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The human protein histidine phosphatase PHPT1 is involved in several important cellular pathways and
has been implicated in various cancers. However, the biological roles of this enzyme are not well under-
stood due to a lack of chemical tools that enable its study. Herein we have identified phenylarsonic acids
as general scaffolds which inhibit PHPT1 activity. Notably, phenylarsonic acids can be embedded into
peptide sequences, providing the first known peptide-based inhibitors of PHPTL. In a counterscreen
against a small panel of phosphatases, we demonstrate that these compounds exhibit some selectivity for
PHPT1. Moreover, we show that these compounds exhibit mixed inhibition. We provide evidence that
reduction of the phenylarsonic acids in situ by reducing agents like dithiothreitol (DTT) to provide pheny-
larsine species gives rise to the observed PHPT1 inhibition. These As(i) species are known to be thiophilic
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and can interact with solvent-exposed cysteine residues of proteins. Finally, we demonstrate that mutating
the three cysteine residues of PHPT1 to alanine results in a significant decrease in enzyme inhibition by
the phenylarsonic acids, suggesting that these compounds likely interact at least in part with Cys residues
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Introduction

Protein phosphorylation is tightly regulated by the action of
kinases and phosphatases. Alongside the well-studied phos-
phoserine, phosphothreonine, and phosphotyrosine, phospho-
histidine (pHis) has gained attention in recent years due to its
implications in G-protein signaling, ion conduction, metab-
olism, and chromatin biology."™ Protein histidine phospha-
tase 1 (PHPT1) is a key His phosphatase helping to control the
phosphorylation of His residues in eukaryotes and, recently,
has garnered considerable interest because of its implications
in cellular signal transduction and metabolic regulation.*”®
Moreover, overexpression of PHPT1 has been associated with
lung, liver, and renal cancers, highlighting its potential thera-
peutic relevance.’** Despite its significance, PHPT1 remains
relatively understudied, with its physiological functions and
regulatory mechanisms only recently gaining attention.'*'*
Contributing to this lack of understanding is an absence of
chemical tools that enable the study of its biological roles. The
development and application of PHPT1 targeted inhibitors
would provide more insight into the biological activity of this
understudied enzyme.'”™” Due to its shallow, positively
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charged catalytic pocket, PHPT1 is challenging to selectively
target (Fig. 1). Nevertheless, NMR and mutation studies of the
active site suggest the possibility of developing compounds
that selectively inhibit PHPT1.">'® To date, only a handful of
small molecule inhibitors of PHPT1 have been reported in the
literature.'”™*°

In 2022, our lab reported the first generation of PHPT1
inhibitors.’” Two of the reported compounds, acetarsol and
roxarsone, were characterized as noncovalent, dose-dependent
inhibitors with ICs, values of 100 + 30 pM and 80 + 10 pM,
respectively (Fig. 2)."” These phenylarsonic acids were selective
inhibitors of PHPT1 activity when compared against alkaline

Fig. 1 NMR solution structure of PHPT1 (PDB ID: 2AI6). The catalytic
pocket, including residues K21, H53, S94, and A96, is shown in magenta.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Acetarsol and roxarsone as inhibitors of PHPTL1.

phosphatase (AlkP), the pLys and pHis pyrophosphatase
LHPP,*>*! and the serine/threonine phosphatase PP2C, which
also exhibits histidine phosphatase activity in vitro.”> We pro-
posed that the arsonic acid might function as a phosphomi-
metic, allowing roxarsone and acetarsol to interact with the
PHPT1 active site through noncovalent interactions. To further
explore this concept, here we report a series of substituted phe-
nylarsonic acids and demonstrate their propensity to inhibit
PHPT1.
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Table 1 |Csq values of phenylarsonic acids against PHPT1
Inhibitor IC5o (UM)
Acetarsol 100 + 30
Roxarsone 80+ 10
1 90 £ 10
2 90 £ 10
3 90 + 10
4 130 £10
5 220 £ 40
6 200 + 40
7 100 + 20
8 130 £ 20

Results and discussion

We began our investigation by synthesizing phenylarsonic
acids from their corresponding amines using the Bart reaction
(Fig. 3).”® In preliminary experiments, we screened compounds
1-8 against PHPT1 using an established activity assay with the
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Fig. 3 Synthesis and structures of phenylarsonic acids.
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Fig. 4 Peptide-based phenylarsonic acids 9, 10, and 11 derived from known substrates of PHPTL1.
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fluorogenic probe 6,8-difluoromethylumbelliferyl phosphate
(DIFMUP; K, = 220 + 30 uM).** Using 50 pM roxarsone as a
positive control, arylarsonates 1-8 were found to inhibit
PHPT1 in a dose dependent manner at concentrations ranging
from 50-150 pM (Fig. S1). Following this initial screening, we
determined the ICs, values of compounds 1-8, which were
comparable to roxarsone and acetarsol (Table 1). Further ana-
lysis of the ICs, data for 1-8 revealed that electron rich pheny-
larsonic acids have improved potency compared to electron
deficient species. For example, amino-substituted 1-3 and
phenol 7 are approximately twice as potent as halides 5 and 6.
However, we found that phenylarsonic acids are a general
scaffold from which inhibitors of PHPT1 can be developed.

Compared to small molecules, peptide-based inhibitors
often exhibit effective protein-target binding at low concen-
trations due to enhanced selectivity.>>>’ Thus, we were
curious if incorporating the phenylarsonate moiety into a
peptide could provide peptide-based inhibitors of PHPT1. We
began by synthesizing peptides based on EGRF and KCa3.1,
which are known substrates of PHPT1.?%2° Here, the native
histidine residue was exchanged for propargyl glycine and a
phenylarsonic acid was embedded into the sequence via a Cu
(1)-catalyzed azide alkyne ‘click’ (CuAAC) reaction to give
peptide arsonates 9-11 shown in Fig. 4.°*°" These peptides
inhibited PHPT1 with ICs, values of 120 + 20 pM, 130 + 20 uM,
and 110 + 20 uM, respectively, further demonstrating the gen-
erality of phenylarsonic acids as inhibitors of PHPT1. However,
the addition of a peptide recognition element did not provide
additional affinity.

Control
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% Activity (Normalized)

20

PHPT1  LHPP AP  PTPIB  SHP2  LYP
Enzyme

Fig. 5 Counterscreen of 100 pM 1 and 9 against phosphatases LHPP,
AlkP, PTP1B, SHP2, and LYP.
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To explore the selectivity of the phenylarsonic acids for
PHPT1, we carried out a counterscreen of compounds 1 and 9
against a small panel of phosphatases including the histidine
phosphatase LHPP, a promiscuous phosphatase AlkP, and the
protein tyrosine phosphatases PTP1B, SHP2, and LYP (Fig. 5).
We observed that 1 and 9 demonstrate some selectivity for
PHPT1 over the other phosphatases tested here, suggesting
that these phenylarsonic acids may be useful in further study-
ing the biological implications of histidine phosphorylation.
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Fig. 6 Comparison of PHPTL1 activity upon treatment with 100 pM of
compound 4, p-tolylphosphonic acid, or p-toluenesulfonic acid.
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Fig. 7 Peptides derived from EGFR (12) and KCa3.1 (13) wherein the
central His residue was replaced with 3-pTza.
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Acetarsol and roxarsone were previously characterized as
competitive inhibitors at concentrations below 150 pM and
demonstrated mixed inhibition at concentrations above
150 pM. Because the phenylarsonic acids reported herein
exhibit similar potency to acetarsol and roxarsone, we were
interested in exploring their mechanism of action. Using com-
pounds 1 and 2 as representative examples, we screened these
arsonates at concentrations ranging from 5-500 pM and sub-
sequently determined the K, and Vy,, of PHPTI1.
Unsurprisingly, 1 and 2 behave similarly to acetarsol and rox-
arsone, with K;,, and Vj,, values indicating competitive inhi-
bition at concentrations below 150 uM and mixed inhibition

C69

C71 C73 H53

Fig. 8 NMR solution structure of PHPT1 (PDB ID: 2Al6). The active site
His (H53) is shown in magenta. Cys residues C69, C71, and C73 are
shown in blue.
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above (Fig. S3 and Table S2). Moreover, inhibition by phenylar-
sonic acids is readily reversible. In dialysis experiments,
PHPT1 was treated with 100 uM of phenylarsonic acid 1 and
then subjected to dialysis for 24 hours. After dialysis, we
observed the activity of PHPT1 return to that of the control,
similar to previous results with acetarsol (Fig. S4)."”

To better understand the extent to which the phosphomi-
metic nature of the phenylarsonic acids was the basis for
PHPT1 inhibition, we compared the activities of the phospho-
mimetics p-tolylphosphonate and p-toluenesulfonate to that of
p-tolylarsonic acid 4 (Fig. 6). PHPT1 activity was unaffected in
the presence of 100 pM p-toluenesulfonate or 100 pM p-tolyl-
phosphonate. An approximately 25% reduction in phosphatase
activity was observed when 300 pM p-tolylphosphonate was
used, however, this compound had limited solubility at higher
concentrations, and we were unable to obtain an ICs, value
(Fig. S5). This led us to question if phosphonate scaffolds with
increased solubility, such as peptides, might have improved
potency. Thus, we prepared EGFR and KCa3.1-derived peptides
12 and 13 which comprise the non-hydrolyzable 3-pHis mimic
phosphonotriazolylalanine (3-pTza) (Fig. 7).>° While com-
pounds 12 and 13 displayed improved solubility compared to
p-tolylphosphonate, they do not inhibit PHPT1 at concen-
trations ranging from 100-500 pM (Fig. S6). Because the phos-
phonate and sulfonate phosphomimetic compounds tested
here do not appreciably inhibit PHPT1, we were curious if inhi-
bition by the phenylarsonic acids was reliant upon an arsenic
center. Therefore, we evaluated the effects of arsenic trioxide

Hb
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Fig. 9 Comparison of the *H NMR (400 MHz) spectra for 4-hydroxyphenylarsonic acid 7 (top) and a reaction mixture containing 7 (1 equiv.) and
DTT (4 equiv.) in DMSO-dg (bottom) shows new signals corresponding to a mixture of As(i) species [15].
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Scheme 1 Reaction of phenylarsonic acid 7 and DTT generates reactive
phenyl-As(i) species.

(As,05) on PHPT1 activity.>** Interestingly, the trivalent
arsenites resulting from dissolution of As,0; do not inhibit
PHPT1 at concentrations of 150 or 300 pM (Fig. S7).>> These
results collectively indicate that phenylarsonic acids exhibit a
unique ability to inhibit PHPT1 compared to As,O; and the
phosphomimetics tested here.

Phenylarsonic acids are known to undergo reduction in the
presence of a suitable reducing agent, such as ammonium
thioglycolate (i.e., phenyl-As(v) — phenyl-As(m)).>'***” Due to
the thiophilicity of the As(ui) center, these phenyl-As(i) com-
pounds can react with free thiols in proteins (e.g,
Cys).>13%:38:39 Because the PHPT1 activity assays are performed
under reducing conditions with 5 mM DTT, we questioned
whether the phenylarsonic acids were undergoing reduction
in situ to give reactive phenyl-As(mr) species. We hypothesized

760 755 750 745 690 685 6.80
" *
k3
* *
*
760 755 750 745 690 685 6.80
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that such compounds could react with solvent-exposed Cys
residues in PHPT1, for example, C73 (Fig. 8), which has been
shown to form a covalent adduct with electrophiles, inhibiting
PHPT1 activity."®

To determine whether the phenylarsonic acids were react-
ing with DTT, a DMSO-d; solution of 7 (1 equiv.) and DTT (4
equiv.) was heated at 37 °C for 30 min, and then examined by
'H nuclear magnetic resonance (NMR) spectroscopy. Upon
comparing the spectrum of this mixture to those of 7 and
DTT, new signals were observed at 7.50 ppm (d, J = 8.2 Hz) and
6.82 ppm (d, J = 8.4 Hz), indicating the modification of 7 (see
Fig. S20 and S21 in the SI). We hypothesized that compound 7
had undergone reduction to give one or more phenyl-As(ui)
species ([15], Fig. 9). To better replicate conditions used
during activity assays, the reaction between 7 and DTT was
conducted in a 1:2 (v/v) mixture of acetonitrile and 100 mM
phosphate buffer at pH 8.0 (Scheme 1). Analysis of this reac-
tion mixture by LC-MS revealed the formation of compounds
which coelute and have m/z ratios consistent with dithiolates
like [15] (see compounds S9, S10, and S11 and Fig. S18 in the
SI). Chromatographic separation of the major components of
this mixture was unsuccessful. Thus, to further characterize
these compounds, we isolated the mixture and subsequently
analyzed it by 'H and pure shift NMR experiments, namely,
pure shift obtained by chirp excitation (PSYCHE) and 2D
PSYCHE-TOCSY. The 'H spectrum of the purified mixture

B.

r7.0
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F7.3
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o 1010
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Fig. 10 PSYCHE and PSYCHE-TOCSY NMR spectra obtained at 800 MHz. (A) Comparison of the regions from 6.80-6.85 ppm and 7.45-7.55 ppm
in the *H NMR (top) and PSYCHE NMR (bottom) spectra. The PSYCHE spectrum shows six unique proton signals. (B) Correlations of the six signals in
the PSYCHE-TOCSY spectrum suggest the presence of three aromatic compounds.
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Fig. 11 Inhibition of [C69A, C71A, C73A] PHPT1 by phenylarsonic acid 1

and peptide arsonate 9. WT: wild-type enzyme, TCM: [C69A, C71A,
C73A] mutant.

shows significant but expected overlap of the proton signals
from 2.70-3.10 ppm, 6.80-6.88 ppm, and 7.47-7.54 ppm, com-
plicating its analysis (see the SI). However, upon recording the
spectrum without homonuclear proton couplings, the result-
ing PSYCHE spectrum revealed six signals from 6.80-6.90 ppm
and 7.45-7.60 ppm (Fig. 10A). Correlations in the
PSYCHE-TOCSY spectrum suggest these signals arise from
three unique compounds (Fig. 10B). Together, these spectro-
scopic studies support the hypothesis that the phenylarsonic
acids undergo reaction with DTT to provide reactive phenyl-As
(ur) compounds in situ during inhibition assays.

With a better understanding of the reactivity of the pheny-
larsonic acids with DTT, we hypothesized that any phenyl-As
(ur) species generated in situ might be interacting with solvent-
exposed Cys residues in PHPT1, such as C73. Thus, we probed
the mechanism of action by examining the propensity of 1 and
9 to inhibit a triple cysteine mutant of PHPT1, [C69A, C71A,
C73A]. Upon incubating [C69A, C71A, C73A] with 150 pM 1 or
9, we observed a decrease in phosphatase activity. However,
compared to the WT enzyme, the triple cysteine mutant
retained approximately 20% more activity relative to the
control (Fig. 11). This result suggests that phenyl-As(u) com-
pounds [15] likely interact with free thiols of Cys residues in
PHPT1, as well as others including residues in the active site,
and helps explain the mixed inhibition these compounds
display.

Conclusion

Herein we have demonstrated that phenylarsonic acids offer a
general scaffold from which inhibitors of PHPT1 can be devel-

This journal is © The Royal Society of Chemistry 2026
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oped. Notably, the phenylarsonic acid moiety can be incorpor-
ated into peptide sequences, providing the first known
example of peptide-based inhibitors of PHPT1. Among a small
panel of phosphatases, including the His phosphatase LHPP,
these arsonic acids exhibited selectivity for PHPT1.
Interestingly, these compounds exhibit mixed inhibition
toward PHPT1. This mixed inhibition is attributed to the
reduction of the As(v)-containing phenylarsonic acids by DTT
to produce multiple As(u) species in situ, as supported by
LC-MS and NMR studies wherein 4-hydroxyphenylarsonic acid
was reacted with DTT to produce phenyl-As(u1) compounds.
Due to their thiophilicity, these As(m) species likely interact
with the solvent-exposed free thiol of C73 in PHPT1, resulting
in decreased phosphatase activity. It should be noted that Kee
and coworkers have reported similar findings with ethacrynic
acid, which covalently targets C73 in PHPT1. Moreover, this
hypothesis is supported by experiments wherein phenylarsonic
acids 1 and 9 were markedly less potent toward a triple
cysteine mutant of PHPT1 relative to the WT enzyme. Given
the emerging role of PHPT1 in critical cellular processes and
disease states, as well as renewed interest in the therapeutic
potential of organic arsenicals, this work provides insights
that contribute to a better understanding of the enzymology of
PHPT1.
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