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ABSTRACT

Post-translational modifications (PTMs) are invaluable regulatory tools for the control of catalytic functionality, protein-protein interactions, and signaling pathways.
Historically, the study of phosphorylation as a PTM has been focused on serine, threonine, and tyrosine residues. In contrast, the significance of mammalian histidine
phosphorylation remains largely unexplored. This gap in knowledge regarding the molecular basis for histidine phosphorylation as a regulatory agent exists in part
because of the relative instability of phosphorylated histidine as compared with phosphorylated serine, threonine and tyrosine. However, the unique metal binding
abilities of histidine make it one of the most common metal coordinating ligands in nature, and it is interesting to consider how phosphorylation would change the
metal coordinating ability of histidine, and consequently, the properties of the phosphorylated metalloprotein. In this review, we examine eleven metalloproteins that
have been shown to undergo reversible histidine phosphorylation at or near their metal binding sites. These proteins are described with respect to their biological
activity and structure, with a particular emphasis on how phosphohistidine may tune the primary coordination sphere and protein conformation. Furthermore,
several common methods, challenges, and limitations of studying sensitive, high affinity metalloproteins are discussed.

1. Introduction

Almost 60 years ago, Boyer et al. first reported the incidence of
mammalian protein histidine phosphorylation in succinyl-CoA synthe-
tase using 2P labelling studies, years before specific evidence of phos-
phoserine (pSer) and phosphotyrosine (pTyr) emerged [1-5]. While
phosphohistidine (pHis) is estimated to account for at least 6% of pro-
tein phosphosites, thorough investigations of the regulatory roles of pHis
have only been initiated more recently [6]. The phosphorylation of
mammalian protein histidine residues is increasingly being recognized
as a component of regulatory pathways, protein-protein interactions,
and cellular signaling (Scheme 1) [7,8]. Similarly, pHis has since been
implicated as a crucial intermediate in numerous enzymatic reactions
and diseases of cellular misregulation (e.g., carcinomas) [1,9-12].
However, in spite of histidine's rich activity both as a regulatory agent
and ligand, only a few examples of histidine phosphorylation at or near
metal binding sites are presently known.

It has been estimated that one-third of proteins are associated with a
bound metal ion, and meta-analyses of transition metal binding proteins
registered in the RCSB protein data bank revealed that histidine is the
most common coordinating residue for divalent Mn, Zn, Fe, Ni, Cu, and
Co [13-16]. Interestingly, studies of the eukaryotic phosphoproteome
have indicated that phosphorylation is the most common post-
translational modification (PTM) made to proteins [17-19]. Consid-
ering that studies of post-translational modifications on tyrosine (e.g.,
phosphorylation, sulfation) have been shown to have direct effects on
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the metal ion affinity of metalloproteins, it is apparent that the inter-
section of protein metal binding sites and phosphorylation is a rich area
for research [20-23]. The overlap between phosphoproteomics and
metalloproteomics is highly diverse based on the number of residues
that undergo reversible phosphorylation, however, studies specific to
histidine phosphorylation have historically faced additional challenges
due to the hydrolytic instability of pHis [24]. Recent advancements and
optimization of peptide purification and LC-MS/MS conditions for sen-
sitive pHis-containing samples have greatly improved accurate identi-
fication and localization [25]. For example, use of metal affinity
(immobilized Cu*") facilitates selective enrichment of pHis peptides,
which are subsequently identified using MALDI-TOF MS [26]. Further,
the development of stable pHis mimics and specific antibodies have
facilitated the identification of new histidine kinases, phosphatases, and
provided initial insights into their regulatory roles [8,27,28]. These anti-
1pHis and anti-3pHis monoclonal antibodies have successfully detected
pHis containing proteins by immunofluorescence staining and act to
enrich peptide samples via immunoaffinity purification [27].

Studies exploring the dephosphorylation activity of protein histidine
phosphatase PHPT1 have revealed a handful of metalloprotein sub-
strates [8]. Complementary work exploring the phosphoproteome of
zebra fish and its conservation in humans suggested additional pHis sites
that have yet to be fully explored [29]. Evidence supporting the presence
of metal binding sites at or near the site of histidine phosphorylation has
been reported for all of the entries listed in Table 1. The proteins listed in
Table 1 fall into several general categories including having activity in
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Scheme 1. Formation of the two pHis isomers, 3-pHis and 1-pHis. 3-pHis is
considered to be the more stable, thermodynamic product. Unimolecular
interconversion of isomers (phosphotransfer) is not observed in the absence of
enzyme by 3P NMR spectroscopy.

Table 1
Metalloproteins featuring histidine phosphorylation in the binding pocket.

Identity PDB pHis site(s) Physiological role
D
KCa3.1 [30] 3CNM 358 K" Channel; Inmune
Response
Zinc Finger Protein 526 [29] - 378 Zinc Finger; Unknown
Double plant homeodomain 3IUF 227, 232, Zinc Finger; Transcription
finger 2 [8] 303, 353
Four and a Half LIM 2D8Z 60, 123, Zinc Finger; Transcription
Domains Protein 2 [8] 182, 244
Protein phosphatase Protein 4MOV 66, 125, Phosphatase; Metabolism
1CA[8] 173, 248
Protein phosphatase Protein ~ 1S70 65, 124, Phosphatase; Metabolism
1CB [8] 172, 247
Carbonic Anhydrase 2 [8] 4WL4 64, 67, 94, Bicarbonate Synthesis
96, 119
Carbonic Anhydrase 8 [8] 2W2J 87,118, Inactive Enzyme;
141 Unknown
Pyruvate Kinase M2 [8] 4B2D 78 Kinase; Metabolism
Kinase Suppressor of Ras 1 - 348, 381 Kinase; Signaling
[8]
Prune [8] - 107, 108 Phosphodiesterase;
Proliferation

immune response, cellular proliferation, transcription, metabolism, and
enzymatic transformation of small molecules. The convergence of his-
tidine phosphorylation and metal binding sites containing histidine li-
gands has only recently been appreciated for its potential roles in protein
regulation. Considering the propensity of histidine residues to both bind
metal ions and undergo reversible phosphorylation, histidine phos-
phorylation is likely at the heart of several metal controlled regulatory
mechanisms. The aim of this review is to highlight the intersection of
metal binding and histidine phosphorylation in eleven proteins, with a
focus on protein structure in and around the metal binding site. There-
fore, the metalloproteins listed in Table 1 will be discussed in relation to
their activity, structure, and the impact histidine phosphorylation has on
each protein, if known.

2. Examples of co-localization of metal binding sites and
histidine phosphorylation.

Considering the diverse nature of proteins presented in Table 1, in
the following subsections each entry is categorized into one of three
classes for simplicity: Ion Channels (2.1), Zinc Fingers (2.2), and En-
zymes (2.3). A brief overview of the biological functions of each protein,
associations with disease states, metal binding properties, and
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hypotheses on how pHis may act in a regulatory capacity are included, if
known.

2.1. Ion channels

The intermediate conductance calcium-gated potassium ion channel
KCa3.1 (IK-1, SK4) assembles as a homotetramer with six trans-
membrane domains in each subunit. KCa3.1 detects and responds to
intracellular Ca* levels and correspondingly effluxes K* [31,32].
KCa3.1 has been shown to participate in the immune response, acti-
vating T cells, B cells, and mast cells [33,34]. It has also been implicated
in cancers, cardiovascular disease, and glucose intolerance [31,32,35].

In 2018, Lee and MacKinnon employed cryogenic electron micro-
scopy (cryo-EM) to successfully resolve the KCa3.1 structure (Fig. 1)
[36]. They proposed a calmodulin (CaM) dependent mechanism in
which N-lobe of CaM interacts with the linker between S4 and S5 elic-
iting a large conformational change that controls efflux through the pore
[36]. Complementary work from Srivastava et al. observed that unlike
the other three KCa channels (KCa2.1-2.3) which only require Ca%*
binding to CaM for activation, KCa3.1 has a more nuanced mechanism
and is antagonized by Cu?* binding at H358 in the intracellular, four
helix bundle region (Fig. 1) [33]. Phosphorylation of H358 relieves
copper-mediated inhibition and allows activation of the channel upon
structural rearrangement. As a model for the copper binding site in the
coiled-coil four helix bundle, Ji et al. crystallized the C-terminus of the
protein (M376 through L414) in complex with Ccu®* [37]. The homo-
tetrameric structure chelates Cu?>* between four identical His residues
(H389) with an axial water molecule in square pyramidal geometry and
C4 symmetry [37].

The regulatory role of this copper binding site was demonstrated by
treating KCa3.1 with 100 pM CuCl; in the absence of phosphorylation,
which lead to a decrease in channel current in HEK 293 cells seen by
whole-cell path clamp electrochemical monitoring [30]. Addition of the
metal chelator TPEN (N,N,N',N’-tetrakis(2-pyridinylmethyl)-1,2-etha-
nediamine) correspondingly increased current, while treatment with
other metal ions such as Zn?" had no effect [30]. In the H358N mutant,
copper dependent inhibition was abrogated, indicating that H358 is
likely the site of copper binding in vivo [30]. Based on these findings, the
authors propose that Cu®>" is bound to the C-terminal bundle at H358
until Ca?t changes in concentration and reversibly binds CaM, thus
eliciting a conformational change. Srivastava et al. propose that this
conformational event transpires near H358, causing the alpha helix to
move from a parallel position to the perpendicular one observed in the
apo-cryo EM structure. This conformational change both destabilizes the
primary coordination sphere of Cu?" and exposes H358 for
phosphorylation.

From these data, it is clear that KCa3.1 activity is mediated by his-
tidine phosphorylation, copper chelation at H358 in the cytoplasmic 4-
helix bundle, and Ca?t concentration for CaM activation [30,33]. The
relevance of copper binding to H398 instead of reversibly phosphory-
lated H358 in the model coiled-coil is not clear. It has been proposed that
H389 acts as a Cu®" shuttle, and the active destination is H358 [30].
However, many questions about the role of copper binding to the
channel and the effects of histidine phosphorylation remain.

2.2. Zinc fingers — DPF2, FHL2, ZFP526

Zinc finger proteins have been extensively studied and usually
contain well-characterized, zinc binding histidine residues. For example,
the C2H2 family of zinc fingers has been thoroughly characterized and
explored for its DNA binding ability and relies on the two His and two
Cys residues in its metal binding region to chelate Zn?" in a tetrahedral
environement [38]. Studies on C2H2 family members show that muta-
tion of coordinating residues leads to a disruption of the primary Zn?*
coordination sphere and misregulation of biological functions including
apoptosis and cell differentiation/proliferation [39]. One of the three
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Fig. 1. (A) Mechanism of KCa3.1 proposed by Srivastava et al.
[30]. In the basal (inactivated) state, H358 binds Cu®" (purple
sphere) and K™ efflux through the membrane channel is not
observed. Ca®t binding and H358 phosphorylation result in
channel opening conformational changes. (B) Simplified cryo-
EM structure of KCa3.1 in the absence of Cu®*; the four sym-
metrical H358 residues are oriented away from the C-terminal
four helix bundle beige. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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zinc finger proteins listed in Table 1 belongs to the C2H2 family (Zinc
Finger Protein 526, ZFP526), whereas DPF2 (Double Plant Homeo-
domain Finger 2) contains multiple zinc finger domains, and FHL2 (Four
and a Half LIM Domains Protein 2) binds zinc using three cysteines and a
single histidine (C3H).

A 2019 study exploring the phosphoproteome of zebra fish identified
H378 in ZFP526 as a phosphosite, however, the metal binding properties
and biological activity of this residue have yet to be explored [29]. While
ZFP526 has not been crystallographically characterized in complexation
with Zn2*, the familial conservation of residues in this region strongly
suggests the sequence has metal binding ability (NH2-YLCVDCGRGFG-
TELTLVAHRRAH-CO,H) [40]. In this sequence the proposed coordi-
nating residues of ZFP526 are underlined, and the site of histidine
phosphorylation (H378) is indicated with bold typeface. The sequence
of ZFP526 adheres to the prescribed C2H2 zinc finger pattern, Y-X-C-

Xz 5-C-X3-F-X5-y-X3-H-X3 5-H (X: any amino acid, y: hydrophobic res-
idue), suggesting that metal binding would be favorable in this protein
including a histidine that both coordinates Zn?" and is reversibly
phosphorylated [41]. Based on the sensitivity of zinc finger proteins to
changes in the coordination environment, the addition of a large phos-
phate group (as shown in Fig. 2) would be expected to have a significant
effect on the structure and function of this protein [39].

Unlike ZFP526, the two other zinc fingers DPF2 and FHL2 are well
known in the literature and have published crystal structures from
which structural hypotheses about the impact of histidine phosphory-
lation can be drawn. Double plant homeodomain finger 2 (DPF2) pos-
sesses multiple Zn?* binding sites and belongs to the conserved PHD
(plant homeodomain) family of proteins [42]. This protein acts as a
transcription factor and is implicated in apoptosis, myeloid differentia-
tion, and cancer [43-45].
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Structurally, DPF2 has three domains: an N-terminal requiem
domain which interacts with BAF, a C2H2 zinc finger which interacts
with DNA, and finally a C-terminal dual PHD zinc finger which recog-
nizes PTMs on histones and binds to nucleosomes [44,46-48]. The C2H2
zinc finger domain extends from D206-H232 and includes two possible
sites of histidine phosphorylation at H227 and H232, both of which
coordinate Zn?* directly (Fig. 3) [8,46,47]. The other two proposed sites
of histidine phosphorylation occur in the tandem PHD domain, at H303
and H353 (Fig. 3). It is worth noting that the potential modes of pHis
regulation are different between the C2H2 domain and the PHD domain.
At DPF2's C2H2 site, histidine coordinates Zn?" differently than the PHD
sites as shown in Fig. 3. Both C2H2 histidine residues are associated with
the hydrophobic core of DPF2, which in addition to their Zn?>" binding
may provide evidence that pHis serves in a regulatory capacity to

H303
C273 021
23 0
“c@un
6 g Pcsos
1 2.2

C276

Fig. 3. The multiple Zn*" binding sites of DPF2 shown with secondary structures and isolated primary coordination spheres — PDB: 3IUF (A), 5B79 (B) [46,47] Sites

of proposed pHis present as coordinating ligands: H227, H232, H303, H353.
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control DNA binding [47]. In contrast to the C2H2 domain, the dual PHD
domain has been shown to specifically recognize the acetylated tails of
histone H3, H4, and crotonylation [42,46]. Mutations of the PHD
domain in 8 unique variants were also observed to impair DPF2's ability
to recognize these modifications which in turn modifies the BAF chro-
matin remodeling complex [44]. In this report, the authors propose that
one explanation for the decreased recognition is a loss of structural
integrity in the PHD domain [44]. This mode of misregulation might also
be a good descriptor of possible conformational disruption caused by
pHis at H303 and H353 in the PHD domain. In either instance, histidine
phosphorylation may act by disrupting the Zn?" binding landscape in
the primary coordination sphere causing metal binding to become
strongly disfavored or by contributing to strain and conformational
changes near the Zn?*-binding pocket.

The final zinc finger listed in Table 1, FHL2 (Four and a half LIM
domains protein 2), is structurally defined by its unique LIM domain
which is a double zinc finger [49,50]. Similar to other zinc fingers, LIM
domains are active regulators of gene transcription and cell
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differentiation [50]. In addition, FHL2 has been implicated in cardio-
vascular disease, inflammation, and cancer [49,51,52].

LIM domains are cysteine rich and follow a conserved pattern of C-
X9-C-X17-19-H-X2-C-X3-C-X3-C-X15_19-C (X: any amino acid) and bind
two equivalents of Zn* [50]. Three sites of histidine phosphorylation in
FHL2 have been proposed: H123, H182, and H244 [8]. In all three in-
stances, these residues are Zn?* coordinating in a C3H pattern. Notably,
all three His sites directly coordinate Zn?*, as shown in Fig. 4. In each
instance of Zn*"* coordination for ZFP526, DPF2 and FHL2, the orien-
tation of imidazole and its ligand nitrogen are likely pivotal in deter-
mining the mechanistic ramifications of pHis on downstream biological
activity considering the extraordinary sensitivity of Zn?" to its desired
tetrahedral environment.

2.3. Enzymes — PP1CA, PP1CB, CA2, CA8, PKM2, KSR1, Prune

Protein phosphatase 1 (PP1) is a serine/threonine phosphatase
which contains multiple catalytic subunits - PP1C A, PP1C B, and PP1C C

Fig. 4. Binding sites of FHL2 shown with secondary structures and isolated primary coordination spheres — PDB: 1X4L (A), 1X4K (B), 2D8Z (C). Sites of suggested

pHis present as coordinating ligands: H123, H182, H244.
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[53]. This protein is highly conserved in eukaryotes and the catalytic
domains act by similar mechanisms [54]. Previous work has demon-
strated that inhibitory proteins act on PP1 by blocking the catalytic
active site which contains two metal ions [55,56]. PP1 has been impli-
cated in numerous biological processes including metabolism by acting
as a regulator of glycogen synthetase [57].

Structurally, the catalytic site of PP1 lies at the interface of the hy-
drophobic, acidic, and C-terminal regions [56]. The bimetallic active
site may contain Mn®", Fe>", and/or Zn?>" depending on how the protein
is expressed [58,59]. Of the three catalytic subunits, PP1C A and PP1CB
possess sites of suggested histidine phosphorylation that may contribute
to metal binding and subsequent catalytic activity [8]. PP1C A, the alpha
subunit, has been structurally characterized by X-ray Diffraction Crys-
tallography (XRD) in the presence of two coordinating Mn?" ions in its
active site (Fig. 5) [60]. The four possible sites of histidine phosphory-
lation at H66, H125, H173, H248 are proximal to the metal binding site,
however only H66, H173, and H248 are close enough to coordinate
either Mn?* ion [8]. Importantly, the presence of H125 near the binding
site is relevant in two capacities. First, the phosphorylation of this res-
idue may spatially impact the binding pocket with the inclusion of a
charged PTM. Whether or not a phosphohistidine positively or nega-
tively impacts metal binding is yet to be determined and will likely differ
on a case-by-case basis. Second, H125 is conserved in PP1C B as H124.
While the exact role of H125/H124 is unknown, its proximity to the
binding site and proposed ability to undergo reversible phosphorylation
may suggest its involvement in regulating metal binding and/or enzyme
activity.

Similarly to PP1C A, the beta subunit of the PP1 catalytic domain,
PP1C B, coordinates two metal ions across multiple histidine residues
and is suggested to undergo reversible histidine phosphorylation (Fig. 6)
[61]. Four proposed sites of histidine phosphorylation at H65, H124,
H172, H247 are proximal to the metal binding site, however only H65,
H172, and H247 are close enough to coordinate either Mn?* [8]. While
H124 is close to the metal binding site with a distance of 3.9 A (Fig. 6,
dark gray dash), it is unlikely to serve as a coordinating ligand at this
distance [62]. Phosphorylation of H124 may have meaningful impacts
on the landscape of the metal binding pocket, as the presence of a large
phosphate group could significantly alter the coordination sphere as

¢ }A) bY D64 H66
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described in Fig. 2. Of the three coordinating histidine residues, H65 and
H172 coordinate Mn?*(1) and H172 coordinates Mn?"(2) (Fig. 6). As
described for PP1C A, the mixed identities of the coordinating imidazole
nitrogen atoms may have presently unknown regulatory activity.

Another class of enzyme, carbonic anhydrases (CA), catalyze the
reversible hydration of carbon dioxide to bicarbonate. For the protein
CA2, this function is critical to maintain pH and electrolyte balance,
malfunctions of which can result in osteopetrosis, acidosis, and calcifi-
cation [63]. In contrast, its family member CA8 is not catalytically active
for the conversion of COo=HCO3 [64]. Of the known carbonic anhy-
drases, there are three non-catalytic subtypes (CA8, CA10, CA11) all of
which are characteristically defined by the absence of a coordinating
histidine residue [64].

In CA2, a single Zn" ion is chelated by three histidine residues: H94,
H96, and H119 (Fig. 7); completing the tetrahedron, Zn?* also co-
ordinates one molecule of H,O [65]. It has been previously suggested
that H64, H67, H94, H96, and H119 near the Zn>" binding site undergo
histidine phosphorylation in CA2, although only H94, H96, and H119
are directly implicated as coordinating ligands [8]. As shown in Fig. 7,
the sites of proposed histidine phosphorylation - H94, H96, and H119 -
bind Zn?* directly. Interestingly, this protein is highly sensitive to mu-
tations of histidine at positions 64, 94, 107, and 119 and suggests that
control of this protein may be strongly tied to histidine phosphorylation
[66-70]. In these studies, loss of histidine is associated with a decrease
in substrate turnover and numerous disease states.

Structurally, the non-catalytic CA8 closely resembles CA2 with a few
key differences (Fig. 8). First, the channel by which Zn?t, CO,, and
HCO3™ travel to and from the active site is comparatively narrower
owing to the presence of two bulky residues, R116 and 1224, at the
entrance. Additionally, unlike the inward facing orientation of H94 in
CAZ2, its replacement R116 is repelled by the highly polar nature of the
binding site. This replacement leaves only the possible pHis sites H118
and H141 to coordinate a hypothetical Zn?*t ion [8]. In order to better
understand the significance of this replacement, Picaud et al. refined the
crystal structure of CA8 (PDB: 2W2J) to fit a chloride ion (Fig. 8) [64]. It
is clear from the structural data that the bond distances required for
H118 and H141 to coordinate Zn?>* would be approximately 3.0 A,
which exceeds a likely interatomic range for this bonding interaction

HI73Qy Y D92
22 <
N124 216 022 , /

D92

Fig. 5. Active site of PP1C A bound to two Mn?" ions, shown with secondary structure and (inserts) isolated primary coordination spheres — PDB: 4MOV [60]. Red
Spheres: H,0. Sites of proposed pHis present as coordinating ligands: H66, H173, H248. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 6. Binding site of PP1C B bound to two
Mn?* ions shown with secondary structure
and the isolated primary coordination
spheres — PDB: 1570 [61]. Red Spheres: H20.
Sites of suggested pHis present as coordi-
nating ligands: H65, H124 (dark gray dash),
H172, H247. While H124 is proximal to the
metal binding site at 3.9 A, it is unlikely a
primary coordination sphere ligand. (For
interpretation of the references to colour in

this figure legend, the reader is referred to
H172  the web version of this article.)

S . gh e $20 H94
2.1 ‘Zn

H119

Fig. 7. Binding site of CA2 highlighting its secondary structure and primary coordination sphere - PDB: 4WL4 [64]. Red Sphere: H,O. Sites of proposed pHis present
as coordinating ligands: H94, H96, H119. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[64]. One interpretation of the data would be that loss of a single
coordinating histidine residue (H94) is sufficient to negatively regulate
catalysis in CA8. This would be consistent with the observation that
mutations of CA2 that include coordinating histidine residues lead to
decreased catalytic activity.

Another enzymatic protein currently known to experience metal
binding and reversible histidine phosphorylation is Pyruvate Kinase M2
(PKM2). PKM2 is implicated in glucose consumption, cell proliferation,
and transcriptional regulation [71,72]. In one report from Dombrauckas
et al. the structure of tetrameric PKM2 was elucidated by XRD in com-
plex with multiple metal ions, an allosteric activator, and an inhibitor
which suggests regulation of this protein is likely results from a complex
mixture of chemical stimuli [71].

The tetrameric structure of PKM2 is a dimer of dimers, in which each
monomer consists of four domains labelled A = D [71]. The active site of
PKM2 resides at a cleft between the A and B domains [71]. In order to
successfully promote the transformation of phosphoenolpyruvate into
pyruvate + ATP, two metal ions are required — a monovalent metal
cation (e.g., K") and two divalent cations (e.g., Mg?", Mn®") [71]. In
addition to the requirement for metal cofactors, there is a rich body of
evidence suggesting multiple PTMs including phosphorylation alloste-
rically control enzyme activity [73-76]. In Fig. 9, binding of one K* and
one Mg>" is observed by XRD, however the histidine residue suggested

to undergo phosphorylation (H78) is not located in the primary coor-
dination sphere of either metal [8,77]. While this suggests that metal
binding isn't directly inhibited by reversible histidine phosphorylation,
pHis may play a role in mediating cofactor binding due to its proximity
to the coordination sphere as shown in Fig. 9. The precise role of
reversible histidine phosphorylation in PKM2 regulation therefore re-
mains unknown.

The final two enzymes presented in Table 1 also act as signaling
proteins - KSR1 (Kinase Suppressor of Ras 1) and Prune. Human Prune
belongs to the DHH (Asp-His-His) family of phosphoesterases, active in
the regulation of cAMP and ¢cGMP [78]. Prune has been implicated in
cell motility and cancers, including breast, melanoma, and liver me-
tastases [78,79]. The DHH sequence of Prune is conserved across several
species, including H. sapiens, M. mulatta, and M. musculus [78]. The two
sites of proposed histidine phosphorylation, H107 and H108, are not
only conserved between species but are closely associated with the metal
binding site which contains two ions, Mg?" and/or Mn%" [8,79]. Mu-
tation studies aimed at discovering which residues are crucial for Prune
activity revealed that D28, D126, H127, R128, P129, and D179 are
essential for phosphodiesterase activity, consistent with each residue
contributing to catalysis [79]. This finding may suggest that pHis at
H107 and H108 could indirectly regulate activity, however as the crystal
structure of Prune has yet to be elucidated the extent to which pHis
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Fig. 8. Binding site of CA8 highlighting its secondary structure and primary coordination sphere - PDB: 2W2J [64]. Red spheres: H,0; black sphere (Cl): hypothetical
zinc binding site. Distances shown correspond to a single Chloride ion found in the crystal structure. Sites of suggested pHis present as coordinating ligands: H118,
H141. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

might impact the protein structure remains unclear. In other DHH pro-
teins such as RecJ (PDB: 1IR6), a known metal binding site containing
histidine residues H160 and H161 directly coordinate Mn?" at distances
of 2.2 and 3.2 A, respectively [80]. Regrettably, based on the poor
alignment between RecJ and Prune, significant conclusions cannot be
extrapolated; however, the potential of pHis to regulate the phos-
phoesterase activity of Prune remains.

In contrast to Prune, the RAF (Rapidly Accelerated Fibrosarcoma)
family member KSR1 is a protein pseudokinase active as a positive
regulator in the Ras signaling pathway which mediates cell growth,
differentiation, and motility [81,82]. Misregulation of the intricate RAF
family pathways is strongly implicated in cancers [83]. The CA3
(Conserved Area) domain of KSR1 encompasses residues 303-397 and is
a cysteine rich domain that is zinc finger-like and contains two sites of
proposed histidine phosphorylation — H348 and H381 [8]. While the
structure of KSR1 in a metal-bound or apo state has not yet been
elucidated, KSR1 possesses a high degree of conservation with its family
members BRAF and KRas, as shown in Scheme 2 and Fig. 10 [84]. In
each instance, three cysteines and a single histidine coordinate Zn?* in
two separate binding sites. Both histidines suggested to undergo phos-
phorylation serve as ligands to Zn?>* in KRas, and using KRas as a model
for KSR1, it is likely that KSR1 binds Zn%* similarly (Fig. 10) [85]. This
conservation suggests that H348 and H381 in KSR1 which may be
reversibly phosphorylated may also bind Zn?" directly, thereby
participating in protein regulation.

3. Challenges and implications for studying histidine
phosphorylation

There are several innate challenges to studying systems employing
pHis in a regulatory capacity, one of which is the relative hydrolytic
instability of the phosphoramidate (P—N) bond of phosphohistidine
[24]. Phosphohistidine has two biologically relevant isomers, 1-pHis
and 3-pHis (Scheme 1) which are highly sensitive to pH and tempera-
ture [25]. While 3-pHis is more stable than 1-pHis, it is still readily
hydrolyzed to lose phosphate under mildly acidic conditions with a
large, favorable AG® of —12 to —14 kealemol ! [9,25,86-88]. This fact
has historically made detection, verification, and exact positional
assignment of phosphohistidine in proteins challenging, leading to its

underestimation and underrepresentation in the literature [89]. To our
knowledge, no incidents of mammalian metalloproteins containing pHis
within coordination proximity of a metal ion have been documented
crystallographically, thus complicating elucidation of the molecular
basis for pHis regulatory mechanisms in these proteins. One route to
overcome instability has been the development of pHis mimics capable
of withstanding time, heat, and low pH, which have enabled in-
vestigators to identify new histidine kinases, phosphatases, and regu-
latory roles [8,27,28,90]. Application of mimics can provide strong
circumstantial evidence if a comparison of a control protein (native
histidine) and pHis mimic protein result in remarkably different activity.
For example, a chemical approach could involve K,q determination for a
metal binding reaction. If a pHis mimic significantly reduces metal ion
affinity versus a native His control, phosphorylation may impact the
steric and electronic ligand properties guiding metal binding at the
affected residue. Alternatively, if phosphohistidine causes a significant
alteration in protein secondary structure, examining a native histidine
control in comparison to a pHis mimic by Circular Dichrosism (CD)
spectroscopy could highlight how the PTM modifies structure on a larger
scale. Even though approaches utilizing mimics do not exactly replicate
pHis systems, they can be used to drive mechanistic hypotheses.

One unique challenge arising from the multiple isomers of pHis is
precise determination of histidine's multiple modes of coordination (N
vs N3). Just as histidine phosphorylation can occur on either nitrogen of
imidazole (1-pHis vs 3-pHis, Scheme 1), metal coordination can occur at
either imidazole site as shown in Fig. 11 [91]. The pyridine-like Ny ni-
trogen is a strong c-donor, modest c-acceptor, and a weak n-acceptor
[92]. As the lone pair of N; is oriented outward, instead of contributing
to aromaticity, it is a strong Lewis base (and c-donor) which favorably
interacts with strong Lewis acids such as transition metals. The pyrrole-
like N3 nitrogen contributes its lone pair in an unhybridized p orbital to
establish the aromaticity of the ring, however the electron rich nature of
the ring's n-system also interacts strongly with Lewis acidic metal ions
(Fig. 11). As a diamagnetic metal ion with a ground state d'° electron
configuration, Zn?" is an intermediate acid as per hard-soft acid-base
theory (HSAB) and imidazole is an intermediate base. Therefore, pref-
erence for coordination site may instead depend on steric factors that
restrict free rotation or alter the geometric environment [93]. In the
context of histidine phosphorylation, both steric and electronic factors
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Fig. 9. Binding site of PKM2 highlighting its secondary structure and primary coordination sphere - PDB: 3BJF [77]. Red spheres: H;O. Sites of suggested pHis
present in the metal binding landscape: H78. The Mg?"-coordinating inhibitor, oxalate, was omitted for clarity. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

THRFSTKS WLSQVCHVCQKSMIFGVKCKHCRLKCHNKC TKEAPAC

THNFVRKTFFTLAFCDFCRKLLFQGFRCQTCGYKFHQRCSTEVPLMC

THNFARKTFLKLAFC DICQKFLL NGFRCQTCGYKFHEHCSTKVPTMC

Scheme 2. Sequences for KSR1 (top; UniProt: Q8IVT5), BRAF (middle; UniProt: P15056), and KRas (bottom; PDB: 6XI7) demonstrating the conserved cysteine rich

domain with the phosphorylated histidine residues, H348 and H381 [84].

would undoubtedly play a key role in determining the effects upon metal
coordination. Whether pHis can serve as a good ligand is an open
question. Phosphorylation at the Nj vs N3 site would impact the primary
coordination sphere of the metal ion significantly, as would the con-
version of a neutral imidazole ligand to a negatively charged phosphate.
It is worth noting that other instances of residue phosphorylation have
been shown to increase a metal's affinity for its protein target, and that
the instability of pHis in short peptides may not be predictive of its
stability in a folded peptide [20].

Finally, as a result of being a relatively new area of study, not every
instance of histidine phosphorylation is found in a well-studied system

such as KCa3.1 which has been thoroughly structurally characterized
using cryo-EM and XRD. One alternative method to develop and explore
mechanistic hypotheses is to examine the degree of conservation in a
family of proteins. For example, in Table 1 three zinc fingers are listed
including C3H and C2H2 types (C3H: 3 cysteine, 1 histidine; C2H2: 2
cysteine, 2 histidine). The C2H2 zinc finger is a common DNA-binding
motif with a highly conserved f-p-a structure following the pattern (F/
Y)-X-C-X5 5-C-X3-(F/Y)-Xs5-y-Xo-H-X3 5-H where X is any amino acid
and vy is a hydrophobic residue [41]. In a survey of human genes con-
taining C2H2 zinc fingers, it was found that site specific mutation of one
coordinating histidine to tyrosine was detected in skin cutaneous
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Fig. 10. Zn* binding sites of KRas (PDB: 6XI7) highlighting the secondary structure and the primary coordination spheres [84]. Based on the conservation of KRas
and KSR1 shown in Scheme 2, it is plausible that the imidazole coordination seen in KRas is similar to that of KSR1, and H348 and H381 in KSR1 likely serve as Zn?*

binding residues.
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Fig. 11. Histidine is known to coordinate metals through different sites. In free
histidine, the carboxyl and amine groups can bind, however when incorporated
into a protein structure, histidine typically binds metal ions via one of its two
imidazole nitrogen atoms.

melanomas [39]. Substitution of a bulky and poorly coordinating tyro-
sine residue for histidine sufficiently disrupts zinc binding and leads to
loss of function, consistent with the observation that the namesake Zn**
ion strongly prefers a tetrahedral environment [39,94]. Though the
precise effects of histidine phosphorylation on a zinc-coordinating res-
idue are not yet known, based on the detrimental substitution of tyrosine
for histidine, it is likely that pHis would directly and negatively impact
the primary Zn?* coordination sphere. Thus even if a new protein is not
thoroughly studied, hypotheses can be made if the protein family is
highly conserved.

4. Discussion

In this focused review, eleven metalloproteins known to undergo
reversible histidine phosphorylation have been highlighted with respect
to their metal binding sites. In several instances the histidine residues
known or proposed to undergo phosphorylation are also in the primary
coordination sphere of the metal ions serving as ligands. However, the
proximity of any pHis residue raises questions about how reversible
histidine phosphorylation acts on metal binding sites, either through
direct occupation of a primary coordination sphere ligand or indirect

10

manipulation of the metal binding pocket through steric accommoda-
tion of a phosphate group. In order to more fully understand how pHis
regulates metalloproteins, experimental evidence for (a) the exact site of
phosphorylation and (b) the pHis isomer present (1-pHis vs 3-pHis) are
necessary. The location and isomer of phosphohistidine are key pieces of
evidence to understand the mechanism of regulation in its own right as
the relative stability of each isomer may dictate how persistent it is in
the metal binding site. For the remaining examples that do not suggest
direct coordination of histidine to a metal, the means of regulation are
even less obvious. Their proximity to a binding site may result in pHis
mediated conformational changes that reversibly activate the protein, or
create a less favorable environment for cofactors to bind. Unequivocally
determining how pHis acts in a regulatory capacity in each system
presents unique challenges, one of which is the hydrolytic instability of
pHis itself. With the emergence of stable pHis mimics, a significant
hurdle to chemically interrogating these proteins has already been
mitigated. However, judicious application of mimics and careful
experimental design are paramount to accurately determine and
extrapolate the role of pHis in proteins. As new sites of pHis are
discovered in metalloproteins, these tools and techniques will help
elucidate the means by which this long overlooked PTM exerts its reg-
ulatory influence.

Declaration of Competing Interest
None to declare.
Acknowledgements

We thank the National Science Foundation (CHE 2003513) and the
ALSAM Foundation for supporting our work in this area.

References

[1] P.D. Boyer, M. DeLuca, K.E. Ebner, D.E. Hultquist, J.B. Peter, Identification of
phosphohistidine in digests from a probable intermediate of oxidative


http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0005
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0005

C.L. Mathis and A.M. Barrios

[2]
[31

[4]

[5]

[6

[}

[7]

[8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

phosphorylation, J. Biol. Chem. 10 (237) (1962) PC3306-PC3308. PMCID:
14014715.

T. Hunter, The genesis of tyrosine phosphorylation, Cold Spring Harb. Perspect.
Biol. 6 (5) (2014) a020644, https://doi.org/10.1101/cshperspect.a020644.

P. Cohen, The origins of protein phosphorylation, Nat. Cell Biol. 4 (2002)
E127-E130, https://doi.org/10.1038/ncb0502-e127.

T.A. Langan, Phosphorylation of liver histone following the administration of
glucagon and insulin, Proc. Natl. Acad. Sci. 64 (4) (1969) 1276-1283, https://doi.
org/10.1073/pnas.64.4.1276.

W. Eckhart, M.A. Hutchinson, T. Hunter, An activity phosphorylating tyrosine in
polyoma T antigen immunoprecipitates, Cell 18 (4) (1979) 925-933, https://doi.
org/10.1016/0092-8674(79)90205-8.

H.R. Matthews, Protein kinases and phosphatases that act on histidine, lysine, or
arginine residues in eukaryotic proteins: a possible regulator of the mitogen-
activated protein kinase cascade, Pharmacol. Therapeut. 67 (3) (1995) 323-350,
https://doi.org/10.1016,/0163-7258(95)00020-8.

R. Boyer, Posttranslational modification of proteins: expanding nature’s inventory.
Christopher T. Walsh, Roberts & Company Publishers, Greenwood Village, CO,
2005, 576 pp, ISBN 0-9747077-3-2, Biochem. Mol. Biol. Educ. 34 (6) (2006)
461-462, https://doi.org/10.1002/bmb.2006.494034069996.

S.R. Fuhs, T. Hunter, pHisphorylation: the emergence of histidine phosphorylation
as a reversible regulatory modification, Curr. Opin. Cell Biol. 45 (2017) 8-16,
https://doi.org/10.1016/j.ceb.2016.12.010.

P.V. Attwood, M.J. Piggott, X.L. Zu, P.G. Besant, Focus on phosphohistidine, Amino
Acids 32 (1) (2007) 145-156, https://doi.org/10.1007/s00726-006-0443-6.

S.-X. Han, L.-J. Wang, J. Zhao, Y. Zhang, M. Li, X. Zhou, J. Wang, Q. Zhu, 14-KDa
phosphohistidine phosphatase plays an important role in hepatocellular carcinoma
cell proliferation, Oncol. Lett. 4 (4) (2012) 658-664, https://doi.org/10.3892/
01.2012.802.

H. Shen, P. Yang, Q. Liu, Y. Tian, Nuclear expression and clinical significance of
phosphohistidine phosphatase 1 in clear-cell renal cell carcinoma, J. Int. Med. Res.
43 (6) (2015) 747-757, https://doi.org/10.1177/0300060515587576.

A.-J. Xu, X.-H. Xia, S.-T. Du, J.-C. Gu, Clinical significance of PHPT1 protein
expression in lung cancer, Chin. Med. J. 123 (22) (2010) 3247-3251. PMCID:
21163124,

W. Shi, M.R. Chance, Metalloproteomics: forward and reverse approaches in
metalloprotein structural and functional characterization, Curr. Opin. Chem. Biol.
15 (1) (2011) 144-148, https://doi.org/10.1016/j.cbpa.2010.11.004.

S. Barber-Zucker, B. Shaanan, R. Zarivach, Transition metal binding selectivity in
proteins and its correlation with the phylogenomic classification of the cation
diffusion facilitator protein family, Sci. Rep. 7 (1) (2017) 16381, https://doi.org/
10.1038/541598-017-16777-5.

1. Dokmanié, M. Siki¢, S. Tomi¢, Metals in proteins: correlation between the metal-
ion type, coordination number and the amino-acid residues involved in the
coordination, Acta Cryst. 64 (3) (2008) 257-263, https://doi.org/10.1107/
s090744490706595x.

L. RuliSek, J. Vondrasek, Coordination geometries of selected transition metal ions
(Co?*, Ni%*, cu*, zn?*, Cd®*, and Hg?") in metalloproteins, J. Inorg. Biochem. 71
(3) (1998) 115-127, https://doi.org/10.1016/50162-0134(98)10042-9.

P. Vlastaridis, P. Kyriakidou, A. Chaliotis, Y. Van de Peer, S.G. Oliver, G.

D. Amoutzias, Estimating the total number of phosphoproteins and
phosphorylation sites in eukaryotic proteomes, Gigascience 6 (2) (2017), https://
doi.org/10.1093/gigascience/giw015 giw015.

R. Kriiger, D. Kiibler, R. Pallissé, A. Burkovski, W.D. Lehmann, Protein and
proteome phosphorylation stoichiometry analysis by element mass spectrometry,
Anal. Chem. 78 (6) (2006) 1987-1994, https://doi.org/10.1021/ac051896z.

F. Ardito, M. Giuliani, D. Perrone, G. Troiano, L.L. Muzio, The crucial role of
protein phosphorylation in cell signaling and its use as targeted therapy (review),
Int. J. Mol. Med. 40 (2) (2017) 271-280, https://doi.org/10.3892/
ijmm.2017.3036.

G.S. Baldwin, M.F. Bailey, B.P. Shehan, I. Sims, R.S. Norton, Tyrosine modification
enhances metal-ion binding, Biochem. J. 416 (1) (2008) 77-84, https://doi.org/
10.1042/bj20081059.

L.L. Liu, K.J. Franz, Phosphorylation of an a-synuclein peptide fragment enhances
metal binding, J. Am. Chem. Soc. 127 (27) (2005) 9662-9663, https://doi.org/
10.1021/ja043247v.

0. Yamauchi, A. Odani, H. Masuda, Weak interactions in metal complexes of amino
acids with a phosphorylated side chain. Conversion of aromatic ring stacking to
electrostatic bonding by tyrosine phosphorylation, Inorg. Chim. Acta 198 (1992)
749-761, https://doi.org/10.1016/50020-1693(00)92420-4.

E. Bellomo, K.B. Singh, A. Massarotti, C. Hogstrand, W. Maret, The metal face of
protein tyrosine phosphatase 1B, Coord. Chem. Rev. 327 (2016) 70-83, https://
doi.org/10.1016/j.ccr.2016.07.002.

S. Mukai, G.R. Flematti, L.T. Byrne, P.G. Besant, P.V. Attwood, M.J. Piggott, Stable
triazolylphosphonate analogues of phosphohistidine, Amino Acids 43 (2) (2012)
857-874, https://doi.org/10.1007/s00726-011-1145-2.

K. Adam, T. Hunter, Histidine kinases and the missing phosphoproteome from
prokaryotes to eukaryotes, Lab. Investig. 2 (98) (2018) 233-247, https://doi.org/
10.1038/labinvest.2017.118.

S. Napper, J. Kindrachuk, D.J.H. Olson, S.J. Ambrose, C. Dereniwsky, A.R.S. Ross,
Selective extraction and characterization of a histidine-phosphorylated peptide
using immobilized copper(Il) ion affinity chromatography and matrix-assisted laser
desorption/jonization time-of-flight mass spectrometry, Anal. Chem. 75 (7) (2003)
1741-1747, https://doi.org/10.1021/ac026340f.

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, T. Hunter, Monoclonal 1- and 3-

11

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Journal of Inorganic Biochemistry 225 (2021) 111606

phosphohistidine antibodies: new tools to study histidine phosphorylation, Cell
162 (1) (2015) 198-210, https://doi.org/10.1016/j.cell.2015.05.046.

R. Kalagiri, R.L. Stanfield, J. Meisenhelder, J.J. La Clair, S.R. Fuhs, I.A. Wilson,
T. Hunter, Structural basis for differential recognition of phosphohistidine-
containing peptides by 1-pHis and 3-pHis monoclonal antibodies, Proc. Natl. Acad.
Sci. 118 (6) (2021), e2010644118, https://doi.org/10.1073/pnas.2010644118.
Y. Gao, H. Lee, O.K. Kwon, Z. Cheng, M. Tan, K.-T. Kim, S. Lee, Profiling of
histidine phosphoproteome in Danio rerio by TiO, enrichment, Proteomics 19 (9)
(2019) 1800471, https://doi.org/10.1002/pmic.201800471.

S. Srivastava, S. Panda, Z. Li, S.R. Fuhs, T. Hunter, D.J. Thiele, S.R. Hubbard, E.
Y. Skolnik, Histidine phosphorylation relieves copper inhibition in the mammalian
potassium channel KCa3.1, Elife 5 (2016), https://doi.org/10.7554/¢elife.16093
e16093.

C.-C. Chou, C.A. Lunn, N.J. Murgolo, KCa3.1: target and marker for cancer,
autoimmune disorder and vascular inflammation? Expert Rev. Mol. Diagn. 8 (2)
(2008) 179-187, https://doi.org/10.1586,/14737159.8.2.179.

C. Freise, U. Querfeld, Inhibition of vascular calcification by block of intermediate
conductance calcium-activated potassium channels with TRAM-34, Pharmacol.
Res. 85 (2014) 6-14, https://doi.org/10.1016/j.phrs.2014.04.013.

S. Srivastava, Z. Li, K. Ko, P. Choudhury, M. Albaqumi, A.K. Johnson, Y. Yan, J.
M. Backer, D. Unutmaz, W.A. Coetzee, E.Y. Skolnik, Histidine phosphorylation of
the potassium channel KCa3.1 by nucleoside diphosphate kinase B is required for
activation of KCa3.1 and CD4 T cells, Mol. Cell 24 (5) (2006) 665-675, https://doi.
org/10.1016/j.molcel.2006.11.012.

S. Ohya, H. Kito, Ca®*-activated K* channel Kc,3.1 as a therapeutic target for
immune disorders, Biol. Pharm. Bull. 41 (8) (2018) 1158-1163, https://doi.org/
10.1248/bpb.b18-00078.

M. Diifer, B. Gier, D. Wolpers, P. Krippeit-Drews, P. Ruth, G. Drews, Enhanced
glucose tolerance by SK4 channel inhibition in pancreatic p-cells, Diabetes 58 (8)
(2009) 1835-1843, https://doi.org/10.2337/db08-1324.

C.-H. Lee, R. MacKinnon, Activation mechanism of a human SK-calmodulin
channel complex elucidated by Cryo-EM structures, Science 360 (6388) (2018)
508-513, https://doi.org/10.1126/science.aas9466.

T. Ji, S. Corbalan-Garcia, S.R. Hubbard, Crystal structure of the C-terminal four-
helix bundle of the potassium channel KCa3.1, PLoS One 13 (6) (2018), https://
doi.org/10.1371/journal.pone.0199942 e0199942.

N. Pavletich, C. Pabo, Crystal structure of a five-finger GLI-DNA complex: new
perspectives on zinc fingers, Science 261 (5129) (1993) 1701-1707, https://doi.
org/10.1126/science.8378770.

D. Munro, D. Ghersi, M. Singh, Two critical positions in zinc finger domains are
heavily mutated in three human Cancer types, PLoS Comput. Biol. 14 (6) (2018),
1006290, https://doi.org/10.1371/journal.pcbi.1006290.

C.0. Pabo, E. Peisach, R.A. Grant, Design and selection of novel Cys2His2 zinc
finger proteins, Annu. Rev. Biochem. 70 (1) (2001) 313-340, https://doi.org/
10.1146/annurev.biochem.70.1.313.

S.A. Wolfe, L. Nekludova, C.O. Pabo, DNA recognition by Cys2His2 zinc finger
proteins, Annu. Rev. Biophys. Biomol. Struct. 29 (1) (2000) 183-212, https://doi.
org/10.1146/annurev.biophys.29.1.183.

F.M. Huber, S.M. Greenblatt, A.M. Davenport, C. Martinez, Y. Xu, L.P. Vu, S.

D. Nimer, A. Hoelz, Histone-binding of DPF2 mediates its repressive role in
myeloid differentiation, Proc. Natl. Acad. Sci. 114 (23) (2017) 6016-6021, https://
doi.org/10.1073/pnas.1700328114.

M.Y. Kim, J. Park, J.J. Lee, D.H. Ha, J. Kim, C.G. Kim, J. Hwang, C.G. Kim,
Staufenl-mediated MRNA decay induces requiem mRNA decay through binding of
Staufenl to the requiem 3'UTR, Nucleic Acids Res. 42 (11) (2014) 6999-7011,
https://doi.org/10.1093/nar/gku388.

G. Vasileiou, S. Vergarajauregui, S. Endele, B. Popp, C. Biittner, A.B. Ekici,

M. Gerard, N.C. Bramswig, B. Albrecht, J. Clayton-Smith, J. Morton, S. Tomkins,
K. Low, A. Weber, M. Wenzel, J. Altmiiller, Y. Li, B. Wollnik, G. Hoganson, M.-
R. Plona, M.T. Cho, Deciphering Developmental Disorders Study, C.T. Thiel, H.-
J. Liidecke, T.M. Strom, E. Calpena, A.O.M. Wilkie, D. Wieczorek, F.B. Engel,

A. Reis, Mutations in the BAF-complex subunit DPF2 are associated with coffin-siris
syndrome, Am. J. Hum. Genet. 102 (3) (2018) 468-479, https://doi.org/10.1016/
j.ajhg.2018.01.014.

L.P. Vu, F. Perna, L. Wang, F. Voza, M.E. Figueroa, P. Tempst, H. Erdjument-
Bromage, R. Gao, S. Chen, E. Paietta, T. Deblasio, A. Melnick, Y. Liu, X. Zhao, S.
D. Nimer, PRMT4 blocks myeloid differentiation by assembling a methyl-RUNX1-
dependent repressor complex, Cell Rep. 5 (6) (2013) 1625-1638, https://doi.org/
10.1016/j.celrep.2013.11.025.

X. Xiong, T. Panchenko, S. Yang, S. Zhao, P. Yan, W. Zhang, W. Xie, Y. Li, Y. Zhao,
C.D. Allis, H. Li, Selective recognition of histone crotonylation by double PHD
fingers of MOZ and DPF2, Nat. Chem. Biol. 12 (12) (2016) 1111-1118, https://doi.
org/10.1038/nchembio.2218.

W. Zhang, C. Xu, C. Bian, W. Tempel, L. Crombet, F. MacKenzie, J. Min, Z. Liu,
C. Qi, Crystal structure of the Cys2His2-type zinc finger domain of human DPF2,
Biochem. Biophys. Res. Commun. 413 (1) (2011) 58-61, https://doi.org/10.1016/
j.bbrc.2011.08.043.

T. Tando, A. Ishizaka, H. Watanabe, T. Ito, S. Iida, T. Haraguchi, T. Mizutani,

T. Izumi, T. Isobe, T. Akiyama, J. Inoue, H. Iba, Requiem protein links RelB/p52
and the Brm-type SWI/SNF complex in a noncanonical NF-kB pathway, J. Biol.
Chem. 285 (29) (2010) P21951-P21960, https://doi.org/10.1074/jbc.
m109.087783.

M.K. Tran, K. Kurakula, D.S. Koenis, C.J.M. de Vries, Protein—protein interactions
of the LIM-only protein FHL2 and functional implication of the interactions
relevant in cardiovascular disease, Biochim. Biophys. Acta 1863 (2) (2016)
219-228, https://doi.org/10.1016/j.bbamcr.2015.11.002.


http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0005
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0005
https://doi.org/10.1101/cshperspect.a020644
https://doi.org/10.1038/ncb0502-e127
https://doi.org/10.1073/pnas.64.4.1276
https://doi.org/10.1073/pnas.64.4.1276
https://doi.org/10.1016/0092-8674(79)90205-8
https://doi.org/10.1016/0092-8674(79)90205-8
https://doi.org/10.1016/0163-7258(95)00020-8
https://doi.org/10.1002/bmb.2006.494034069996
https://doi.org/10.1016/j.ceb.2016.12.010
https://doi.org/10.1007/s00726-006-0443-6
https://doi.org/10.3892/ol.2012.802
https://doi.org/10.3892/ol.2012.802
https://doi.org/10.1177/0300060515587576
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0060
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0060
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0060
https://doi.org/10.1016/j.cbpa.2010.11.004
https://doi.org/10.1038/s41598-017-16777-5
https://doi.org/10.1038/s41598-017-16777-5
https://doi.org/10.1107/s090744490706595x
https://doi.org/10.1107/s090744490706595x
https://doi.org/10.1016/S0162-0134(98)10042-9
https://doi.org/10.1093/gigascience/giw015
https://doi.org/10.1093/gigascience/giw015
https://doi.org/10.1021/ac051896z
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.1042/bj20081059
https://doi.org/10.1042/bj20081059
https://doi.org/10.1021/ja043247v
https://doi.org/10.1021/ja043247v
https://doi.org/10.1016/s0020-1693(00)92420-4
https://doi.org/10.1016/j.ccr.2016.07.002
https://doi.org/10.1016/j.ccr.2016.07.002
https://doi.org/10.1007/s00726-011-1145-2
https://doi.org/10.1038/labinvest.2017.118
https://doi.org/10.1038/labinvest.2017.118
https://doi.org/10.1021/ac026340f
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1073/pnas.2010644118
https://doi.org/10.1002/pmic.201800471
https://doi.org/10.7554/elife.16093
https://doi.org/10.1586/14737159.8.2.179
https://doi.org/10.1016/j.phrs.2014.04.013
https://doi.org/10.1016/j.molcel.2006.11.012
https://doi.org/10.1016/j.molcel.2006.11.012
https://doi.org/10.1248/bpb.b18-00078
https://doi.org/10.1248/bpb.b18-00078
https://doi.org/10.2337/db08-1324
https://doi.org/10.1126/science.aas9466
https://doi.org/10.1371/journal.pone.0199942
https://doi.org/10.1371/journal.pone.0199942
https://doi.org/10.1126/science.8378770
https://doi.org/10.1126/science.8378770
https://doi.org/10.1371/journal.pcbi.1006290
https://doi.org/10.1146/annurev.biochem.70.1.313
https://doi.org/10.1146/annurev.biochem.70.1.313
https://doi.org/10.1146/annurev.biophys.29.1.183
https://doi.org/10.1146/annurev.biophys.29.1.183
https://doi.org/10.1073/pnas.1700328114
https://doi.org/10.1073/pnas.1700328114
https://doi.org/10.1093/nar/gku388
https://doi.org/10.1016/j.ajhg.2018.01.014
https://doi.org/10.1016/j.ajhg.2018.01.014
https://doi.org/10.1016/j.celrep.2013.11.025
https://doi.org/10.1016/j.celrep.2013.11.025
https://doi.org/10.1038/nchembio.2218
https://doi.org/10.1038/nchembio.2218
https://doi.org/10.1016/j.bbrc.2011.08.043
https://doi.org/10.1016/j.bbrc.2011.08.043
https://doi.org/10.1074/jbc.m109.087783
https://doi.org/10.1074/jbc.m109.087783
https://doi.org/10.1016/j.bbamcr.2015.11.002

C.L. Mathis and A.M. Barrios

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

A. Velyvis, J. Qin, LIM Domains and Its Binding to Target Proteins, Madame Curie
Bioscience Database, 2021. https://www.ncbi.nlm.nih.gov/books/NBK6372/
(accessed April 1, 2021).

V. Wixler, The role of FHL2 in wound healing and inflammation, FASEB J. 33 (7)
(2019) 7799-7809, https://doi.org/10.1096/f].201802765rr.

K. Kleiber, K. Strebhardt, B.T. Martin, The biological relevance of FHL2 in tumour
cells and its role as a putative cancer target, Anticancer Res. 27 (1A) (2007) 55-62.
17352216.

1. Schmutz, S. Wendt, A. Schnell, A. Kramer, I.M. Mansuy, U. Albrecht, Protein
phosphatase 1 (PP1) is a post-translational regulator of the mammalian circadian
clock, PLoS One 6 (6) (2011), e21325, https://doi.org/10.1371/journal.
pone.0021325.

H. Ceulemans, M. Bollen, Functional diversity of protein Phosphatase-1, a cellular
economizer and reset button, Physiol. Rev. 84 (1) (2004) 1-39, https://doi.org/
10.1152/physrev.00013.2003.

M.S. Kelker, R. Page, W. Peti, Crystal structures of protein phosphatase-1 bound to
nodularin-R and tautomycin: a novel scaffold for structure-based drug design of
serine/threonine phosphatase inhibitors, J. Mol. Biol. 385 (1) (2009) 11-21,
https://doi.org/10.1016/j.jmb.2008.10.053.

W. Peti, A.C. Nairn, R. Page, Structural basis for protein phosphatase 1 regulation
and specificity, FEBS J. 280 (2) (2013) 596-611, https://doi.org/10.1111/j.1742-
4658.2012.08509.x.

J. Yu, T. Deng, S. Xiang, Structural basis for protein phosphatase 1 recruitment by
glycogen-targeting subunits, FEBS J. 285 (24) (2018) 46464659, https://doi.org/
10.1111/febs.14699.

J. Goldberg, H.-B. Huang, Y.-G. Kwon, P. Greengard, A.C. Nairn, J. Kuriyan, Three-
dimensional structure of the catalytic subunit of protein serine/threonine
phosphatase-1, Nature 376 (6543) (1995) 745-753, https://doi.org/10.1038/
376745a0.

B. Dancheck, M.J. Ragusa, M. Allaire, A.C. Nairn, R. Page, W. Peti, Molecular
investigations of the structure and function of the protein phosphatase
1—spinophilin—inhibitor 2 heterotrimeric complex, Biochemistry 50 (7) (2011)
1238-1246, https://doi.org/10.1021/bil01774g.

M.S. Choy, M. Hieke, G.S. Kumar, G.R. Lewis, K.R. Gonzalez-DeWhitt, R.P. Kessler,
B.J. Stein, M. Hessenberger, A.C. Nairn, W. Peti, R. Page, Understanding the
antagonism of retinoblastoma protein dephosphorylation by PNUTS provides
insights into the PP1 regulatory code, Proc. Natl. Acad. Sci. 111 (11) (2014)
4097-4102, https://doi.org/10.1073/pnas.1317395111.

M. Terrak, F. Kerff, K. Langsetmo, T. Tao, R. Dominguez, Structural basis of protein
phosphatase 1 regulation, Nature 429 (6993) (2004) 780-784, https://doi.org/
10.1038/nature02582.

P. Chakrabarti, Geometry of interaction of metal ions with histidine residues in
protein structures, Protein Eng. Des. Sel. 4 (1) (1990) 57-63, https://doi.org/
10.1093/protein/4.1.57.

G.N. Shah, G. Bonapace, P.Y. Hu, P. Strisciuglio, W.S. Sly, Carbonic anhydrase II
deficiency syndrome (osteopetrosis with renal tubular acidosis and brain
calcification): novel mutations in CA2 identified by direct sequencing expand the
opportunity for genotype-phenotype correlation, Hum. Mutat. 24 (3) (2004) 272,
https://doi.org/10.1002/humu.9266.

S.S. Picaud, J.R.C. Muniz, A. Kramm, E.S. Pilka, G. Kochan, U. Oppermann, W.
W. Yue, Crystal structure of human carbonic anhydrase-related protein VIII reveals
the basis for catalytic silencing, Proteins 76 (2) (2009) 507-511, https://doi.org/
10.1002/prot.22411.

A.E. Eriksson, T.A. Jones, A. Liljas, Refined structure of human carbonic anhydrase
Mat2.0 A resolution, Proteins 4 (4) (1988) 274-282, https://doi.org/10.1002/
prot.340040406.

C.A. Lesburg, C.-C. Huang, D.W. Christianson, C.A. Fierke, Histidine -
carboxamide ligand substitutions in the zinc binding site of carbonic anhydrase II
alter metal coordination geometry but retain catalytic activity, Biochemistry 36
(50) (1997) 15780-15791, https://doi.org/10.1021/bi971296x.

S.Z. Fisher, C. Tu, D. Bhatt, L. Govindasamy, M. Agbandje-McKenna, R. McKenna,
D.N. Silverman, Speeding up proton transfer in a fast enzyme: kinetic and
crystallographic studies on the effect of hydrophobic amino acid substitutions in
the active site of human carbonic anhydrase II, Biochemistry 46 (12) (2007)
3803-3813, https://doi.org/10.1021/bi602620k.

R.S. Alexander, L.L. Kiefer, C.A. Fierke, D.W. Christianson, Engineering the zinc
binding site of human carbonic anhydrase II: structure of the His-94 - Cys
Apoenzyme in a new crystalline form, Biochemistry 32 (6) (1993) 1510-1518,
https://doi.org/10.1021/bi00057a015.

P.J. Venta, R.J. Welty, T.M. Johnson, W.S. Sly, R.E. Tashian, Carbonic anhydrase I
deficiency syndrome in a belgian family is caused by a point mutation at an
invariant histidine residue (107 His Tyr): complete structure of the normal
human CA 1I Gene, Am. J. Hum. Genet. 49 (5) (1991) 1082-1090. PMCID:
PMC1683243.

Z. Fisher, J.A.H. Prada, C. Tu, D. Duda, C. Yoshioka, H. An, L. Govindasamy, D.
N. Silverman, R. McKenna, Structural and kinetic characterization of active-site
histidine as a proton shuttle in catalysis by human carbonic anhydrase II,
Biochemistry 44 (4) (2005) 1097-1105, https://doi.org/10.1021/bi0480279.
J.D. Dombrauckas, B.D. Santarsiero, A.D. Mesecar, Structural basis for tumor
pyruvate kinase M2 allosteric regulation and catalysis, Biochemistry 44 (27)
(2005) 9417-9429, https://doi.org/10.1021/bi0474923.

J. Lee, H.K. Kim, Y.-M. Han, J. Kim, Pyruvate kinase isozyme type M2 (PKM2)
interacts and cooperates with Oct-4 in regulating transcription, Int. J. Biochem.
Cell Biol. 40 (5) (2008) 1043-1054, https://doi.org/10.1016/j.
biocel.2007.11.009.

12

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Journal of Inorganic Biochemistry 225 (2021) 111606

H.P. Morgan, F.J. O'Reilly, M.A. Wear, J.R. O’Neill, L.A. Fothergill-Gilmore,

T. Hupp, M.D. Walkinshaw, M2 pyruvate kinase provides a mechanism for nutrient
sensing and regulation of cell proliferation, Proc. Natl. Acad. Sci. 110 (15) (2013)
5881-5886, hittps://doi.org/10.1073/pnas.1217157110.

T. Hitosugi, S. Kang, M.G. Vander Heiden, T.-W. Chung, S. Elf, K. Lythgoe, S. Dong,
S. Lonial, X. Wang, G.Z. Chen, J. Xie, T.-L. Gu, R.D. Polakiewicz, J.L. Roesel, T.
J. Boggon, F.R. Khuri, D.G. Gilliland, L.C. Cantley, J. Kaufman, J. Chen, Tyrosine
phosphorylation inhibits PKM2 to promote the warburg effect and tumor growth,
Sci. Signal. 2 (97) (2009), https://doi.org/10.1126/scisignal.2000431 ra 73.

L. Lv, D. Li, D. Zhao, R. Lin, Y. Chu, H. Zhang, Z. Zha, Y. Liu, Z. Li, Y. Xu, G. Wang,
Y. Huang, Y. Xiong, K.-L. Guan, Q.-Y. Lei, Acetylation targets the M2 isoform of
pyruvate kinase for degradation through chaperone-mediated autophagy and
promotes tumor growth, Mol. Cell 42 (6) (2011) 719-730, https://doi.org/
10.1016/j.molcel.2011.04.025.

S. Mazurek, Pyruvate kinase type M2: a key regulator of the metabolic budget
system in tumor cells, Int. J. Biochem. Cell Biol. 43 (7) (2011) 969-980, https://
doi.org/10.1016/j.biocel.2010.02.005.

H.R. Christofk, M.G. Vander Heiden, N. Wu, J.M. Asara, L.C. Cantley, Pyruvate
kinase M2 is a phosphotyrosine-binding protein, Nature 452 (7184) (2008)
181-186, https://doi.org/10.1038/nature06667.

M. Zollo, M. Ahmed, V. Ferrucci, V. Salpietro, F. Asadzadeh, M. Carotenuto,

R. Maroofian, A. Al-Amri, R. Singh, I. Scognamiglio, M. Mojarrad, L. Musella,

A. Duilio, A. Di Somma, E. Karaca, A. Rajab, A. Al-Khayat, T.M. Mohapatra,

A. Eslahi, F. Ashrafzadeh, L.E. Rawlins, R. Prasad, R. Gupta, P. Kumari,

M. Srivastava, F. Cozzolino, S.K. Rai, M. Monti, G.V. Harlalka, M.A. Simpson,

P. Rich, F. Al-Salmi, M.A. Patton, B.A. Chioza, S. Efthymiou, F. Granata, G. Di Rosa,
S. Wiethoff, E. Borgione, C. Scuderi, K. Mankad, M.G. Hanna, P. Pucci, H. Houlden,
J.R. Lupski, A.H. Crosby, E.L. Baple, PRUNE is crucial for normal brain
development and mutated in microcephaly with neurodevelopmental impairment,
Brain 140 (4) (2017) 940-952, https://doi.org/10.1093/brain/awx014.

A. D’Angelo, L. Garzia, A. André, P. Carotenuto, V. Aglio, O. Guardiola,

G. Arrigoni, A. Cossu, G. Palmieri, L. Aravind, M. Zollo, Prune cAMP
phosphodiesterase binds nm23-H1 and promotes cancer metastasis, Cancer Cell 5
(2) (2004) 137-149, https://doi.org/10.1016/51535-6108(04)00021-2.

A. Yamagata, Y. Kakuta, R. Masui, K. Fukuyama, The crystal structure of
exonuclease RecJ bound to Mn?" ion suggests how its characteristic motifs are
involved in exonuclease activity, Proc. Natl. Acad. Sci. 99 (9) (2002) 5908-5912,
https://doi.org/10.1073/pnas.092547099.

H. Lavoie, M. Sahmi, P. Maisonneuve, S.A. Marullo, N. Thevakumaran, T. Jin,

1. Kurinov, F. Sicheri, M. Therrien, MEK drives BRAF activation through allosteric
control of KSR proteins, Nature 554 (7693) (2018) 549-553, https://doi.org/
10.1038/nature25478.

B. Bell, H. Xing, K. Yan, N. Gautam, A.J. Muslin, KSR-1 binds to G-protein py
subunits and inhibits py-induced mitogen-activated protein kinase activation,

J. Biol. Chem. 274 (12) (1999) 7982-7986, https://doi.org/10.1074/
jbc.274.12.7982.

Z. Karoulia, E. Gavathiotis, P.I. Poulikakos, New perspectives for targeting RAF
kinase in human cancer, Nat. Rev. Cancer 17 (11) (2017) 676-691, https://doi.
org/10.1038/nrc.2017.79.

T.H. Tran, A.H. Chan, L.C. Young, L. Bindu, C. Neale, S. Messing, S. Dharmaiah,
T. Taylor, J.-P. Denson, D. Esposito, D.V. Nissley, A.G. Stephen, F. McCormick, D.
K. Simanshu, KRAS interaction with RAF1 RAS-binding domain and cysteine-rich
domain provides insights into RAS-mediated RAF activation, Nat. Commun. 12 (1)
(2021) 1176, https://doi.org/10.1038/s41467-021-21422-x.

H.R. Mott, J.W. Carpenter, S. Zhong, S. Ghosh, R.M. Bell, S.L. Campbell, The
solution structure of the Raf-1 cysteine-rich domain: a novel ras and phospholipid
binding site, Proc. Natl. Acad. Sci. 93 (16) (1996) 8312-8317, https://doi.org/
10.1073/pnas.93.16.8312.

D.E. Hultquist, The preparation and characterization of phosphorylated derivatives
of histidine, Biochim. Biophys. Acta 153 (2) (1968) 329-340, https://doi.org/
10.1016/0005-2728(68)90078-9.

M.-B. Gonzalez-Sanchez, F. Lanucara, M. Helm, C.E. Eyers, Attempting to rewrite
History: challenges with the analysis of histidine-phosphorylated peptides,
Biochem. Soc. Trans. 41 (4) (2013) 1089-1095, https://doi.org/10.1042/
bst20130072.

J.B. Stock, A.M. Stock, J.M. Mottonen, Signal transduction in bacteria, Nature 344
(1990) 395-400, https://doi.org/10.1038/344395a0.

M.V. Makwana, R. Muimo, R.F. Jackson, Advances in development of new tools for
the study of phosphohistidine, Lab. Investig. 98 (3) (2018) 291-303, https://doi.
org/10.1038/labinvest.2017.126.

M.V. Makwana, C. Dos Santos Souza, B.T. Pickup, M.J. Thompson, S.K. Lomada,
Y. Feng, T. Wieland, R.F.W. Jackson, R. Muimo, Chemical Tools for Study of
Phosphohistidine: Generation of Selective t-Phosphohistidine and
n-Phosphohistidine Antibodies. https://chemrxiv.org/articles/preprint/Chemic
al_Tools_for Study_of Phosphohistidine_Generation_of Selective_-Phosphohistidi
ne_and_-Phosphohistidine_Antibodies/12993371?file=24757037 (accessed April
1, 2021).

B. Sarkar, Y. Wigfield, The structure of copper(I)-histidine chelate. The question of
the involvement of the imidazole group, J. Biol. Chem. 242 (23) (1967)
5572-5577, https://doi.org/10.1016/50021-9258(18)99395-6.


https://www.ncbi.nlm.nih.gov/books/NBK6372/
https://doi.org/10.1096/fj.201802765rr
pmid:17352216
https://doi.org/10.1371/journal.pone.0021325
https://doi.org/10.1371/journal.pone.0021325
https://doi.org/10.1152/physrev.00013.2003
https://doi.org/10.1152/physrev.00013.2003
https://doi.org/10.1016/j.jmb.2008.10.053
https://doi.org/10.1111/j.1742-4658.2012.08509.x
https://doi.org/10.1111/j.1742-4658.2012.08509.x
https://doi.org/10.1111/febs.14699
https://doi.org/10.1111/febs.14699
https://doi.org/10.1038/376745a0
https://doi.org/10.1038/376745a0
https://doi.org/10.1021/bi101774g
https://doi.org/10.1073/pnas.1317395111
https://doi.org/10.1038/nature02582
https://doi.org/10.1038/nature02582
https://doi.org/10.1093/protein/4.1.57
https://doi.org/10.1093/protein/4.1.57
https://doi.org/10.1002/humu.9266
https://doi.org/10.1002/prot.22411
https://doi.org/10.1002/prot.22411
https://doi.org/10.1002/prot.340040406
https://doi.org/10.1002/prot.340040406
https://doi.org/10.1021/bi971296x
https://doi.org/10.1021/bi602620k
https://doi.org/10.1021/bi00057a015
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0345
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0345
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0345
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0345
http://refhub.elsevier.com/S0162-0134(21)00253-1/rf0345
https://doi.org/10.1021/bi0480279
https://doi.org/10.1021/bi0474923
https://doi.org/10.1016/j.biocel.2007.11.009
https://doi.org/10.1016/j.biocel.2007.11.009
https://doi.org/10.1073/pnas.1217157110
https://doi.org/10.1126/scisignal.2000431
https://doi.org/10.1016/j.molcel.2011.04.025
https://doi.org/10.1016/j.molcel.2011.04.025
https://doi.org/10.1016/j.biocel.2010.02.005
https://doi.org/10.1016/j.biocel.2010.02.005
https://doi.org/10.1038/nature06667
https://doi.org/10.1093/brain/awx014
https://doi.org/10.1016/s1535-6108(04)00021-2
https://doi.org/10.1073/pnas.092547099
https://doi.org/10.1038/nature25478
https://doi.org/10.1038/nature25478
https://doi.org/10.1074/jbc.274.12.7982
https://doi.org/10.1074/jbc.274.12.7982
https://doi.org/10.1038/nrc.2017.79
https://doi.org/10.1038/nrc.2017.79
https://doi.org/10.1038/s41467-021-21422-x
https://doi.org/10.1073/pnas.93.16.8312
https://doi.org/10.1073/pnas.93.16.8312
https://doi.org/10.1016/0005-2728(68)90078-9
https://doi.org/10.1016/0005-2728(68)90078-9
https://doi.org/10.1042/bst20130072
https://doi.org/10.1042/bst20130072
https://doi.org/10.1038/344395a0
https://doi.org/10.1038/labinvest.2017.126
https://doi.org/10.1038/labinvest.2017.126
https://chemrxiv.org/articles/preprint/Chemical_Tools_for_Study_of_Phosphohistidine_Generation_of_Selective_-Phosphohistidine_and_-Phosphohistidine_Antibodies/12993371?file=24757037
https://chemrxiv.org/articles/preprint/Chemical_Tools_for_Study_of_Phosphohistidine_Generation_of_Selective_-Phosphohistidine_and_-Phosphohistidine_Antibodies/12993371?file=24757037
https://chemrxiv.org/articles/preprint/Chemical_Tools_for_Study_of_Phosphohistidine_Generation_of_Selective_-Phosphohistidine_and_-Phosphohistidine_Antibodies/12993371?file=24757037
https://doi.org/10.1016/S0021-9258(18)99395-6

C.L. Mathis and A.M. Barrios Journal of Inorganic Biochemistry 225 (2021) 111606

[92] R.J. Sundberg, R.B. Martin, Interactions of histidine and other imidazole [94] K.Kluska, J. Adamczyk, A. Krezel, Metal binding properties, stability and reactivity
derivatives with transition metal ions in chemical and biological systems, Chem. of zinc fingers, Coord. Chem. Rev. 367 (2018) 18-64, https://doi.org/10.1016/j.
Rev. 74 (4) (1974) 471-517, https://doi.org/10.1021/cr60290a003. ccr.2018.04.009.

[93] M.A. Trojer, A. Movahedi, H. Blanck, M. Nydén, Imidazole and triazole
coordination chemistry for antifouling coatings, J. Chem. 2013 (2013) 1-23,
946739, https://doi.org/10.1155/2013/946739.

13


https://doi.org/10.1021/cr60290a003
https://doi.org/10.1155/2013/946739
https://doi.org/10.1016/j.ccr.2018.04.009
https://doi.org/10.1016/j.ccr.2018.04.009

	Histidine phosphorylation in metalloprotein binding sites
	1 Introduction
	2 Examples of co-localization of metal binding sites and histidine phosphorylation.
	2.1 Ion channels
	2.2 Zinc fingers – DPF2, FHL2, ZFP526
	2.3 Enzymes – PP1CA, PP1CB, CA2, CA8, PKM2, KSR1, Prune

	3 Challenges and implications for studying histidine phosphorylation
	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	References


