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Chemical Tools for study of 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*®

Non-hydrolysable stable analogues of t-pHis and m-pHis have been designed using electrostatic surface potential
calculations, and subsequently synthesized. The t-pHis and ni-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 a BSA-glutaraldehyde-t-pHis and BSA-glutaraldehyde-ri-pHis were synthesized and characterized by 3P 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-ri-pHis conjugates could be used to assess the selectivity of pHis antibodies in a competitive
ELISA. Subsequently, the selectivity of the generated pHis antibodies generated using phosphopyrazole 8 and pyridyl amino
amide 13 as haptens was assessed by competitive ELISA against His, pSer, pThr, pTyr, tT-pHis and m-pHis. Antibodies
generated using the phosphopyrazole 8 as a hapten were found to be selective for t-pHis, and antibodies generated using
the pyridyl amino amide 13 were found to be selective for m-pHis. Both t- and m-pHis antibodies were shown to be effective
inimmunological experiments, including ELISA, western blot, and immunofluorescence. The t-pHis antibody was also shown

to be useful in the immunoprecipitation of proteins containing pHis.

Introduction

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).%2 Unlike,
the O-phosphorylated amino acid residues phosphoserine (pSer),
phosphothreonine (pThr) and phosphotyrosine (pTyr),
phosphohistidine (pHis) is relatively understudied 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
ni-pHis, both of which exist in nature (Fig. 1).2 There is now increasing
evidence for the involvement of pHis in many eukaryotic cellular
processes?® and it is implicated in diseases states such as cancer.*>
Furthermore, there is mass spectrometry (MS) evidence that His
phosphorylation is both abundant and more widely occurring than
previously thought.® It is therefore important to develop a range of
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methods for the detection of pHis and chemical tools which will allow
for pHis isomer distinction, and the study of pHis proteins in vitro and
in vivo.
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Figure 1. t-pHis and m-pHis under physiological conditions.

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 were
successful in generating pHis antibodies; the most likely explanation
was the unstable nature of pHis under physiological conditions.1® In
the 1980s a pHis cross reactive pTyr antibody was generated using
azobenzylphosphonate (a proposed analogue for pTyr).1! This study
was also the first to suggest that it may be possible to generate pHis
antibodies using a non-hydrolysable pHis analogue, but a major
challenge would be in designing pHis analogues that produced
selective pHis antibodies that did not cross react with pTyr.12

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 non-
hydrolysable mimics of the t-pHis 1 and m-pHis 5 side chains
respectively, and have been used in the generation of pHis antibodies
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(Fig. 2).13-15 However, questions 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 analogue of the t-pHis 1 and pTyr 2 side chains.313,14,16-18
In 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
ring aromatic ring.

With these considerations in mind, we proposed pyrazolyl side
chain 4 as a non-hydrolysable analogue of the t-pHis side chain 1.1°
Subsequently, we synthesized a pyrazolyl amino acid 4, which was
used to generate pHis antibodies.2? Concurrently, in an independent
report an ethylamine derivative bearing the pyrazolyl side chain 4
was also used to generate pHis antibodies.1® 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.16:20

Despite the significant steps made in recent years on pHis
antibody generation, the selectivity of reported pHis antibodies has
typically been tested/determined using dot blots13-1620 against
proteins, peptides, amino acid conjugates or by sandwich ELISA1416,20
(which is a more quantitative variant of the dot blot). The
competitive ELISA, which was used to good effect to clearly show the
selectivity of pTyr antibodies,'221 is a more accurate experiment to
demonstrate selectivity. The competitive ELISA used to access pTyr
antibodies!?2! utilized pTyr conjugated to a carrier protein via a
linker for pTyr antibody binding, in the presence of known quantities
of potential competitors (e.g. phosphoamino acids!2). Unfortunately,
neither t-pHis nor m-pHis protein conjugates have hitherto been
available. Furthermore, the triazolyl side chain 6 remains the only
stable n-pHis analogue.?®

Results and discussion
Design and synthesis of T- and n-pHis analogues

Mapped electrostatic surface potentials (ESP) provide a visual
representation of structure and charge distribution.22 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, t-triazolyl 3, and pyrazolyl 4 side
chains (Fig. 2a, middle row) confirm that the triazolyl 3 and pyrazolyl
4 side chains are structurally similar to t-pHis side chain 2 (Fig. 2a,
middle row). Similarly, previously reported mapped ESP reported by
Kee et al., suggested the same.’316 However, in the mapped ESPs of
T-pHis 1, pTyr 2, t-triazolyl 3, and pyrazolyl 4 side chains the dianion
of the phosphoryl group dominates the representations and
identifying subtler distinguishing features is difficult. Consequently,
we considered that the electrostatic potential field could be better
understood by showing more completely the variation of ESP itself
(Fig. 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 does 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 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
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features of a pHis analogue was paramount. For example, we
previously reported that the use of a thiophene side chain (Fig. S1a)
in antibody generation gave highly selective pTyr antibodies.!?
Although structurally, the thiophene side chain (Fig. 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 (Fig.
Sla). Based on ESP isocontour calculations for the thiophene side
chain, the comparable ESP isocontours of Schenkel’s et al. proposed
furan side chain analogue (Fig. 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 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 (Fig. 2b). In
the pursuit of a closer mimic of the n-pHis side 5 and inspired by the
possibility of using other aromatic ring sizes (vide supra), ESP surface
isocontours of a 3,4-disubstituted pyridyl side chain 7 suggested that
it might be a promising analogue of m-pHis side chain 5.
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Figure 2. Density function theory calculations (DFT): 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 rt-pHis 5, it-triazolyl
6, and 3,4-disubstituted pyridyl 7.

Using model side chain 7, a non-hydrolysable 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 independent phosphorylated side
chain binding antibodies.’®2324 We had proposed pyrazolyl
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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.1®
Despite the encouraging results of pyrazolyl ethylamine 8 in pHis
polyclonal antibody generation, the selectivity of the pHis antibodies
in detecting t-pHis and m-pHis isomers has not been established.
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Figure 3. Proposed non-hydrolysable t-pHis and m-pHis analogues for use in
antibody generation: a) pyrazolyl ethylamine 8 analogue of tT-pHis (see Fig. S2
for synthesis schemes); b) synthesis scheme of non-hydrolysable pyridyl
amino amide 13 analogue of m-pHis.

Pyrazolyl ethylamine 8 was synthesised following the scheme shown
in Fig. 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 11.25 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 TMBr
gave the pyridine amino amide 13 after chromatography.

Synthesis of t-pHis and n-pHis antibody binders; BSA-G-t-pHis and
BSA-G-mt-pHis conjugates

While BSA-pTyr, BSA-pSer, and BSA-pThr conjugates are commecially
available BSA-pHis conjugates are not. t-pHis2°/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
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antibodies by dot blots or sandwich ELISA.1420 However, which
isomeric form of pHis was conjugated to BSA or indeed whether it
was a mixture of both isomers was not reported. To address this
issue, samples of t-pHis and rt-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 3P NMR spectroscopy to determine
when the maximum amounts of t-pHis and m-pHis respectively, had
been formed (Fig. 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.20 Instead, in order
to suppress decomposition 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).

Subsequently t-pHis and m-pHis were each individually
conjugated to BSA using a glutaraldehyde linker!42° to give BSA-G-T-
pHis and BSA-G-t-pHis conjugates as pHis antibody binders (Fig. 4).
BSA-G-t-pHis and BSA-G-m-pHis were both stable in 0.1 M Na,COs3
/NaHCOs, 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 in vitro
and in vivo phosphorylated NME1/NME2 and PGAM were originally
used to screen commercially available t-pHis and n-pHis monoclonal
antibodies raised using triazolyl residues 3 and 6.1> 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/NME228 to have m-pHis
and PGAM12° to have t-pHis.1> However, some previous studies have
shown that NME1 may potentially also possess pSer,3 pLys and/or t-
pHis3! and PGAM1 has pTyr;3? these factors mean that potential
uncertainties exist with using in vivo phosphorylated NME1 and
PGAML1 as pHis standard. Hence, it was important establish that the
samples of BSA-G-t-pHis and BSA-G-mi-pHis contained only one
isomer, namely the isomer of pHis that had been used for their
preparation (Fig. 4). While t-pHis and m-pHis are distinguishable by
31p 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 m-pHis 3P NMR chemical shift values
as references.33 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 3P NMR chemical shift of
BSA-G-t-pHis (-4.86 ppm) was comparable 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 r-pHis (-5.61 ppm), (Fig.
4). Since there was no signal characteristic of m-pHis in BSA-G-t-pHis
or t-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 31P
NMR signals are distinguishable, a 3'P NMR analysis was also carried
out on a mixture of the two conjugates (Fig. 4c). The data here
suggest that 3P NMR spectroscopy was particularly useful for the
analyses of T-pHis and m-pHis conjugated to a protein via a linker.
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Figure 4. 3'P NMR spectra of t-pHis and ri-pHis antibody binder conjugates: a)
BSA-G-t-pHis (35 mg/mL) in 10 % (v/v) deuterium oxide, 0.1 M
NaHCOs/Na,COs pH 10.8 buffer (top spectrum) and t-pHis (4.9 mg/mL;
bottom spectrum) in basic solution (~pH 12) (bottom spectrum); b) BSA-G-t-
pHis (40 mg/mL) in 10 % (v/v) deuterium oxide, 0.1 M NaHCO3/Na,COs pH
10.8 buffer (top spectrum), and m-pHis ~pH 12 (1.43 mg/mL; bottom
spectrum); c) a mixture of BSA-G-m-pHis and BSA-G-t-pHis in 10 % (v/v)
deuterium oxide, 0.1 M NaHCOs/Na,COs pH 10.8 buffer (top spectrum, the
the minor signal at 2.75 ppm is inorganics phosphate) and a mixture of n-pHis
and t-pHis (bottom spectrum) in basic solution (~pH 12). The signal 8.15 ppm
and -0.90 is an unknown impurity present in potassium phosphoramidate that
was carried forward.
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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-
n-pHis conjugates (Table S1). An approximate molecular weight
distribution analysis of BSA-G-t-pHis and BSA-G-m-pHis conjugates
was determined by SDS PAGE and subsequent Coomassie staining
(Fig. S5). There was a comparable distribution of monomers (BSA-G-
pHis), and higher molecular weight conjugates ([BSA-G-pHis],) in
both BSA-G-t-pHis and BSA-G-m-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
randomised combination of alanine glycine peptides containing
triazolyl side chains 3, and m-pHis (SC1-1, and SC50-3) monoclonal
antibodies generated using randomised combination of alanine
glycine peptides containing triazolyl side chains 6 were used (Fig.
5).15 In the report which described the generation of t-pHis (SC56-2)
and m-pHis (SC1-1, SC50-3) monoclonal antibodies, the selectivity of
these antibodies 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.2> 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 n-pHis gave
inconclusive results as none of the phosphoamino acids
outcompeted the BSA-G-t-pHis binder (Fig 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 the T-pHis
(vide infra, compare absorbance of Fig 5a with 5b and c; and with Fig
6a, and b) and thus artefactual competition was likely observed with
all amino acid competitors used. Using BSA-G-mt-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 (Fig. 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 r-pHis, pTyr), then hydroxy phosphoamino acids (pSer and pThr).
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Figure 5. Competitive ELISA of commercially available pHis monoclonal
antibodies with His, pSer, pThr, pTyr, t-pHis, and rt-pHis against pHis antibody
binder conjugates BSA-G-t-pHis or BSA-G-mi-pHis: a) t-pHis isomer specific
monoclonal antibody SC56-2 against BSA-G-t-pHis ; b) m-pHis isomer specific
monoclonal antibody SC1-1 against BSA-G-mt-pHis; ¢) m-pHis isomer specific
monoclonal antibody SC50-3 against BSA-G-mt-pHis.

Generation of selective t-pHis and nt-pHis polyclonal antibodies

The combination of carrier protein KLH, a glutaraldehyde linker and
pHis analogue has previously been used in pHis antibody
generation.1620 Haptens KLH-G-8, and KLH-G-13 were prepared using
standard conditions3* and administered into individual sheep. In a
post immunization 3P NMR spectroscopy analysis of KLH-G-13, a
sharp signal at 5.02 ppm was observed (Fig. S6). This preliminary
finding suggests that in future studies, 3P 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-t-pHis,
and BSA-G-m-pHis conjugates. Sheep bleeds were collected on a
monthly basis 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-mt-pHis, and BSA-G-t-pHis respectively (Fig. S7).
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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 each KLH-G-8 or KLH-G-13 were each
separately affinity depleted with a BSA-G-pTyr (Fig. S8) sepharose
conjugate resin and the flow through was collected.22° To improve
the selectivity of the affinity depleted antiserum generated with KLH-
G-8, the flow through was further affinity depleted with a BSA-G-t-
pHis sepharose conjugate resin and the second flow through was
collected and labelled t-pHis-FT2. The BSA-G-m-pHis sepharose
conjugate resin was subsequently washed and the wash was labelled
T-pHis-W. Competitive ELISA of t-pHis-FT2 and t-pHis-W showed the
presence of selective t-pHis antibodies (Fig. 6a and b). Seperately,
the flow through of the antiserum generated KLH-G-13 was further
affinity depleted with a BSA-G-t-pHis sepharose conjugate resin and
the second flow through was collected and labelled as m-pHis-FT2.
The BSA-G-t-pHis sepharose conjugate resin was subsequently
washed and the wash was labelled as m-pHis-W. Similarly,
competitive ELISA of m-pHis-FT2 and m-pHis-W showed the presence
of selective m-pHis antibodies (Fig 6¢c and d). Our results also
demonstrate that a 6 membered phosphopyridine can be used to
mimic a 5 membered aromatic ring of r-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 are 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 -
pHis antibodies respectively. However, a direct comparison cannot
be made between the competitive ELISA of Fig. 5 and Fig. 6 because
pHis antibodies used in Fig. 5 are monoclonal and those in Fig. 6 are
polyclonal. Nevertheless, the data would suggest that the pHis
analogue design used in 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 m-pHis polyclonal antibodies.
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Figure 6. Competitive ELISA of polyclonal pHis antibodies with His, Ser, pThr,
pTyr, t-pHis and m-pHis against pHis antibody binder conjugates BSA-G-t-pHis
or BSA-G-rni-pHis: a) T-pHis-FT2 against BSA-G-t-pHis; b) T-pHis-W against BSA-
G-t-pHis; c) m-pHis-W against BSA-G-mt-pHis; d) m-pHis-W against BSA-G-mt-
pHis.
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Application of t- and n-pHis antibodies in cell biology studies

With selective T- 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.3536 Using pHis stabilizing western blot conditions (see methods)
many pHis protein bands were detected from the 16HBE14o0-cell
lysate using the pHis antibodies (Fig 7a-d). All pHis antibodies, t-pHis-
FT2, t-pHis-W, m-pHis-FT2, and m-pHis-W antibodies detected a
broad molecular weight range of pHis proteins (see Fig. 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). Previously acidification and heating of a cell lysate prior
to a western blot analysis has been used to show selective detection
of pHis by pHis antibodies.120 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. To further
assess the generality or prevalence and potential importance of pHis
in cellular function, the presence of pHis in other cell types including
HuUVEC and RFPEC was explored by western blots (Fig. 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 16HBE14o0- cells using T-pHis-W and m-pHis-W antibodies
show that pHis proteins are present throughout 16HBE140- cells and
are in higher concentrations in the nucleus than the cyctoplasm,
which was more pronounced with the cells probed with the t-pHis-
W antibody (see Fig. S12 for t-pHis-W and m-pHis-W antibody dilution
experiment).

Having established that t-pHis-W and n-pHis-W antibodies could
be used in immunofluorescence imaging we also used the antibodies
on other cells, namely neurons, in which pHis remains understudied.
pHis has not been reported in healthy human neurons, although it
has been reported in neuroblastoma cells3’ and there is some
indirect evidence for pHis in neurons.3840  Immunofluorescence
stained images of human induced pluripotent stem cells (iPSCs)
derived neurons probed with t-pHis-W and m-pHis-W antibodies
shows pHis to be present throughout the cell (Fig. 8b). However, in
contrast to the 16HBE14o- cells, only a weak pHis
immunofluorescence staining was observed in the neuron nucleus.
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 Muller cells (vide infra)?

Furthermore, Muller wild type (WT) and Muller nucleoside
diphosphate kinase B (NDPK-B) knockout (KO) cells*? were analysed
by immunofluorescence staining for pHis using t-pHis-W and m-pHis-
W antibodies (red). Interestingly, though NDPK-B is a known
mammalian His kinase*® which is involved in many cellular
functions** there was no manifestly clear difference between the
immunofluorescence intensities of Muller WT and NDPK-B KO cells
probed with the t-pHis-W antibody (Fig. S13a).
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Figure 7. Western blot of 16HBE14o0- cell lysate probed with pHis polyclonal
antibodies untreated (left lane), and after treatment with acetic acid to ~pH
4, at 90 °C for 45 min (right lane): a) t-pHis-FT2; b) t-pHis-W; c) n-pHis-FT2; d)
m-pHis-W.

However, there was a noticeable increase in immunofluorescence
intensity of Muller NDPK-B KO cells compared to Muller WT cells
probed with the m-pHis-W antibody (Fig S13b). These observations
were also reflected in western blots of the Muller WT vs Muller NDPK
B KO cells (Fig. S14). The m-pHis-W antibody can detect in vitro
phosphorylated NDPK-A, B, and C (Fig. S15),%> and thus one might
have expected a weaker rt-pHis immunofluorescence signal from the
NDPK-B KO Muller cells compared to the WT because NDPK-B is
thought to be phosphorylated on a His residue to give m-pHis.3 A
plausible explanation could be the upregulation of some m-pHis
proteins to compensate for the absence of NDPK-B.

TubBil== -,

TubBlll

a)
b)
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Figure 8. Immunofluorescence images using t-pHis-W and m-pHis-W
antibodies of: a) 16HBE14o0- cells stained using t-pHis-W and m-pHis-W
antibodies (red, Alexa Fluor™ 594 secondary antibody), Alexa Fluor™ 488
Phalloidin (Green) that stain actin filaments was used as a marker that define
the boundary of cells and DAPI (blue) for nuclear staining.; b) Human induced
pluripotent stem cells (iPSCs) derived neurons stained wit: - ¢His-W and -
pHis-W antibody (red, Alexa Fluor™ 594 secondary antibody), TubplIll (green,
Alexa Fluor™ 488 secondary antibody) a classical neuronal marker and DAPI
(blue); ¢) Muller wild type (WT) and Muller NDPK-B knockout (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).

To demonstrate that the pHis antibodies could potentially be used as
a pHis protein enrichment tool, the t-pHis-FT2 antibody was used in
immunoprecipitation experiments (the t-pHis-FT2 antibody was
chosen as it was available in the largest quantities). The t-pHis-FT2
antibody immobilized on protein G sepharose was used to pull down
proteins from the 16HBE14o0- cell lysate. After the washes, bound
proteins were competitively eluted using a synthesized
phosphopyrazolyl butane 14 (see Fig. S16 for synthesis scheme). t-
pHis or m-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. Neither
could pyrazolyl ethylamine 8 be used because primary amines are
known to dephosphorylate pHis derivatives.*® The eluted fractions
were examined by colloidal gold protein stain and western blot using
the tT-pHis-FT2 antibody (Fig. S17). The competitively extracted
fractions gave reduced colloidal gold staining and pHis western blot
signal 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 a chemical level
approach in the rational design of t-pHis and m-pHis analogues and
their application in t-pHis and m-pHis antibody generation.
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Application of chemical design guided by ESP isocontour calculations,
provided pyrazolyl ethylamine 8 and pyridyl amino amide 13 which
were used as haptens to generate selective t-pHis and mn-pHis
polyclonal antibodies respectively. The application of the t-pHis and
n-pHis  polyclonal antibodies in  ELISA, western blot,
immunofluorescence  experiments and immunoprecipitation
demonstrated their broad applicability in common biological
experiments. The results of these preliminary biological experiments
suggested that pHis is a significant and widespread PTM in
mammalians cells and requires further investigation. Consequently,
the pHis analogues developed in this study including the BSA-G-t-
pHis and BSA-G-mi-pHis conjugates will be very useful in monoclonal

antibody generation and selection and other cell biological studies.
Other pHis analogues, and pHis analogues which can be incorporated
into peptides as well as the application of pyrazolyl ethylamine 8 and
pyridyl amino amide 13 in the generation of t-pHis and m-pHis
monoclonal antibodies is currently under way.
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