution experi-
ment). Due to paucity of material, it was not possible to analyse
the pHis proteins from the neurons by western blots. The
presence of pHis proteins in human iPSCs derived neurons is
especially interesting because protein phosphorylation (O-
linked) is implicated/involved in many neurological disease
states.*” This therefore raises some important questions: what
is the biological function of pHis in neurons; is pHis involved in
neurological diseases; what is the biological relevance of little/
no pHis in the neuron nucleus compared to 16HBE140- and
Mdller cells (see below)? Nucleoside diphosphate kinase B
(NDPK-B) is a known mammalian His kinase™” which is involved
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Figure 8. Immunofluorescence cell images using t-pHis-W and mt-pHis-W
antibodies of: a) 16HBE140- cells stained with t-pHis-W and st-pHis-W
antibodies (red, Alexa Fluor™ 594 secondary antibody), Alexa Fluor™ 488
Phalloidin (green; this stains actin filaments and was used as a marker that
defines the boundary of cells) and DAPI (blue, for nuclear staining).

b) Neurons derived from human induced pluripotent stem cells (iPSCs) were
stained with T-pHis-W and wt-pHis-W antibody (red, Alexa Fluor™ 594
secondary antibody), Tubflll (green, Alexa Fluor™ 488 secondary antibody) —
a classical neuronal marker — and DAPI (blue). c) Muller WT and Muller
NDPK—B KO cells stained with t-pHis-W and m-pHis-W antibody (red, Alexa
Fluor™ 594 secondary antibody), S100b (green, Alexa Fluor™ 488 secondary
antibody) - a glial cell marker - and DAPI (blue).

in many cellular functions.”® To see if there is a difference in

immunofluorescence pHis signal on cells without NDPK-B,
Miiller wild-type (WT) and Miiller NDPK—B knockout (KO) cells™”!
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were stained using t-pHis-W and m-pHis-W antibodies (Fig-
ure 8c). There was no manifestly clear difference between the
immunofluorescence intensities of Miller WT and NDPK—B KO
cells probed with the t-pHis-W antibody (Figure S13a).

However, there was a noticeable increase in immunofluor-
escence intensity of Miller NDPK—B KO cells compared to
Muller WT cells probed with the m-pHis-W antibody (Fig-
ure S13b). These observations were also reflected in western
blots of the Muller WT vs Muller NDPK—B KO cells (Figure S14).
The m-pHis-W antibody can detect invitro phosphorylated
NDPK—A, B, and C (Figure S15)*¥ and thus one might have
expected a weaker ;t-pHis immunofluorescence signal from the
NDPK—B KO Milller cells compared to the WT because NDPK—B
is thought to be phosphorylated on a His residue to give -
pHis.®! A plausible explanation could be the upregulation of
some m-pHis proteins to compensate for the absence of
NDPK-B.

To demonstrate that the pHis antibodies could potentially
be used to enrich pHis proteins from a complex mixture, the t-
pHis-FT2 antibody was used in immunoprecipitation of pHis
proteins from the 16HBE140- cell lysate. The t-pHis-FT2 anti-
body was chosen as it was available in the largest quantities.
Phosphopyrazolyl butane 14 (see Figure S16 for synthesis
scheme) was used as a competitor to release proteins bound to
the t-pHis-FT2 antibody. Pyrazolyl ethylamine 8 was not used
because primary amines are known to dephosphorylate pHis
derivatives.”” t-pHis or st-pHis were considered not suitable for
use as competitors due to their tendency to transfer the
phosphoryl group to other nucleophilic residues which could
give rise to false positives. The immunoprecipitation fractions
were examined by colloidal gold protein stain and western blot
using the t-pHis-FT2 antibody (Figure S17). Reduced colloidal
gold staining and pHis western blot signal was observed in the
competitor fractions when the proteins from the 16HBE140- cell
lysate was treated with acid prior to immunoprecipitation. The
data here would suggest pHis proteins were indeed being
immunoprecipitated by the t-pHis-FT2.

Conclusions

This study demonstrates the importance of chemical design in
the identification of t-pHis and mt-pHis analogues and their use
in T-pHis and m-pHis antibody generation. The application of t-
pHis and m-pHis polyclonal antibodies in ELISA, western blot,
immunofluorescence cell imaging and immunoprecipitation
demonstrated their broad applicability in common biological
experiments. The results of these preliminary biological experi-
ments suggested that pHis is a significant and widespread PTM
in mammalians cells and requires further investigation. Con-
sequently, the pHis analogues developed in this study including
the BSA—G-t-pHis and BSA—G-mt-pHis conjugates will be very
useful in monoclonal antibody generation and selection as well
as other biological studies. The application of pyrazolyl ethyl-
amine 8 and pyridyl amino amide 13 in the generation of t-
pHis and m-pHis monoclonal antibodies, and the synthesis for
the incorporation these side chains into peptides is currently

ChemBioChem 2023, 202300182 (8 of 15)

underway. The design of other pHis analogues is also being
explored.

Experimental Section

Electrostatic surface potential maps and density calculations: The
calculations were all carried out using Gaussian 2009 software with
the B3LYP density functional and with the PCM solvation model to
mimic an aqueous environment. The phosphonates were modelled
as anions, since this is their likely state under physiological
conditions. We chose a large basis set (aug-cc-pTVZ) because
anions require the use of diffuse basis functions. The geometries of
the molecules were optimised with the chosen basis, and the
vibrational frequencies were checked to ensure that a minimum
had been achieved. The three-dimensional electrostatic potential
(ESP) grids were calculated using the Gaussian cubegen software.
Two different kinds of electrostatic potential diagrams were
calculated: a) The ESP was mapped onto a surface defined by a
constant electron density value of 0.004, that value being chosen to
approximate a Connelly molecular surface. The red areas are mostly
negative in electrostatic potential, with the most negative being at
—0.400 a.u. (equivalent to —1050kJmol™'). The green areas
represent values of electrostatic potential around 0.0 a.u. b) We
displayed the ESP surface itself as an isocontour drawn at a
potential of —0.285 a.u. (equivalent to —748 kimol™"). This display
method was found to give more useful information about the
extent of the areas of negative ESP around the molecule. The value
of ESP is exactly —0.285 a.u. on the surface, and more negative
inside the surface.

General chemical synthesis experimental: Reagents were pur-
chased from Fluorochem, Sigma Aldrich, Alpha Aeser, Manchester
Organics, VWR International, Fisher Scientific, and Acros Organics.
Distilled or ultrapure H,0 was used, and all solvents were of HPLC
grade or distilled. 4-lodo-1H-pyrazole,*” tert-butyl  N-(2-
bromoethyl)carbamate, methyl (2R)-2-[(tert-
butoxycarbonyl)amino]-3-iodopropanoate,****

amino(potassiooxy)phosphinic acid (potassium
phosphoramidate)® were prepared following reported procedures.
Pet. ether refers to the petroleum ether fraction that boils in the
range 40-60°C. Dry dimethylformamide, tetrahydrofuran, toluene
and dichloromethane was obtained from the in-house Grubbs
system. Ethanol was dried by refluxing over iodine activated
magnesium for 24 h. The ethanol was then distilled and stored over
4 A molecular sieves under nitrogen for up to 6 months. All
reactions were stirred using a Teflon coated stirrer bar. N,N-
diisopropylethylamine was distilled from calcium hydride and
stored under nitrogen. All moisture and air sensitive reactions were
performed under a positive pressure of nitrogen or argon in flame
dried glassware. All other reagents were used without further
purification. Flash column chromatography was done manually
under positive 0.34 atmospheres of pressure. Silica gel 40-60 um
from VWR International was used. Merck TLC Silica gel 60 F254 TLC
plates were used, and compounds were visualized by UV light
(254 nm), 5% (w/v) ninhydrin in methanol, or basic potassium
permanganate. Optical rotations were measured using an Optical
Activity Ltd. AA-10 Series Automatic polarimeter at 589 nm. Specific
rotations were measured to the nearest 0.1 degrees, and concen-
tration are given to the nearest 0.1 mgmL™~". The melting points
were determined using Linkam HFs91 heating stage used in
conjunction with a TC92 controller and are uncorrected. The
infrared spectra were taken using a Perkin EImer Paragon 100 FTIR
spectrophotometer as thin films using sodium chloride plates or
attenuated total reflectance (ATR). Only selected peaks are
reported, and the absorption maxima are given to the nearest

[51]
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wavenumber (cm™'). All NMR spectra were recorded at room
temperature unless stated otherwise. 'H NMR spectra were
recorded using a Bruker Avance 400 operating at 400.13 MHz, or
Bruker Avance Ill HD 400 spectrometer operating at 400.23 MHz. *C
NMR spectra were recorded using a Bruker Avance 400 operating at
100.61 MHz, or Bruker AVANCE Ill HD 400 spectrometer operating
at 100.64 MHz. *'P NMR spectra were recorded using a Bruker
Avance lll HD 400 spectrometer operating at 162.02 MHz. Chemical
shifts were measured relative to the residual solvent and expressed
in parts per million (). The multiplicities are defined as s=singlet,
d=doublet, t=triplet, q= quartet, quint.=quintet, sex.=sextet,
m=multiplet, br=broad. Coupling constant (J) are given in Hertz
and the measured values are rounded to the nearest 0.5 Hz and are
rationalized. High-resolution mass spectra were measured using an
Agilent Technologies 653 Accurate-Mass Q-TOF LC/MS operating in
electrospray mode.

Diethyl (1H-pyrazol-4-yl)phosphonate was synthesised using Hirao
cross coupling conditions described by Bessmertnykh et al?” 4-
lodo-1H-pyrazole (1.94g, 10.0 mmol, 1.0 equiv.), triphenylphos-
phine (0.79g, 3.0mmol, 0.3 equiv) and palladium(ll) acetate
(0.242 g, 1.0 mmol, 0.1 equiv.) were added to a round bottom flask
equipped with a condenser. A vacuum was applied followed by a
positive pressure of nitrogen (x3). Ethanol (35 mL), triethylamine
(2.02g, 2.8mL, 20.0 mmol, 2.0equiv.) and diethyl phosphite
(3.04 g, 2.8 mL, 22.0 mmol, 2.2 equiv.) were then added, and the
mixture was stirred at reflux for 6 h. The mixture was allowed to
cool to room temperature and then diluted with saturated aqueous
ammonium chloride (200 mL). The aqueous phase was extracted
with ethyl acetate (3 x 200 mL), and the combined organic phases
were washed with brine (100 mL), dried over anhydrous magne-
sium sulfate, filtered and concentrated under reduced pressure. The
residue was purified by flash column chromatography over silica
eluting with ethyl acetate/petroleum ether (1:9) to give diethyl
(1H-pyrazol-4-yl)phosphonate (2.01 g, 98%), as a white solid: Ry=
0.11 (EtOAC); m.p.=57-59°C (lit.*® 85-87°C); v, (ATR)/cm ' 3150,
2902, 1543, 1478, 1378, 1294, 1213, 1185, 1154, 1014, '"H NMR
(400 MHz, CDCl;) 1.34 (t, J=7.0 Hz, 6H), 4.04-4.19 (m, 4 H), 7.92 (s,
2H), 12.65 (br, TH); *C NMR (101 MHz, CDCl;) 16.2 (d, J=6.5 Hz),
62.3 (d, J=5.5Hz), 106.5 (d, J=222.5Hz), 1382 (br); *P NMR
(162 MHz, CHCly) 15.06; m/z (ESI+): 205.0737 (MH*, 100%
C,H.,N,O;P requires 205.0700). The characterization data are
comparable to a previous report, however the melting point
observed was significantly lower than reported.”

[1-(2-Aminoethyl)-1H-pyrazol-4-yllphosphonic acid (8) was syn-
thesised similar to a reported method."” The method described
below was designed to prepare a pure sample of the final
compound, and yield optimization was not done. Diethyl 1H-
pyrazol-4-ylphosphonate (0.500 g, 2.45 mmol, 1.0 equiv.) tert-butyl
N-(2-bromoethyl)carbamate (0.75 g, 3.35 mmol, 1.4 equiv.) caesium
carbonate (2.73 g, 8.38 mmol, 3.5 equiv.) and acetonitrile (9.6 mL)
were stirred under nitrogen at room temperature for 6 h. The
mixture was diluted with ethyl acetate (50 mL), filtered through a
silica plug (1 cm x 2 .cm) and the filtered solid was washed with
ethyl acetate (200 mL). The filtrate was concentrated under reduced
pressure and the residue was dissolved in acetonitrile under
nitrogen (24 mL). Bromotrimethylsilane (3.66 g, 3.2 mL, 23.9 mmol,
10 equiv.) was added and the mixture was stirred at 50°C,
overnight. After cooling to room temperature, the mixture was
concentrated under reduced pressure and the residue was
triturated using propan-2-ol (15 mL). The suspension was trans-
ferred to a centrifuge vial, centrifuged (3220 relative centrifugal
force, 4°C, 5 min) and the supernatant was discarded. The solid was
loaded onto a pre-equilibrated (ethanol/water 8:2) flash chroma-
tography silica gel column. The column was eluted with a
80:18:2—65:22:8 gradient of ethanol/water/32% (w/w) aqueous

ChemBioChem 2023, 202300182 (9 of 15)

ammonia. The combined product fractions were concentrated
under reduced pressure and then lyophilized. The remaining
residue was dissolved in water (2.5 mL) and an aliquot was diluted
in deuterated water for quantification by '"H NMR using 1,4-dioxane
as the internal standard. [1-(2-aminoethyl)-1H-pyrazol-4-
yllphosphonic acid 8 (0.025 g, 5%): R;=0.47 (EtOH/H,0/32% (w/w)
NH; (aqg.), 65:22:8); 'H NMR (400 MHz, D,0) 3.40 (t, J=5.5 Hz, 2H),
4.40 (t, J=5.5Hz, 2H), 7.62 (m, 1H), 7.72 (d, J=2.5 Hz, 1 H); ®C NMR
(101 MHz, D,0) 39.3 (s), 48.3 (s), 117.5 (d, J=197.0 Hz), 1343 (d, J=
20.5 Hz), 142.6 (d, J=13.0 Hz); *'P NMR (162 MHz, D,0) 5.72; m/z
(ESI+): 192.1000 (MH", 100% CcH,;N;O;P requires 192.0500). The
characterization data are comparable to the literature."

Methyl (25)-3-(3-bromopyridin-4-yl)-2-[(tert-
butoxycarbonyl)aminolpropanoate (11). A round bottom flask
containing rapidly stirred zinc dust (0.980 g, 15.0 mmol, 3.0 equiv.)
was flame dried under vacuum, which was followed by a positive
pressure of nitrogen (x 3). Dimethylformamide (4.0 mL) was added
followed by iodine (0.380g, 1.5 mmol, 0.3 equiv.); the solution
changed from yellow to colourless. Methyl (2R)-2-[(tert-
butoxycarbonyl)amino]-3-iodopropanoate (1.72 g, 5.2 mmol,
1.0 equiv.) was added followed by the immediate addition of iodine
(0.380 g, 1.5 mmol, 0.3 equiv.). A strong exotherm was observed
and the mixture was stirred at room temperature for 15 minutes.
The supernatant was withdrawn using a cotton wool filled syringe
and decanted into a flask containing
bis(triphenylphosphine)palladium(ll) dichloride (0.350 g, 0.5 mmol,
0.1 equiv.), and 3,4-dibromopyridine (1.18 g, 5.0 mmol, 1.0 equiv.) at
50°C under nitrogen. The remaining zinc was washed with dry
dimethylformamide (2.0 mL), and the supernatant was transferred
as above. After 3 h, a second equivalent of zinc reagent was added,
and the mixture was stirred for a further 3 h. The mixture was
diluted with ethyl acetate (60 mL) and filtered through a bed of
Celite (1 cm). The Celite was washed with ethyl acetate until the
filtrate was colourless. The combined filtrates were washed with
water (250 mL), and then brine (250 mL). The organic phase was
dried over anhydrous magnesium sulfate, filtered and concentrated
under reduced pressure. The residue was purified by flash column
chromatography over silica eluting with ethyl acetate/petroleum
(3:7) ether to give methyl (25)-3-(3-bromopyridin-4-yl)-2-[(tert-
butoxycarbonyl)amino]propanoate 11 (0.895 g, 50 % yield) as a pale
yellow oil: Rr=0.33 (EtOAc/pet. ether 3:7); [0]Z=+10.0 (c 1.0,
CHCly); vmaATR)/cm™ 3350, 2978, 2952, 2936, 1745, 1705, 1588
1516, 1434, 1395, 1362, 1278, 1252, 1212, 1160, 1088, 1046, 1023;
'H NMR (400 MHz, CDCl;) 1.39 (s, 9H), 3.10 (dd, J=8.5, 14.0 Hz, TH),
3.33 (dd, J=5.5, 14.0 Hz, 1H), 3.76 (s, 3H), 4.65-4.74 (m, 1H), 5.18 (d,
J=8.0 Hz, 1H), 7.19 (d, J=5.0 Hz, 1H), 8.44 (d, J=5.0 Hz, 1H), 8.70 (s,
1H); *C NMR (101 MHz, CDCl,) 28.2 (s), 38.1 (s), 52.7 (s), 80.3 (s),
123.6 (s), 125.9 (s), 145.1 (s), 148.2 (s), 152.0 (s), 154.9 (s), 171.7 (s);
m/z (ESI+): 359.0602 (MH*, 100% C,,H,,BrN,O, requires 359.0600).

Methyl (25)-2-[(tert-butoxycarbonyl)amino]-3-[3-(dieth-
oxyphosphoryl)pyridin-4-yl]propanoate (12). Palladium(ll) acetate
(0.024 g, 0.11 mmol, 0.1 equiv.), triphenylphosphine (0.084 g,
0.32 mmol, 0.2 equiv.), were added to a round bottom flask
equipped with a condenser. A vacuum was applied followed by a
positive pressure of nitrogen (x3). Sequentially, ethanol (4 mL),
triethylamine (0.162g, 0.22mL, 1.6 mmol, 1.2 equiv.), diethyl
phosphite (0.220 g, 0.21 mL, 1.6 mmol, 1.2 equiv.) and methyl (25)-
3-(3-bromopyridin-4-yl)-2-[(tert-butoxycarbonyl)amino]propanoate

(11; 0.467 g, 1.3 mmol, 1.0 equiv.) were added and the mixture was
stirred at reflux for 48 h. The mixture was concentrated under
reduced pressure and the residue was purified by flash column
chromatography over silica, eluting with 15:85 petroleum ether/
ethyl acetate to give methyl (25)-2-[(tert-butoxycarbonyl)amino]-3-
[3-(diethoxyphosphoryl)pyridin-4-yllpropanoate (12; 0.2959g, 54%
yield) as a yellow oil: R-=0.20 (15:85 pet. ether/EtOAc); [a]Z = +
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17.0 (c 1.0, CHCL,); v, (ATR)/cm™" 2980, 2929, 2906, 1742, 1712,
1582, 1520, 1445, 1364, 1244, 1218, 1160, 1044, 1017; 'H NMR
(400 MHz, CDCly) 1.33 (s, 9H), 138 (t, J=7.0Hz, 3 H), 142 (t, J=
7.0 Hz, 3 H), 3.33 (dd, J=4.5, 13.5 Hz, 1H), 3.45 (dd, J=11.5, 13.5 Hz,
1 H), 3.78 (s, 3H), 4.15-4.34 (m, 4H), 4.50-4.58 (m, 1H), 6.21 (d, J=
8.5 Hz, 1H), 7.37 (t, J=5.0 Hz, 1H), 8.70 (dd, J=2.0, 5.0 Hz, 1H), 8.94
(d, J=7.5 Hz, TH); *C NMR (101 MHz, CDCl;) 16.2-16.4 (m), 28.2 (s),
353 (s), 52.5 (s), 54.8 (s), 62.7-63.2 (m), 79.7 (s), 1244 (d, J=
185.5 Hz), 125.4 (d, J=11.5 Hz), 150.6 (d, J=9.5 Hz), 153.1 (s), 153.3
(d, J=11.5Hz), 155.6 (s), 172.2 (s); *'P NMR (162 MHz, CDCl,) 16.48;
m/z (ESI+): 417.1792 (MH™, 100% C,gH3,N,O,P requires 417.1800).

4-[(2S)-2-Amino-2-carbamoylethyl]pyridin-3-ylphosphonic  acid
(13). Methyl (25)-2-[(tert-butoxycarbonyl)amino]-3-[5-(dieth-
oxyphosphoryl)pyridin-3-yllpropanoate (12) (1.25g, 3.0 mmol,
1.0 equiv.) was dissolved in methanol (24 mL). Ammonium
hydroxide [32% (w/w), 12 mL] was added, and the mixture was
stoppered and stirred at room temperature for 4 h. The mixture
was concentrated under reduced pressure. The residue was
dissolved in acetonitrile (28 mL) under nitrogen. Bromotrimeth-
ylsilane (4.24 g, 3.7 mL, 27.7 mmol, 10.8 equiv.) was added and the
mixture was stirred at 50°C overnight. The solvent was removed
under reduced pressure and the residue was loaded on to a pre-
equilibrated (ethanol/water 8:2) flash chromatography silica gel
column. The column was eluted with a 80:18:2 to 65:22:8
gradient of ethanol/water/32% (w/w) aqueous ammonium. The
combined product fractions were concentrated under reduced
pressure and then lyophilized. The remaining solid residue was
dissolved in water (2.5 mL) and an aliquot was diluted in deuterated
water for quantification by 'H NMR using 1,4-dioxane as the internal
standard. 4-[(2S)-2-amino-2-carbamoylethyl]pyridin-3-ylphosphonic
acid (13; 0.110 g, 15% yield): Ry = 0.58 (EtOH/H,0 65:35); [a]Z =
—8.0 (¢ 1.0, H,0); m.p.=200°C (decomp.); Vy(ATR)/cm™' 3011,
2970, 2285, 1741, 1667, 1587, 1439, 1399, 1370, 1218, 1130, 1040;
'H NMR (400 MHz, D,0) 3.39 (dd, J=7.0, 14.0 Hz, TH), 3.55 (dd, J=
5.5, 14 Hz, 1H), 4.17-4.23 (m, 1H), 7.18-7.23 (m, 1H), 8.27-8.31 (m,
1H), 8.63 (d, J=7.0 Hz, TH); *C NMR (101 MHz, D,0) 34.9 (d, J=
4.0 Hz), 52.5, 126.3 (d, J=9.0 Hz), 135.9 (d, /=158.5 Hz), 147.7 (d,
J=7.0Hz), 148.0, 149.9 (d, J=11.0 Hz), 171.5; >'P NMR (162 MHz,
D,0) 4.86; m/z (ESI+): 246.0642 (MH*, 100% CgH,;N,0O,P requires
246.0600).

Diethyl 1-butylpyrazol-4-ylphosphonate. Diethyl 1H-pyrazol-4-yl-
phosphonate (1.83 g, 9.0 mmol, 1.0 equiv.), 1-bromobutane (1.73 g,
1.35mL, 126 mmol, 1.4equiv.), caesium carbonate (10.2g,
31.3 mmol, 3.5 equiv.) and acetonitrile (35 mL) were stirred under
nitrogen at room temperature for 6 h. The precipitate was filtered
off, washed with ethyl acetate (2 x 50 mL) and the combined
filtrate and washings were concentrated under reduced pressure.
The residue was diluted with ethyl acetate (100 mL) and washed
with saturated aqueous ammonium chloride (100 mL). The aqueous
phase was extracted with ethyl acetate (2 x 200 mL) and the
combined organic phases were washed with brine (200 mL), dried
over magnesium sulfate, filtered and concentrated under reduced
pressure to give diethyl 1-butylpyrazol-4-ylphosphonate, (1.76 g,
75%) as a pale yellow oil; v,,.(ATR)/cm™' 3480, 3104, 2964, 2937,
2879, 1525, 1244, 1136, 1061, 1025; 'H NMR (400 MHz, CDCl;) 0.91
(t, J=7.5 Hz, 3H), 1.24-1.35 (m, 8H), 1.84 (quint., J=7.5 Hz, 2H), 4.00-
4.16 (m, 6H), 7.69 (s, 1H), 7.73 (d, J=2.0 Hz, 1H); *C NMR (101 MHz,
CDCly) 13.5 (s), 16.3 (d, J=6.5 Hz), 19.7 (s), 32.0 (s), 52.2 (s), 61.9 (d,
J=5.5Hz),107.3 (d, J=221.0 Hz), 134.4 (d, J =23.5 Hz), 142.0 (d, J=
13.0 Hz); *'P NMR (162 MHz, CDCl;) 14.95 (s); m/z (ESI+): 261.1366
(MH*, 100% C,;H,,N,05P requires 261.1400).

1-Butylpyrazol-4-ylphosphonic acid 14. Diethyl 1-butylpyrazol-4-
ylphosphonate (1.63 g, 6.3 mmol, 1.0 equiv.), was dissolved in
acetonitrile (63 mL) under nitrogen. Bromotrimethylsilane (9.64 g,
8.3 mL, 63 mmol, 10.0 equiv.) was added and the mixture was
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stirred at 50°C overnight. After cooling to room temperature, the
mixture was concentrated under reduced pressure. The residue was
purified by flash chromatography over silica eluting with a 75:4:10
mixture of ethanol/water/32% (w/w) aqueous ammonia. The
combined product fractions were concentrated under reduced
pressure and then lyophilized to give T1-butylpyrazol-4-ylphos-
phonic acid (14; 1.00 g, 78%) as a white solid: R-=0.51 (EtOH/H,0/
32% (w/w) NH; (aq.), 65:22:8); m.p.= 135-137°C; v,.(ATR)/cm™'
3519, 3363, 2957, 2865, 1527, 1452, 1370, 1136, 1112, 1068, 1032;
'H NMR (400 MHz, D,0) 0.72 (t, J=7.5 Hz, 3H), 1.08 (sex., J=7.5 Hz,
2H), 1.64 (quint., J=7.0 Hz, 2H), 4.01 (t, J=7.0 Hz, 2H), 7.51 (s, T1H),
7.65 (d, J=2.5Hz, TH); *C NMR (101 MHz, D,0) 12.7 (s), 18.9 (s),
31.5 (s), 51.3 (s), 114.1 (d, J=204.0 Hz), 133.8 (d, /=21.5 Hz), 141.1
(d, J=13.5 Hz); *'P NMR (162 MHz, D,0) 7.22; m/z (ESI-): 203.0596
(M-H~, 100% C;H,,N,O;P requires 203.0600).

2-amino-3-(3-phosphonoimidazol-4-yl)propanoic acid (n-pHis). L-
Histidine (0.251 g, 1.62 mmol, 1.0 equiv.), potassium phosphorami-
date (0.57 g, 4.21 mmol, 2.6 equiv.) and water (4.5 mL) were stirred
at 25 ° C for 40 min. m-pHis was chromatographically purified see
below for detailed procedure. The combined product fractions
were concentrated by rotary evaporation at 25°C to approximately
4 mL whilst maintaining a pH between 10-12 using 2 molar
aqueous sodium hydroxide and 1 molar aqueous hydrochloric acid.
The remaining solution was aliquoted and snap frozen and stored
at —80°C. An aliquot was diluted in deuterated water for
quantification by 'H NMR using 14-dioxane as the internal
standard. m-pHis (0.0084 g, 2% yield): R:=0.44 (EtOH/32% (w/w)
NH; (aq.)/H,0, 65:8:22); '"H NMR (400 MHz, D,0) 2.92 (dd, J=8.0,
15.5 Hz, 1H), 3.14 (dd, J=5.0, 15.5 Hz, 1H), 3.81-3.89 (m, 1H), 6.70 (s,
1H), 7.70 (s, 1H); *C NMR (101 MHz, D,0) 30.6 (s), 55.3 (s), 126.2 (d,
J=8.0Hz), 1304 (d, J=3.5Hz), 1404 (d, J=5.0Hz), 181.9 (s); *'P
NMR (162 MHz, D,0) —5.62; m/z (ESI+): 236.0431 (MH', 100%
C¢H,;N;O;P requires 236.0400). The characterization data are
comparable to the literature.*”

2-amino-3-(1-phosphonoimidazol-4-yl)propanoic acid (t-pHis). L-
Histidine (0.251 g, 1.62 mmol, 1.0 equiv.), potassium phosphorami-
date (0.57 g, 421 mmol, 2.6 equiv.) and water (4.5 mL) were stirred
at 25 ° C for 16 h. 1-pHis was chromatographically purified, see
below for detailed procedure. The combined product fractions
were concentrated by rotary evaporation at 25 °C to approximately
8 mL whilst maintaining a pH between 10-12 using 2 molar
aqueous sodium hydroxide and 1 molar aqueous hydrochloric acid.
The remaining solution was aliquoted and snap frozen and stored
at —80°C. An aliquot was diluted in deuterated water for
quantification by 'H NMR using 14-dioxane as the internal
standard. t-pHis (0.103 g, 27% yield): R:=0.40 (EtOH/32% (w/w)
NH, (ag.)/H,0, 65:8:22); 'H NMR (400 MHz, D,0) 2.53 (dd, J=9.0,
14.5 Hz, 1H), 2.79 (dd, J=4.5, 14.5 Hz, 1H), 3.32-3.38 (m, 1H), 6.86 (s,
1H), 7.56 (s, TH); *C NMR (101 MHz, D,0) 32.6 (s), 56.0 (s), 117.8 (d,
J=5.5Hz), 137.0 (d, J=8.5Hz), 139.0 (d, J=5.0Hz), 181.2 (s); *'P
NMR (162 MHz, D,0) —4.78; m/z (ESI+): 236.0431 (MH', 100%
C¢H1:N;OsP  requires 236.0400). The characterization data are
comparable to the literature.”” (§) The following flash chromatog-
raphy procedure was carried out at 4°C and a positive pressure of
0.68 atmospheres. The sample was loaded onto a pre-equilibrated
(ethanol/32% (w/w) aqueous ammonia/water, 85:4:1) silica gel
column (4 cm diameter column with 27 cm of silica) and eluted
with a mixture of ethanol, 32% (w/w) aqueous ammonia and water
gradient (Initially 300 mL of an 85:4:1 mixture was added to the
solvent reservoir, once 150 mL was eluted off, 150 mL of a 75:4:10
mixture was added to the solvent reservoir). Once a further 150 mL
was eluted off an additional 150 mL of this solvent was added to
the solvent reservoir. Subsequently the same cycle was repeated
with solvent mixture ratio of 70:4:15 (300 mL), and 60:4:25,
(300 mL) until the compound was eluted off. The first 750 mL was
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run off and 15 mL fractions were collected. The product fractions
were collected such that 5 fractions between the product and the
first (for m-pHis) and last (m-pHis) co-eluted m-pHis and t-pHis
mixture were discarded as analysed by TLC.

General biology experimental: All reagents and consumables used
were purchased from Fluorochem, MilliporeSigma, Sigma-Aldrich,
Alpha Aeser, VWR International, Biolegend, Bio-Rad, Abcam or
Thermo Scientific. Ultrapure water was used to make buffers and
solutions unless stated otherwise. All solvents were of HPLC grade.
Blue Pre-stained Protein Standard, Broad Range (11-190 kDa) was
purchased from New England BioLabs. Sartorius Vivaspin 6/20's (3
and 10 kDa MWCO) were used for buffer exchange and protein
concentration. Thermo Scientific Snakeskin dialysis tubing, 16 mm
dry diameter (3.5 Da MWCO) was used for buffer exchange of
purified antibodies. NHS-Activated Sepharose 4 Fast Flow was
purchased from GE Healthcare Life Sciences. Sigma Trypsin-EDTA
solution (1 X, sterile; sterile-filtered, BioReagent, suitable for cell
culture, 0.5 g porcine trypsin and 0.2 g EDTAe4Na per litre of Hanks’
Balanced Salt Solution with phenol red) was used to trypsinise
adhered cells. Sigma Aldrich hemocyanin from Megathura crenulata
(keyhole limpet) in phosphate-buffered saline (PBS) was used. BIO-
RAD Colloidal Gold Total Protein Stain was used to stain electro-
blotted proteins. Corning® 96 Well EIA/RIA clear flat bottom
polystyrene high bind microplate was used for ELISA assays. Nunc™
Cell Culture/Petri Dishes (56.7 cm?) from Thermo Scientific™ were
used for cell culture. Pierce™ BCA protein assay kit was used to
quantify proteins. Thermo Scientific SuperSignal™ West Pico PLUS
chemiluminescent substrate was used to develop blotted mem-
branes. Ultra Pure AccuGel™ 29:1, 30% (w/v) 29:1 acrylamide: bis-
acrylamide solution (gas stabilised) or ULTRA PURE AccuGel™ 19:1,
40% (w/v) 19:1 acrylamide: bis-acrylamide solution (gas stabilised)
was used to make SDS-PAGE gels. Interchim TMB ELISA substrate
standard solution was used to develop ELISA plates. Millipore
Immobilon-P PVDF Membrane (0.45 um pore size) was used for
western blot membranes. Western blotted membranes were
visualised using a BIO-RAD ChemiDoc™ XRS+ with image Lab™
software. ELISA absorbance was measured using a Varioskan flash
spectrometer. Conjugate concentrations were determined using
NanoDrop™ 2000/c Spectrophotometers by Thermo Fisher Scien-
tific. Specific details of commercial antibodies used are given in
experimental sections using antibodies. Specific consumables used
for human iPSCs cell culture are provided under the “Human
induced pluripotent stem cell (iPSCs) cell culture and neuronal
differentiation” section.

Conjugation of amino acid to BSA via glutaraldehyde. Following
procedure described by Hermanson with minor modification.®”
Coupling buffer: 0.1 M sodium carbonate, 0.15 M sodium chloride,
pH 8.5. Storage buffer: 0.1 M sodium carbonate/bicarbonate,
pH 10.8. Bovine serum albumin (50 mg, 0.0007 mmol, 1.0 equiv.)
was added to a 50 mL centrifuge tube and dissolved in coupling
buffer (20 mL). The mixture was cooled on ice. The amino acid
(0.03 mmol, 40 equiv.) was added followed by fresh 50 w.% (aq.)
glutaraldehyde solution (0.5mL) to give a 1% (v/v) working
concentration after dilution (see below). The solution was topped
up to 25 mL with ice cold coupling buffer. The tube was sealed and
left on a rotor at 4°C for 3.5h. 1% (w/v) sodium borohydride
(0.25 g) was added to the mixture, and a small hole was pierced in
the lid before centrifugation (4°C, 3220 RCF, 60 min). The mixture
was concentrated down ~2 mL using a Vivaspin 20 (10 kDa MWCO)
by centrifugation (4 °C, 3220 RCF). The solution was diluted with ice
cold storage buffer to 10 mL and concentrated down again to 2 mL
(the solution was aspirated every 10 min). This cycle was repeated
two more times. After a final concentration to ~1 mL, the sample
was aliquoted, snap frozen and stored at —80°C. The protein
concentration was determined by bicinchoninic acid assay (BCA) or

ChemBioChem 2023, 202300182 (11 of 15)

NanoDrop with absorbance at 280 nm, 1 cm path length, BSA=
66.463 kDa and £=43.824 M~' cm™'3'P NMR spectra were acquired
using a Bruker AVANCE Il or Avance Il HD spectrometer, operating
at 162 MHz or 202.5 MHz respectively. Quantitative spectra were
typically acquired using a 30° excitation pulse and a relaxation
delay of 8s, which was determined as sufficiently long to enable
full relaxation on one sample with external standard early on in the
study. External standard: 2 mM triphenylphosphine oxide, 20 mM
chromium(lll) acetylacetonate, in 150 pL of deuterated chloroform.
Norell(tm) high throughput 3 mm NMR sampling tubes length:
203 mm; inner diameter: 2.41 mm was used as the internal standard
capillary. Norell® Standard Series™ 5 mm NMR tubes length, 7
inches; inner diameter: 4.2 mm was used. All other samples were
assumed to have similar T1 relaxation profiles. Transients acquired
typically ranged between 6k and 9k to obtain enough signal-to-
noise in most cases. For BSA—G-amino acid conjugates, protein
concentration between 20-40 mgmL™' were used. Acquisition
windows ranged between 6.9 kHz and 20 kHz, using 32k acquisition
points.

Conjugation of amino acids to KLH via glutaraldehyde for
immunisation. Following a procedure described by Hermanson
with minor changes.?” Coupling buffer: 0.1 M sodium carbonate,
0.15M sodium chloride, pH8.5. PBS: 1.8 mM monopotassium
phosphate, 10 mM disodium phosphate, 2.7 mM potassium
chloride, 137 mM sodium chloride, pH 7.4. Keyhole limpet hemo-
cyanin (10 mg, 0.002 uM, 1.9 mL, 1.0 equiv.) in PBS solution was
added to a centrifuge tube (15 mL) containing coupling buffer
(3 mL) and the mixture was cooled on ice. Either [1-(2-aminoethyl)-
1H-pyrazol-4-yllphosphonic  acid 8 or  4-[(25)-2-amino-2-
carbamoylethyllpyridin-3-ylphosphonic  acid 13  (0.004 mmol,
2000 equiv.) was added followed by 50 w% (aq.) fresh glutaralde-
hyde solution (0.1 mL) to give a 1% (v/v) working concentration
after dilution (see below). The solution was topped up to 5 mL with
ice-cold coupling buffer. The tube was sealed and left on the rotor
at 4°C for 4 h. 1% (w/v) sodium borohydride (0.05 g) was added to
the mixture, and a small hole was pierced in the lid before
centrifugation (4°C, 3220 RCF, 1.5 h.). The mixture was transferred
to a Vivaspin 6 (10 kDa MWCO) and concentrated down to 1 mL by
centrifugation (4°C, 3220 RCF). The solution was diluted with ice
cold PBS to 2 mL and concentrated down again to 1 mL during
which the solution was aspirated every 10 min. This cycle was
repeated four more times. The protein concentration was deter-
mined by NanoDrop with absorbance at 280 nm, 1 cm path length,
and €5, = 15.7 M~" cm™". The final KLH concentration was made up
to 2mgmL" using PBS, aliquoted, subsequently snap frozen and
stored at —80°C before being shipped on dry ice to Orygen
Antibodies LTD for immunisation of sheep.

Coupling of BSA-G-amino acid conjugates to NHS-activated
Sepharose 4 Fast Flow. Sepharose BSA—G-amino conjugate resins
were synthesized following the manufacturer’s instructions with
modifications. Wash solution: 1 mM hydrochloric acid. Coupling
buffer: 0.2 M sodium bicarbonate, 0.5 M sodium chloride, pH 8.3.
Protein coupling solution: 3 mgmL™' BSA-G-amino acid, 0.5M
sodium chloride, 0.2 M sodium bicarbonate, pH 8.3. Fresh NHS
activated Sepharose 4 fast flow resin suspension was added to a
column with a sintered frit and drained. The resin was washed with
ice cold wash solution (3 x resin bed volume) and then with ice
cold coupling buffer (2 x resin bed volume). The column was
caped, and the resin was suspended in protein coupling solution
(1/2 x resin bed volume). The suspension was transferred to a
centrifuge vial and mixed end over end at room temperature for
1 h. A second equivalent of protein coupling buffer solution was
added, and the mixture was turned end over end for another 1 h.
The suspension was transferred back to the column. The solution
was drained off and the resin was washed with coupling buffer (3 x
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resin bed volume). When the resin was not immediately used it was
stored in coupling buffer at 4°C and used within 24 h.

Crude antiserum serial dilution sandwich ELISA. Coating buffer:
0.1 M bicarbonate/carbonate, pH 10.8. PBS: 1.8 mM monopotassium
phosphate, 10 mM disodium phosphate, 2.7 mM potassium
chloride, 137 mM sodium chloride, pH 7.4. Wash buffer: 0.05% (v/v)
Tween 20, PBS, pH 7.4. Blocking buffer: 0.05% (v/v) Tween 20, 0.2%
(w/v) gelatine, PBS, pH 7.4. Secondary antibody: Dako rabbit anti-
goat immunoglobulins/ horseradish peroxidase diluted in 1:2000
(v/v) blocking buffer. To a 96-well ELISA plate (labelled plate 1)
BSA—G-t-pHis or BSA—G-mt-pHis (100 pL, 20 ug/mL) diluted in coat-
ing buffer was added to each well. The plate was wrapped in foil
and stored at 4°C overnight. The wells were emptied and washed
with wash buffer (x3). The wells were incubated in blocking buffer
(150 pL), wrapped in foil and left at 37°C for 2 h. The wells were
emptied and washed with wash buffer (x3). To a separate 96-well
ELISA plate (labelled plate two), blocking buffer (60 uL) was added
to each well except for the top row. Sheep antiserum diluted 1:50
(v/v) in blocking buffer was added in duplicate to the top wells
(120 pL). 60 pL from the top wells was removed and serially diluted
down the plate. Blocking buffer (60 uL) was added to each well.
100 pL from each well of plate two was added to the corresponding
wells of plate 1. Plate 1 was wrapped in foil and left at 37°C for
1.5 h. The wells were emptied and washed with wash buffer (x3).
Dako rabbit anti-goat immunoglobulins/ horseradish peroxidase
diluted 1:2000 (v/v) in blocking buffer (100 uL) was added to each
well, and the plate was wrapped in foil and left at 37°C for 1 h. The
wells were emptied and washed with wash buffer (x3) and finally
with distilled water. 3,3',5,5'-tetramethylbenzidine (50 pL) ELISA
substrate was added to each well and incubated at room temper-
ature between 0.5-5 min (until pale blue coloured solution was
observed). 2 molar sulfuric acid (50 uL) was added to each well to
quench the reaction. The absorbance was measured immediately at
450 nm.

Competitive ELISA. Coating buffer: 0.1 M bicarbonate/carbonate,
pH 10.8. PBS: 1.8 mM monopotassium phosphate, 10 mM disodium
phosphate, 2.7 mM potassium chloride, 137 mM sodium chloride,
pH 7.4. Wash buffer: 0.05% (v/v) Tween 20, PBS, pH 7.4. Blocking
buffer: 0.05% (v/v) Tween 20, 0.2% (w/v) gelatine, PBS, pH 7.4. To a
96-well ELISA plate (labelled plate 1); BSA—G-t-pHis or BSA—G-7-
pHis (100 pL, 20 pg/mL) diluted in coating buffer was added to
each well. This plate was wrapped in foil and left at 4°C overnight.
The wells were emptied and washed with wash buffer (x3).
Blocking buffer (150 plL) was added to each well and the plate was
wrapped in foil and left at 37°C for 2 h. The wells were emptied
and washed with wash buffer (x3). To a separate 96-well plate
(labelled plate two) blocking buffer (60 uL) was added to each well
except for the top row. Each amino acid (120 uL, 10 mM) was
added in duplicate to the top wells. 60 pL from each top row wells
was drawn and serially diluted down the plate until the second last
row. pHis antibody diluted (see Table 1 for antibody dilutions) in
blocking buffer (60 uL) was added to each well. Plate two can be
prepared the day before and stored wrapped at 4°C. 100 pL from
each well of plate two was added to the corresponding wells of
plate 1. Plate 1 was wrapped in foil and left at 37°C for 1.5 h. The
wells were emptied and washed with wash buffer (x3). Secondary
antibody diluted in blocking buffer (100 puL) was added to each
well. The plate was wrapped in foil and left at 37°C for 1 h. The
wells were emptied and washed with wash buffer (x3) and finally
with distilled water. 3,3',5,5'-tetramethylbenzidine ELISA substrate
(50 pL) was added to each well and incubated at room temperature
between 0.5-5 min (until pale blue coloured solution was observed).
2 M sulfuric acid (50 pl) was added to each well to quench the
reaction. The absorbance was measured immediately at 450 nm
(Table 1).
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Table 1. Antibodies and dilutions used for competitive ELISA.

pHis antibody pHis antibody Secondary

dilution {v/v) antibody

T-pHis-FT 1/18 Dako rabbit anti-goat 1/2000
immunoglobulins/ horseradish
peroxidase

Dako rabbit anti-goat 1/2000
immunoglobulins/ horseradish
peroxiase

Dako rabbit anti-goat 1/2000

immunoglobulins/ horseradish
peroxidase

Dako rabbit anti-goat 1/2000

immunoglobulins/ horseradish
peroxidase

Dako goat anti-rabbit 1/2000

immunoglobulins/ horseradish
peroxidase

Dako goat anti-rabbit 1/2000

immunoglobulins/ horseradish
peroxidase

Dako goat anti-rabbit 1/2000

immunoglobulins/ horseradish
peroxidase

Secondary antibody
dilution (v/v)

T-pHis-W 1/4

Ti-pHis-FT 1/5

T-pHis-W 1/5

SCh6-211 17500

SC50-311 1/1000

SC1-11l 1/1000

Culturing of human bronchial epithelial (16HBE140—) cell line.
Full serum medium: Medium 199 (Medium 199 with Earle’s salts
and sodium bicarbonate, without L-glutamine, liquid, sterile-filtered,
suitable for cell culture including phenol red), supplemented with
10% (v/v) foetal bovine serum, 1.3 mM of L-glutamine, 80 pug/mL
streptomycin, 80 units/mL penicillin. Phosphate buffered saline
(PBS): 1.8 mM monopotassium phosphate, 10 mM disodium
phosphate, 2.7 mM potassium chloride, 137 mM sodium chloride,
pH 7.4. 16 HBE140- cell line was cultured in 56.7 cm? dishes in full
serum medium (10 mL) and incubated at 37°C in a 5% CO,
atmosphere. The medium was changed every 2-3 days by discard-
ing the old medium, washing the cells with PBS (3 mL) and then
replacing with fresh full serum medium (10 mL). Once the
16HBE140- cells were between 70-90% confluency, they were
passaged or harvested

Culturing of rat fat pad endothelial cell (RFPEC) line. Full serum
medium: DMEM (DMEM, with high glucose, L-glutamine, phenol
red; without sodium pyruvate and HEPES) supplemented with 10%
(v/v) foetal bovine serum, 80 ug/mL streptomycin, 80 units/mL
penicillin. Phosphate buffered saline (PBS): 1.8 mM monopotassium
phosphate, 10 mM disodium phosphate, 2.7 mM potassium
chloride, 137 mM sodium chloride, pH 7.4. RFPEC cell line was
cultured in 56.7 cm? dishes in full serum medium (10 mL) and
incubated at 37°C and a 5% CO, atmosphere. The medium was
changed every 2-3 days by discarding the old medium, washing
the cells with PBS (3 mL) and then replacing with fresh full serum
medium (10 mL). Once the RFPEC cells were between 70-90%
confluency, they were passaged or harvested

Isolation and culturing of HUVEC cells. HUVEC cells were kindly
provided by Dr. Anupriya Chatterjee and were isolated and cultured
as described previously.™®

Isolation and culturing of Miiller wild-type (WT) and NDPK-B
knockout (KO) cells. Miller WT and NDPK B KO cells were provided
by Dr Yuxi Feng and Professor Thomas Wieland. The cells were
isolated and cultured as previously described.”>

Human induced pluripotent stem cell (iPSCs) cell culture and
neuronal differentiation. Human iPS cells used in this study named
control MIFF1®? was kindly provided by Professor Peter Andrews
and Dr Ivana Barbaric (Centre for Stem Cell Biology, the University
of Sheffield). iPSCs were maintained in complete TeSR™-E8™
Medium (#05990, StemCell Technologies) in Matrigel® Growth
Factor Reduced-coated plates (Corning®, cat.: 356230) according to
the manufacturer’'s recommendations. Cultures were replenished
with fresh medium every day. The passage of cells was performed
when the cells reached around 75% confluency, every four to six
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days as clumps using Versene an EDTA solution for use as a gentle
non-enzymatic cell dissociation reagent (15040066, ThermoFisher)
according to the manufacturer’s recommendations. For all the
experiments in this study, iPSCs were used between passage 20
and 25, all iPSCs were cultured in 5% oxygen, 5% CO, at 37°C.
Human iPSCs were differentiated into cortical neurons for 75 days
according to the protocol from Shi et al®" after 75 days cortical
neurons was processed for immunofluorescence.

Cell lysis. Lysis buffer: Modified radio-immunoprecipitation assay
(RIPA) lysis buffer: 150 mM sodium chloride, 0.5% (w/v) sodium
deoxycholate, 1% (w/v) Triton X-100, 0.1 % (w/v) sodium dodecyl
sulfate, 10 MM sodium fluoride, 5 mM sodium orthovanadate,
10 mM sodium pyrophosphate, Roche complete protease inhibitor
cocktail, 50 mM Tris, pH 9.0. Phosphate buffered saline (PBS):
1.8 mM monopotassium phosphate, 10 mM disodium phosphate,
2.7 mM potassium chloride, 137 mM sodium chloride, pH 7.4. The
cell culture medium was discarded, and the cells were washed PBS
(5 mL). The cell culture plates were cooled on ice and residual wash
was discarded. Lysis buffer (100 uL) was added and the cells were
scrapped into the lysis buffer. The lysate was briefly centrifuged,
and the supernatant was aliquoted, snap frozen using liquid
nitrogen, and stored at —80°C. Protein concentrations were
determined by BCA assay.

SDS-PAGE preparation. Resolving gel: 12% (v/v) acrylamide, 0.1%
(w/v) sodium dodecyl sulfate, 0.1% (w/v) ammonium persulfate,
0.001 % (v/v) tetramethylenediamine, 0.38 M Tris-HCl, pH 8.8. Stack-
ing gel: 4% (v/v) acrylamide, 0.1% (w/v) sodium dodecyl sulfate,
0.1% (w/v) ammonium persulfate, 0.001% (v/v) tetrameth-
ylenediamine, 0.125 M Tris-HCl, pH 8.8. Freshly prepared resolving
gel solution was immediately poured between 10cmx10cm
(1 mm spacers) and 10 cmx 10 cm (notched) glass plates. Isopropa-
nol (~200 pL) was slowly added to the top of the gel solution. The
gel was left to polymerise at room temperature for 30 min. The
isopropanol was poured away, and the top of the gel was washed
with water (x3). Excess water was soaked up with a filter paper.
Freshly prepared stacking gel solution was poured over the
resolving gel to fill the cavity. A 10 well comb (~50 pL capacity per
well) was inserted into the solution and the gel was allowed to
polymerise at room temperature for 2 h. Gels were used immedi-
ately or wrapped in plastic with a damp tissue (running buffer) and
stored for up to 3 days.

Coomassie staining. Fixer solution: 25% (v/v) isopropanol, 10% (v/
v) acetic acid. Coomassie blue stain solution: 0.1% (w/v) Coomassie
blue, 40% (v/v) MeOH (aqg.), 10% (v/v) acetic acid. Destaining
solution: 10% (v/v) acetic acid. The following steps were carried out
using an orbital shaker at room temperature. The gel containing
proteins was mixed with fixer solution for 10 min. The fixer solution
was discarded, and the gel was mixed with Coomassie blue stain
solution for 1 h. The stain solution was discarded, and the stained
gel was mixed with destaining solution until minimal background
stain remained. The destaining solution was changed several times.

Western blot using pHis antibodies. 5x (concentrated) sample
buffer: 10% (w/v) lithium dodecyl sulfate, 40% (w/v) glycerol,
0.02% (w/v) bromophenol blue, 50 mM EDTA, 500 mM dithiothrei-
tol, 300 mM Tris, pH 9.0. 1 x sample buffer was made by diluting 5x
sample buffer in water.

Resolving buffer: 0.1% (w/v) sodium dodecyl sulfate, 192 mM
glycine, 25 mM Tris, pH 8.3. Transfer buffer: 10% (v/v) methanol,
192 mM glycine, 25 mM Tris, pH 8.3. Wash buffer: 165 mM sodium
chloride, 0.05% (v/v) Tween 20, 10 mM Tris-HCl, pH 8.0. Blocking
buffer: 0.2% (v/v) gelatine from cold water fish skin, 165 mM
sodium chloride, 0.05% (v/v) Tween 20, 10 mM Tris-HCl, pH 8.0. Cell
lysates (80-100 pg of protein) were treated with 5x sample buffer
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Table 2. Antibodies and dilutions used for western blots.

pHis antibody pHis antibody Secondary

dilution (viv) antibody

T-pHis-FT 1/1000 Dako rabbit anti-goat 1/2000
immunoglobulins/ horseradish
peroxidase

Dako rabbit anti-goat 1/2000
immunoglobulins/ horseradish
peroxidase

Dako rabbit anti-goat 1/2000

immunoglobulins! horseradish
peroxidase

Dako rabbit anti-goat 1/2000

immunoglobulins/ horseradish
peroxidase

Secondary antibody
dilution (v/v)

T-pHis-W 1100

T-pHis-FT 1/1000

T-pHis-W 17100

SChG-211 1100 Dako goat anti-rabbit 1/2000
immunoglobulins/ horseradish
peroxidase

Dako goat anti-rabbit 1/2000
immunoglobulins/ horseradish
peroxidase

Dako goat anti-rabbit 1/2000
immunoglobulins/ horseradish
peroxidase

SCH0-31 1/1000

SC1-11l 1/1000

llCommercially available pHis monoclonal antibody available at the time
of the study.

to give a 1x final concentration and then made up to 30 pL with
1x sample buffer. The sample buffer treated samples were shaken
at room temperature for 25 min and then loaded on to SDS-PAGE
gels. The samples were resolved with stirring using resolving buffer
with the tank immersed in ice, at 120V for the first 10 min and
then gradually increased to 180 over 5 min. The resolved proteins
were immediately electro blotted onto a methanol activated PVDF
membrane using transfer buffer with stirring and the tank
immersed in ice at 100 V for 1 h. The following steps were carried
out at room temperature. Blocking buffer (75 mL) was added over
the membrane (~8x8cm) in a tray (~10cmx14cm) and left
mixing on an orbital shaker for 1 h. The membrane was transferred
to a 50 mL centrifuge vial containing pHis antibody diluted (see
Table 2 for antibody dilutions) in blocking buffer (5 mL), and left
mixing on a roller mixer for 1 h. The membrane was transferred to a
covered tray (~10 cmx 14 cm) and the membrane was washed (6 x
5 min) with wash buffer (50 mL). The membrane was transferred to
a 50 mL centrifuge vial containing secondary antibody diluted in
blocking buffer (5 mL), and left mixing on a roller for 1 h. The
membrane was transferred to a covered tray (~10 cmx 14 cm), and
the membrane was washed (6 x5 min) with wash buffer (50 mL).
The membrane was covered with chemiluminescence solution for
1 min (no mixing). After draining of the excess chemiluminescence
solution, the membrane was imaged (Table 2).

Acid treatment of cell lysates. Cell lysates were either treated with
glacial acetic acid or 1 M hydrochloric acid to pH 3-4 and then
heated at 90 °C for 45 min. Some precipitation was observed for all
cell lysates. The lysate was allowed cool to room temperature and
the pH was raised to pH~8-9 using 2 M sodium hydroxide and any
precipitate went back into solution. Lysates were stored at —80°C
or used immediately.

Immunofluorescence staining. PBS: 1.8 mM monopotassium
phosphate, 10 mM disodium phosphate, 2.7 mM potassium
chloride, 137 mM sodium chloride, pH 7.4. Incubation buffer: 0.3%
(v/v) Triton X-100, PBS, pH 7.4. Blocking buffer: 5% (v/v) donkey
serum, PBS. For immunostaining, cells were washed with PBS and
fixed with 4% (w/v) paraformaldehyde for 15 min at room temper-
ature. After fixation, samples were washed with PBS (3x), and
incubation buffer was added, and the cells were left for 5 min at
room temperature. The solution was discarded and blocking buffer
was added over the cells and left for 1 h at room temperature. The
solution was discarded, and the primary antibody diluted (see Table
3 for antibody dilutions) in 1% (v/v) donkey serum in PBS was
added over the cells and left overnight at 4°C. Cells were washed
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Table 3. Antibodies and dilutions used for immunofluorescence staining.

Primary antibody Primary antibody dilution

(v/v)
T-pHis-W 1:20
mt-pHis 1:10
Abcam S100b immunoglobulin (ab868) 1:1000
Thermofisher Alexa Fluor™ 488 Phalloidin 1:200
BioLegend Beta IlI tubulin immunoglobulin 1:1000
(801201)
Secondary antibody Secondary antibody

dilution (v/v)

Thermofisher donkey anti-goat IgG Alexa 1:400
Fluor™ 555 (A-21432)
Thermofisher donkey anti-rabbit IgG Alexa 1:400
Fluor™ 488 (A-21206)
Thermofisher donkey anti-mouse IgG Alexa 1:400
Fluor™ 488 (A-21202)
Thermofisher donkey anti-goat IgG Alexa 1:400
Fluor™ 594 (A-11058)

with PBS (3x) and the secondary antibodies diluted in blocking
buffer was added and cells were left at 1h at room temperature.
The cells were washed with PBS (3%) and 4,6-diamidino-2-phenyl-
indole (DAPI; 1.0 mgmL™") was added. Cells were analysed with
confocal (Leica SP8) fluorescence microscope or with Opera Phenix®
High Content Screening System. Images were processed with using
the Harmony Image analysis system or Photoshop CS (Adobe)
software. All experiments included cultures where the primary
antibodies were not added, unspecific stained was not observed in
such negative controls (Table 3).

Immunoprecipitation of proteins from the 16HBE140- cell lysate
using the t-pHis-FT2 antibody. Wash buffer 1: 165 mM sodium
chloride, 10 mM Tris-HCl, pH 8.0. Wash buffer 2: 165 mM sodium
chloride, 0.05% (v/v) Tween 20, 10 mM Tris-HCl, pH 8.0. Wash
buffer 3: 500 mM sodium chloride, 0.3% (v/v) Tween-20, 20 mM
Tris-HCl, pH 7.5. Elution buffer 1: 165 mM sodium chloride, 0.05%
(v/v) Tween 20, 40 mM phosphopyrazolyl butane 14, 10 mM
Tris-HCl, pH 8.0. Elution buffer 2: 0.1 M glycine, pH 2.0. Centrifuga-
tion conditions: 1000 RCF, 2 min, 4°C. Protein G Sepharose slurry (~
80 uL bed volume) was added to a 1.5 mL centrifuge vial and
washed with wash buffer 1 (4x400 uL; note: all washes herein were
followed by centrifugation to pellet the resin and removal of the
supernatant). Wash buffer 1 (960 pL) and t-pHis-FT2 (40 uL) was
added to the resin. The vial was added to a 50 mL centrifuge tube
and mixed on a roller mixture at 4°C for 2 h. The suspension was
centrifuged, and the supernatant was discarded. The resin wash
washed with wash buffer 2 (3x 1 mL) and then suspended in wash
buffer 2 (600 pL). The mixture was aspirated, centrifuged and the
supernatant was discarded. Freshly prepared 16HBE140- cell lysate
(0.42 mg), made up to 1 mL using wash buffer 2 was added. The
vial was closed and added to a 50 mL centrifuge tube and left on
the roller mixture at 4°C for 45 min. The resin was centrifuged, and
the supernatant was removed and kept for later analysis. The resin
was then washed with wash buffer 3 (4 x 1 mL). The suspension was
treated with elution buffer 1 (80 uL) and mixed using a thermo-
mixer (550 rpm) for 15 min at room temperature. The resin was
pelleted and 60 pL of eluent was removed using gel loading tips.
The elution step was repeated (3x) and the resin was washed with
wash buffer 3 (2x 1 mL). The resin was finally treated with elution
buffer 2 (80 uL) and mixed using a thermomixer (550 rpm) for
15 min at room temperature. The resin was pelleted, and the eluent
(60 pL) was removed and immediately neutralised with 1 molar Tris,
pH 8.0 (1:10 volume of elution buffer 2).
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Colloidal gold staining. Wash buffer: 500 mM sodium chloride,
0.3% (v/v) Tween-20, 20 mM Tris-HCl, pH 7.5. The following steps
were carried out at room temperature using an orbital shaker. The
electroblotted proteins on PVDF membrane was washed with wash
buffer for 20 min (x3). The membrane was washed with water for
2 min (x3). The membrane was covered with Colloidal Gold Total
Protein stain for 1 h or until protein were visible. The membrane
was washed with water for 1 min (x 3) prior to visualisation.

In vitro phosphorylated nucleoside diphosphate kinase A, B and
C. In vitro phosphorylated nucleoside diphosphate kinase (NDPK) A,
B and Cfull length and mutants were biosynthesised as previously
described.”®

Supporting Information

Further references are cited in the Supporting Information.'>*

Acknowledgements

We thank Patrik Niesobski for preliminary synthetic work;
Bezaleel Mambwe for technical assistance; Sandra van Meurs
and Mike P. Williamson for *'P NMR spectroscopy assistance;
Anupriya Chatterjee for providing HUVEC cells, and EPSRC for
support (DTA studentship to M.V.M.).

Conflict of Interests
Two of the authors are named on relevant patents (WO/2015/
033120; EU - 20160207948 and USA - US 10,053,476).

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: phosphohistidine - antibodies -

cell-signalling - biochemistry

phosphorylation -

[1] P.V. Attwood, M. J. Piggott, X. L. Zu, P. G. Besant, Amino Acids 2007, 32,
145-156.

[2] S. Klumpp, J. Krieglstein, Eur. J. Biochem. 2002, 269, 1067-1071.

[3] M.V. Makwana, R. Muimo, R. F. W. Jackson, Lab. Invest. 2017, 98, 291.

[4] S. K. Hindupur, M. Colombi, S. R. Fuhs, M. S. Matter, Y. Guri, K. Adam, M.
Cornu, S. Piscuoglio, C. K. Y. Ng, C. Betz, D. Liko, L. Quagliata, S. Moes, P.
Jenoe, L. M. Terracciano, M. H. Heim, T. Hunter, M. N. Hall, Nature 2018,
555, 678-682.

5] 1. Khan, P. S. Steeg, Oncotarget 2018, 9, 10185-10202.

[6] N. Zhang, Y. Liao, W. Lv, S. Zhu, Y. Qiu, N. Chen, M. Xiao, H. Zhang, Cell.
Oncol. 2022, 45, 293-307.

[7] S. Liu, W. Gao, Y. Lu, Q. Zhou, R. Su, T. Hasegawa, J. Du, M. Li, Int. J. Biol.
Sci. 2022, 18, 491-506.
[8] G. Hardman, S. Perkins, P.J. Brownridge, C.J. Clarke, D.P. Byrne, A. E.

Campbell, A. Kalyuzhnyy, A. Myall, P. A. Eyers, A.R. Jones, C.E. Eyers,
EMBO J. 2019, 38, e100847-€100847.
[9] Y. Gao, H. Lee, O. K. Kwon, Z. Cheng, M. Tan, K-T. Kim, S. Lee, Proteomics
2019, 79.
[10] C. M. Potel, M.-H. Lin, A. J. R. Heck, S. Lemeer, Nat. Methods 2018.

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

ASUDOIT SUOWWOD) dANEAIY) d[qeat[dde oy Aq PAUIAOS oIe SI[INIE V() O8N JO SI[NI 10§ ATRIqIT QUIUQ AS[IAN UO (SUONIPUOD-PUR-SULIA)/WOD A1 KTRIqI[uI[uo//:sdny) SUONIPUO)) PUE SWIAL, Y1 998 [£20T/L0/9T] U0 ATeiqr] auruQ AS[IAN “PIRLIRYS JO ANsiaatun £q Z8100€Z0Z 2199/2001°01/10p/wod: Ka[im: Kreaquaurjuo-adoma-Anstwoyay/:sdny woiy papeojumoch‘ ‘c€9L6€F1


https://doi.org/10.1007/s00726-006-0443-6
https://doi.org/10.1007/s00726-006-0443-6
https://doi.org/10.1046/j.1432-1033.2002.02755.x
https://doi.org/10.1038/nature26140
https://doi.org/10.1038/nature26140
https://doi.org/10.18632/oncotarget.23796
https://doi.org/10.1007/s13402-022-00669-6
https://doi.org/10.1007/s13402-022-00669-6

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202300182

[11]1 M. V. Makwana, M. P. Williamson, R. F. W. Jackson, R. Muimo, PLoS One
2022, 17, e0273797.

[39] R. Muimo, Z. Hornickova, C. E. Riemen, V. Gerke, H. Matthews, A. Mehta,
J. Biol. Chem. 2000, 275, 36632-36636.

[12] H.R. Matthews, Pharmacol. Ther. 1995, 67, 323-350. [40] K. Adam, J. Lesperance, T. Hunter, P. E. Zage, Int. J. Mol. Sci. 2020, 21, 1-

[13] D. E. Hultquist, Biochim. Biophys. Acta 1968, 153, 329-340. 19.

[14] A.R. Frackelton, A.H. Ross, H. N. Eisen, Mol. Cell. Biol. 1983, 3, 1343- [41] S. Klumpp, J. Hermesmeier, D. Selke, R. Baumeister, R. Kellner, J.
1352. Krieglstein, J. Cereb. Blood Flow Metab. 2002, 22, 1420-1424.

[15] M. Lilley, B. Mambwe, R. F. W. Jackson, R. Muimo, Chem. Commun. 2014, [42] C.-W. Chen, H.-L. Wang, C.-W. Huang, C.-Y. Huang, W. K. Lim, I.-C. Tu, A.

50, 9343-9345.

J.-M. Kee, B. Villani, L. R. Carpenter, T. W. Muir, J. Am. Chem. Soc. 2010,
132, 14327-14329.

J. M. Kee, R. C. Oslund, D. H. Perlman, T. W. Muir, Nat. Chem. Biol. 2013,
9, 416-421.

S.R. Fuhs, J. Meisenhelder, A. Aslanian, L. Ma, A. Zagorska, M. Stankova,
A. Binnie, F. Al-Obeidi, J. Mauger, G. Lemke, J. R. Yates IlI, T. Hunter, Cell
2015, 7162, 198-210.

J-M. Kee, R.C. Oslund, A.D. Couvillon, T. W. Muir, Org. Lett. 2015, 17,
187-189.

T. E. McAllister, K. A. Horner, M. E. Webb, ChemBioChem 2014, 15, 1088—
1091.

R. Jackson, R. Muimo, M. Lilley, WO 2015/033120 Al, 2015.

M. Lilley, B. Mambwe, M.J. Thompson, R.F.W. Jackson, R. Muimo,
Chem. Commun. 2015, 51, 7305-7308.

R. Kalagiri, R. L. Stanfield, J. Meisenhelder, J. J. La Clair, S.R. Fuhs, I. A.
Wilson, T. Hunter, Proc. Natl. Acad. Sci. 2021, 118, e2010644118.

J.R. Glenney, L. Zokas, M. P. Kamps, J. Immunol. Methods 1988, 109,
277-285.

G. Naray-Szabo, G. G. Ferenczy, Chem. Rev. 1995, 95, 829-847.

A. R. Frackelton, M. Posner, B. Kannan, F. Mermelstein, Methods Enzymol.
1991, 201, 79-92.

H. Ouyang, C. Fu, S. Fu, Z. Ji, Y. Sun, P. Deng, Y. Zhao, Org. Biomol.

Koorapati, S.-T. Hsieh, H.-W. Kan, S.-R. Tzeng, J.-C. Liao, W. M. Chong, |.
Naroditzky, D. Kidron, A. Eran, Y. Nijim, E. Sela, H. B. Feldman, L. Kalfon,
H. Raveh-Barak, T.C. Falik-Zaccai, O. Elpeleg, H. Mandel, Z.-F. Chang,
Proc. Natl. Acad. Sci. 2019, 116, 566-574.

M. Carotenuto, E. Pedone, D. Diana, P. de Antonellis, S. DzZeroski, N.
Marino, L. Navas, V. DiDato, M.N. Scoppettuolo, F. Cimmino, S.
Correale, L. Pirone, S.M. Monti, E. Bruder, B. Zenko, I. Slavkov, F.
Pastorino, M. Ponzoni, J. H. Schulte, A. Schramm, A. Eggert, F. West-
ermann, G. Arrigoni, B. Accordi, G. Basso, M. Saviano, R. Fattorusso, M.
Zollo, Sci. Rep. 2013, 3, 1351.

S. Tenreiro, K. Eckermann, T. F. Outeiro, Front. Mol. Neurosci. 2014, 7, 42—
42.

F. Cuello, R. A. Schulze, F. Heemeyer, H. E. Meyer, S. Lutz, K. H. Jakobs, F.
Niroomand, T. Wieland, J. Biol. Chem. 2003, 278, 7220-7226.

P. V. Attwood, R. Muimo, Lab. Invest. 2018, 98, 283-290.

L. Di, S. Srivastava, O. Zhdanova, Y. Sun, Z. Li, E. Y. Skolnik, J. Biol. Chem.
2010, 285, 38765-38771.

F. Buljubasic, I. El-Battrawy, H. Lan, S. K. Lomada, A. Chatterjee, Z. Zhao,
X. Li, R. Zhong, Q. Xu, M. Huang, Z. Liao, S. Lang, L. Cyganek, X. Zhou, T.
Wieland, M. Borggrefe, I. Akin, J. Clin. Med. 2020, 9, 486.

W. P. Jencks, Gilchris. M, J. Am. Chem. Soc. 1965, 87, 3199-3209.

M. I. Rodriguez-Franco, |. Dorronsoro, A.l. Hernandez-Higueras, G.
Antequera, Tetrahedron Lett. 2001, 42, 863-865.

Chem. 2016, 14, 1925-1929. [51] M. U. Luescher, C-V.T. Vo, J. W. Bode, Org. Lett. 2014, 16, 1236-1239.

] S. Tabanella, I. Valancogne, R. F. W. Jackson, Org. Biomol. Chem. 2003, 1, [52] A. Dondoni, D. Perrone, Org. Synth. 2000, 77, 64.
4254-4261. [53] R.F.W. Jackson, M. Perez-Gonzalez, Org. Synth. 2005, 81, 77.
A. Bessmertnykh, C. M. Douaihy, S. Muniappan, R. Guilard, Synthesis- [54] Y. F. Wei, H. R. Matthews, Anal. Biochem. 1990, 190, 188-192.
Stuttgart 2008, 1575-1579. [55] S. Mukai, PhD Thesis, The University of Western Australia, 2011.
P. G. Besant, L. Byrne, G. Thomas, P. V. Attwood, Anal. Biochem. 1998, [56] A. Chatterjee, R. Eshwaran, H. Huang, D. Zhao, M. Schmidt, T. Wieland,
258, 372-375. Y. Feng, Int. J. Mol. Sci. 2020, 21, 3713.

1 S. Morera, |. Lascu, C. Dumas, G. Lebras, P. Briozzo, M. Veron, J. Janin, [57] Y. Qiu, H. Huang, A. Chatterjee, L.D. Teuma, F.S. Baumann, H.-P.
Biochemistry 1994, 33, 459-467. Hammes, T. Wieland, Y. Feng, Neuroglia 2018, 1, 280-291.

[32] M. G. Vander Heiden, J. W. Locasale, K.D. Swanson, H. Sharfi, G.J. [58] D. Hicks, Y. Courtois, Exp. Eye Res. 1990, 57, 119-129.

Heffron, D. Amador-Noguez, H. R. Christofk, G. Wagner, J. D. Rabinowitz,
J. M. Asara, L. C. Cantley, Science 2010, 329, 1492-1499.

N.J. Macdonald, A. Delarosa, M. A. Benedict, J. M. P. Freije, H. Krutsch,
P.S. Steeg, J. Biol. Chem. 1993, 268, 25780-25789.

O. Walinder, J. Biol. Chem. 1968, 243, 3947-3952.

T. Hitosugi, L. Zhou, J. Fan, S. Elf, L. Zhang, J. Xie, Y. Wang, T.-L. Gu, M.
Aleckovi¢, G. LeRoy, Y. Kang, H.-B. Kang, J.-H. Seo, C. Shan, P. Jin, W.
Gong, S. Lonial, M. L. Arellano, H. J. Khoury, G. Z. Chen, D. M. Shin, F.R.
Khuri, T. J. Boggon, S. Kang, C. He, J. Chen, Nat. Commun. 2013, 4, 1790.
A. Lecroisey, I. Lascu, A. Bominaar, M. Veron, M. Delepierre, Biochemistry
1995, 34, 12445-12450.

G. T. Hermanson, Bioconjugate Techniques, 2nd ed., 2008.

R. Muimo, S.J. Banner, L.J. Marshall, A. Mehta, Am. J. Respir. Cell Mol.
Biol. 1998, 18, 270-278.

[59] J. Hu, R. Popp, T. Fromel, M. Ehling, K. Awwad, R.H. Adams, H.-P.
Hammes, I. Fleming, J. Exp. Med. 2014, 211, 281-295.

[60] J. A. Desmarais, C. Unger, I. Damjanov, M. Meuth, P. Andrews, Stem Cell
Res. Ther. 2016, 7, 17.

[61] Y. Shi, P. Kirwan, F. J. Livesey, Nat. Protoc. 2012, 7, 1836-1846.

[33]

[34
[35

[36

Manuscript received: March 7, 2023
Revised manuscript received: May 11, 2023
Accepted manuscript online: May 14, 2023
Version of record online: mm, mm

[37
[38

ChemBioChem 2023, €202300182 (15 of 15) © 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

ASUDOIT SUOWWOD) dANEAIY) d[qeat[dde oy Aq PAUIAOS oIe SI[INIE V() O8N JO SI[NI 10§ ATRIqIT QUIUQ AS[IAN UO (SUONIPUOD-PUR-SULIA)/WOD A1 KTRIqI[uI[uo//:sdny) SUONIPUO)) PUE SWIAL, Y1 998 [£20T/L0/9T] U0 ATeiqr] auruQ AS[IAN “PIRLIRYS JO ANsiaatun £q Z8100€Z0Z 2199/2001°01/10p/wod: Ka[im: Kreaquaurjuo-adoma-Anstwoyay/:sdny woiy papeojumoch‘ ‘c€9L6€F1


https://doi.org/10.1371/journal.pone.0273797
https://doi.org/10.1371/journal.pone.0273797
https://doi.org/10.1016/0163-7258(95)00020-8
https://doi.org/10.1016/0005-2728(68)90078-9
https://doi.org/10.1039/C4CC03393K
https://doi.org/10.1039/C4CC03393K
https://doi.org/10.1021/ja104393t
https://doi.org/10.1021/ja104393t
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1021/ol503320p
https://doi.org/10.1021/ol503320p
https://doi.org/10.1002/cbic.201402090
https://doi.org/10.1002/cbic.201402090
https://doi.org/10.1039/C5CC01811K
https://doi.org/10.1016/0022-1759(88)90253-0
https://doi.org/10.1016/0022-1759(88)90253-0
https://doi.org/10.1021/cr00036a002
https://doi.org/10.1016/0076-6879(91)01010-Y
https://doi.org/10.1016/0076-6879(91)01010-Y
https://doi.org/10.1039/C5OB02603B
https://doi.org/10.1039/C5OB02603B
https://doi.org/10.1039/b308750f
https://doi.org/10.1039/b308750f
https://doi.org/10.1006/abio.1998.2595
https://doi.org/10.1006/abio.1998.2595
https://doi.org/10.1021/bi00168a010
https://doi.org/10.1126/science.1188015
https://doi.org/10.1016/S0021-9258(19)74458-5
https://doi.org/10.1021/bi00038a043
https://doi.org/10.1021/bi00038a043
https://doi.org/10.1165/ajrcmb.18.2.2850
https://doi.org/10.1165/ajrcmb.18.2.2850
https://doi.org/10.1074/jbc.M000829200
https://doi.org/10.1097/01.wcb.0000045041.03034.99
https://doi.org/10.1073/pnas.1818629116
https://doi.org/10.1074/jbc.M210304200
https://doi.org/10.1038/labinvest.2017.125
https://doi.org/10.1074/jbc.M110.168070
https://doi.org/10.1074/jbc.M110.168070
https://doi.org/10.3390/jcm9020486
https://doi.org/10.1021/ja01092a035
https://doi.org/10.1021/ol500210z
https://doi.org/10.1016/0003-2697(90)90179-D
https://doi.org/10.3390/ijms21103713
https://doi.org/10.3390/neuroglia1010019
https://doi.org/10.1016/0014-4835(90)90063-Z
https://doi.org/10.1084/jem.20131494
https://doi.org/10.1038/nprot.2012.116

RESEARCH ARTICLE

Histidine phosphorylation is a post
translation modification that occurs in
all cells and is currently understudied.
Using DFT calculations, we report the
synthesis of a pyrazole t-pHis and a
pyridine m-pHis analogue. The
pyrazole and pyridine analogues were
used to generate isomer-selective t-
pHis and m-pHis antibodies, respec-
tively. The antibodies were applicable
in many immunological techniques.
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