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Abstract

Protein phosphorylation represents one of the key regulatory events in physiological insulin secretion from the islet g-cell. In this context, several
classes of protein kinases (e.g. calcium-, cyclic nucleotide- and phospholipid-dependent protein kinases and tyrosine kinases) have been character-
ized in the B-cell. The majority of phosphorylated amino acids identified include phosphoserine, phosphothreonine and phosphotyrosine. Protein his-
tidine phosphorylation has been implicated in the prokaryotic and eukaryotic cellular signal transduction. Most notably, phoshonhistidine accounts for
6% of total protein phosphorylation in eukaryotes, which makes it nearly 100-fold more abundant than phosphotyrosine, but less abundant than phos-
phoserine and phosphothreonine. However, very little is known about the number of proteins with phosphohistidines, since they are highly labile and
are rapidly lost during phosphoamino acid identification under standard experimental conditions. The overall objectives of this review are to: (/) sum-
marize the existing evidence indicating the subcellular distribution and characterization of various histidine kinases in the islet 3-cell, (/i) describe evi-
dence for functional regulation of these kinases by agonists of insulin secretion, (/i) present a working model to implicate novel regulatory roles for
histidine kinases in the receptor-independent activation, by glucose, of G-proteins endogenous to the g-cell, (iv) summarize evidence supporting the
localization of protein histidine phosphatases in the islet g-cell and (v) highlight experimental evidence suggesting potential defects in the histidine
kinase signalling cascade in islets derived from the Goto-Kakizaki (GK) rat, a model for type 2 diabetes. Potential avenues for future research to fur-
ther decipher regulatory roles for protein histidine phosphorylation in physiological insulin secretion are also discussed.
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Introduction

Insulin secretion from the pancreatic B-cell is regulated principally
by the ambient concentration of glucose [1]. However, the molec-
ular and cellular mechanisms underlying the stimulus—secretion
coupling of glucose-stimulated insulin secretion (GSIS) remain
only partially understood. In this context, it is widely accepted that
GSIS is mediated largely via the generation of soluble second
messengers, such as cyclic nucleotides, hydrolytic products of
phospholipases (PLases) A2, C and D [2-10]. The principal sig-
nalling cascade of GSIS is initiated by the glucose transporter pro-
tein (i.e. Glut-2)-mediated entry of glucose into the B-cell, fol-
lowed by an increase in the intracellular adenosine triphosphate
(ATP)/adenosine diphosphate (ADP) ratio as a consequence of
glucose metabolism. Such an increase in ATP levels culminates in
the closure of ATP-sensitive potassium channels localized on the
plasma membrane, resulting in membrane depolarization and
facilitation of the influx of extracellular calcium through the volt-
age-sensitive calcium channels, also localized on the plasma
membrane. A net increase in intracellular calcium that occurs from
the influx of extracellular calcium into the cytosolic compartment,
in addition to the mobilization of intracellular calcium from its
storage pools, has been shown to be essential for the transport of
insulin-laden secretory granules to the plasma membrane for
fusion and release of insulin [2-10].

It is well established in most cells that transduction of extracel-
lular signals involves ligand binding to a receptor, often followed
by the activation of one or more guanosine triphosphate (GTP)-
binding proteins (G-proteins) and their respective effector
proteins [11-13]. The pancreatic islet -cell is unusual in that
regard since glucose, the major physiological agonist, lacks an
extracellular receptor. Instead, events consequent to glucose
metabolism promote insulin secretion (see above). Changes in
calcium concentration not only initiate insulin secretion, but also
regulate activities of numerous enzymes, including protein
kinases, phosphodiesterases, adenylyl cyclases, and PLases, lead-
ing to insulin secretion [2-10]. In addition to calcium-dependent
protein kinases, several other kinases, including calmodulin-,
cyclic nucleotide- and phospholipid-dependent protein kinases,
tyrosine kinases and mitogen-activated protein kinases have been
identified and characterized in the islet B-cell [14-17 and refer-
ences therein]. The majority of these protein kinases mediate
phosphorylation of endogenous B-cell proteins using ATP as
the phosphoryl donor. They catalyse protein phosphorylation at
serine (P-Ser), threonine (P-Thr) or tyrosine (P-Tyr) residues. As
will be discussed in detail in the following sections, there have
been numerous reports [18-39 and references therein] that iden-
tified distinct families of protein kinases that mediate the phos-
phorylation of histidine (phosphohistidine [P-His]) residues.
Moreover, earlier studies by Wieland et al. [38] and Kowluru et al.
[39] have reported the localization of protein histidine kinases that
utilized GTP as the phosphoryl donor.

This review article, therefore, represents an overview of our cur-
rent knowledge on the regulatory roles for protein histidine phos-
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phorylation in cellular signal transduction, specifically in light of our
observations in the area of GSIS in the pancreatic islet
B-cell. The overall objectives of this review article are to: (/) summa-
rize the existing evidence indicating subcellular distribution and
characterization of various histidine kinases in insulin-secreting
cells; (/i) present evidence for functional regulation of such activities
by agonists of insulin secretion; (iii) propose a working model to
implicate novel regulatory roles for these kinases in the receptor-
independent activation, by glucose, of small molecular mass and
heterotrimeric G-proteins in the pancreatic B-cell; (iv) describe the
available evidence supporting the localization of protein histidine
phosphatases in the islet B-cell; (v) summarize experimental data
suggesting potential defects in the histidine kinase activation mech-
anisms in islets derived from the Goto-Kakizaki (GK) rat, a model for
type 2 diabetes; and (vi) provide conclusions and identify future
directions in this area of research.

Protein histidine phosphorylation in
prokaryotes and eukaryotes

A growing body of experimental evidence demonstrates the exis-
tence of a number of biological systems that involve P-His. These
include, but not limited to, the classical phosphoenolpyru-
vate—sugar phosphotransferase system that mediates the trans-
port of glucose (and other sugars) across the bacterial cell as
sugar phosphate (i.e. glucose-6-phosphate; reviewed in Reference
[18]). In addition to this, the two-component regulatory system is
well described in prokaryotes; these signalling steps are involved
in coupling the extracellular stimuli (e.g. pH, temperature,
chemoattractants and osmolality) to various cellular functions,
including transcription, differentiation and bacterial chemotaxis
[19-26]. It is well documented that specific and functionally
defined signalling steps involving histidine kinases trigger cellular
responses to various environmental stimuli in the two-component
regulatory systems [19-26]. Other classes of kinases involved in
the N-linked phosphorylation, including arginine kinases, histidine
kinases and lysine kinases, have also been identified and charac-
terized (see Reference [18] for a detailed description of these sig-
nalling mechanisms).

It is also becoming increasingly evident that protein histidine
phosphorylation plays major regulatory roles in mammalian cellu-
lar signal transduction [18, 27-33]. Several histidine kinases have
been described in the mammalian cells including the nucleoside
diphosphate kinase (NDPK), succinyl CoA-synthetase (SCS), his-
tone H4 histidine kinases and the mammalian mitochondrial two-
component histidine kinases (e.g. branched chain «-ketoacid
dehydrogenase kinase and pyruvate dehydrogenase kinase).
Some of the phosphoprotein substrates undergoing phosphoryla-
tion mediated by NDPK include aldolase, SCS, ATP-citrate lyase
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and the kinase suppressor of Ras (see References [18], [27-33]
and Table 1 for select examples of proteins either containing phos-
phohistidines or regulated by histidine kinases). In addition, a
membrane-associated kinase that mediates the histidine phospho-
rylation of the Gg-subunit of trimeric G-proteins has been reported
in HL-60 Human Leukemia-60 [38] and pancreatic islet B-cells
[39]. Several other proteins (e.g. P-selectin, annexin-1, 20S
proteosome and other metabolic enzymes such as fructose-2,6-
bisphosphatase) have also been shown to undergo histidine phos-
phorylation (Table 1).

Identification and characterization
of histidine kinases in the
pancreatic p-cell

Stability characteristics of phosphoamino acids

To date, the majority of phosphorylated amino acids identified
include P-Ser, P-Thr and P-Tyr. Phosphoamino acids exhibit dif-
ferential sensitivities to acidic and alkaline pH conditions [18,
27-31, 64-68]. For example, P-Ser and P-Thr, which form O-
p(alcoholic 0-monoester) linkages, are stable at acidic pH and
fairly unstable under alkaline conditions. P-Tyr, which forms O-
p(phenolic 0-monoester), is stable under acidic and alkaline con-
ditions. Therefore, due to their stability under acidic conditions,
P-Ser, P-Thr and P-Tyr are readily identified after acid hydrolysis
of phosphorylated proteins. However, acid-labile phosphorami-
date linkage has been reported in P-His, arginine (P-Arg) and
lysine (P-Lys). Interestingly, the relative abundance of P-His in
eukaryotes appears to be significantly higher (nearly 100-fold)
than P-Tyr, but certainly less abundant than P-Ser and P-Thr [18,
69]. It is not surprising that very little information is available on
the number of proteins with P-His, since its phosphate is acid-
labile and is rapidly lost (half-life of 30 min. at pH 3.0) during the
identification of phosphoamino acids under standard experimental
conditions, including SDS-PAGE fixation conditions, trichloro-
acetic acid precipitation, partial acid hydrolysis for the determina-
tion of amino acid sequencing, etc. [30]. Other methodological
concerns for P-His identification include relatively short half-life
of the high-energy bond, which can be lost and/or remain unde-
tected during the routine time course measurements of the
enzyme activities. Several alternate experimental approaches
have been utilized by investigators in this area [28, 29] including:
(/) partial alkali hydrolysis to reduce therelative abundance of
base-labile P-Ser and P-Thr, (i) anion-exchange column chro-
matography, (/i) reverse-phase column chromatography,
(/v) thin-layer reverse-phase chromatography, (v) thin-layer silica
chromatography, (vi) cellulose thin-layer electrophoresis and
(vii)y mass spectrometry (see References [28] and [29] for
reviews and references therein). The reader is referred to several
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Table 1 Select examples of proteins known to contain phos-
phohistidines and/or regulated by histidine kinases

Protein (reference)

Adenosine monophosphate kinase a-subunit [34]
Aldolase C [35]

Annexin-1 [36]

ATP-citrate lyase [37]

B-subunit of trimeric G-proteins [38, 39]
Chemotactic factor, CheA [19]

Cystic fibrosis conductance regulator [40]
Fructose-2,6-bisphosphatase [41, 42]
Glucose-6-phosphatase [43]

Isocitrate lyase [44]

Kinase suppressor of Ras [45]

Nitrogen regulation factor I [46]
Nucleoside diphosphate kinase [32, 47]

p-enolpyruvate—sugar phosphotransferase
system [48]

6-phosphofructo-2-kinase [49]
Phosphoglycerate mutase [50, 51]
Physarium nuclear proteins [52]

p38 in rat liver plasma membranes [53]
P-selectin [54]

Potassium channel KCa3.1 [55]
Pyrophosphatase [56]

Ras-related protein associated with diabetes [57]
Rat liver nuclear proteins [58]

Succinic acid thiokinase [59, 60]

20S proteosome [61]

Tiam1 guanine nucleotide exchange factor [62, 63]

previous reviews [18, 27-31, 64-69] describing the potential
methodological hurdles often encountered by researchers in the
quantitation of the relative abundance of P-His in cellular lysates
and subcellular fractions. Despite these significant methodologi-
cal issues, a growing body of experimental evidence suggests
important roles for protein histidine phosphorylation in cellular
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signal transduction in multiple cell types [27-31], including the
islet B-cell (see below).

Earlier studies from our laboratory have identified at least
three distinct classes of histidine kinases [39, 47, 60, 70, 71].
The first group represents the classical NDPK-like enzymes [47,
71] that catalyse the transfer of terminal phosphates from
nucleoside triphosphates (NTPs; e.g. ATP) to nucleoside
diphosphates (NDPs; e.g. guanosine diphosphate [GDP]) to
yield NTPs (e.g. GTP). The transfer of terminal phosphates
occurs via a two-step, ping-pong reaction involving the forma-
tion of a transient high-energy phosphoprotein intermediate
form of NDPK, due to phosphorylation at a histidine residue,
followed by transfer of that phosphate to a suitable acceptor
[72]. NDPK has been implicated in the direct activation of
certain G-proteins as well as phosphorylation and/or regulation
of several enzymes of intermediary metabolism, such as ATP-
citrate lyase, aldolase, pyruvate kinase and SCS (see below).
The second group of histidine kinases, which are yet to be fully
characterized in the islet B-cell, catalyses the histidine phos-
phorylation of the B-subunit of trimeric G-proteins [39]. We
have demonstrated that the phosphate from the transiently
phosphorylated B-subunit is then transferred to the GDP-bound
form of the a-subunit of the trimeric G-proteins (Ga-gpp) t0
facilitate the formation of GTP-bound, active conformation of
the candidate G-protein (i.6. Ga-gTpP). The third form of histidine
kinase endogenous to the islet B-cell phosphorylates histone
H4 at the His-75 residue [70]; this histidine kinase appears to
be distinct from the other known histidine kinases in the mam-
malian cells (see below). The identity, subcellular localization,
biochemical properties and functional regulation of these three
classes of histidine kinases have been carried out in a variety
of insulin-secreting cells, including normal rat islets, human
islets and clonal B (HIT-T15, INS-1, INS832/13, BTC3)-cells
(see below).

Nucleoside diphosphate kinases (NDPK)

It was originally thought that NDPK is a housekeeping enzyme
for the maintenance of intracellular NTP pools [72]. The first
NDPK isoform was cloned and its crystal structure was deduced
in Dictostelium. Recent studies have identified several NDPK
gene products with a wide variety of cellular functions, including
differentiation, growth and development, transcriptional regula-
tion, tumor metastasis and programmed cell death [73-80]. For
example, nm23-H1, which encodes the human NDPK-A isoform,
has been shown to be a suppressor of tumor metastasis
[75-80]. nm23-H2, which encodes the human NDPK-B isoform,
has been identified as an element in the promoter region of c-
myc oncogene and activates its transcription [81]. A series of
elegant studies from Lacombe’s laboratory have identified two
additional homologues of the nm23 gene, termed as nm23-H4
and nm23-H5 [82-85]. The nm23-H4 represents the human
mitochondrial NDPK (mNDPK), with a 55-60% identity to other
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forms of human NDPK. It also consists of an N-terminal exten-
sion characteristic of mitochondrial targeting [82, 83]. nm23-H5
is expressed specifically in the testes and has been implicated to
play regulatory roles in spermatogenesis [84, 85]. Tsuiki et al.
reported a novel isoform mitochondrial NDPK (i.e. nm23-H6)
that has been implicated in cell growth and cell cycle progres-
sion [86]. In addition, nm23-H7 [87] and nm23-H8 [88] iso-
forms have also been identified and appear to control cellular
function. Together, these observations from multiple laboratories
implicate key functions for NDPK in cellular metabolism and
function, including cell survival and demise [see References 73,
74 for reviews].

Biochemical characterization of the NDPK in

b-cell subcellular fractions

Original investigations from Metz's laboratory have provided evi-
dence to suggest a permissive role for GTP in nutrient-induced
insulin secretion [89, 90]. One of the potential loci at which GTP
might exert its regulatory effects include one (or more) of the G-
proteins that we and others have identified in various subcellular
fractions (e.g. the secretory granules and mitochondria) of pan-
creatic islets and clonal B-cell preparations [References 91-121
for publications from multiple laboratories and select reviews]. In
an attempt to define a role for NDPK in the ‘compartmentalized’
generation of GTP in insulin-secreting cells, we measured NDPK
activity in normal rat and human islets and clonal B-cells. We
quantitated such an activity by three distinct approaches, namely:
(/) quantitation of its catalytic activity (i.e. formation of GTP or
GTPyS from GDP and ATP or ATPyS), (ii) determination of its
localization via immunodetection methods and (iii) radiometric
quantitation of the phosphoenzyme intermediate of NDP kinase,
which is involved in a ping-pong phosphotransfer mechanism
[47]. The rank order of NDPK catalytic activity in 3-cell subcellu-
lar fractions was: cytosol > nuclear and plasma membranes >
microsomes > mitochondria = secretory granules. Sephadex
G-200 size-exclusion chromatographic analysis suggested that
the islet holoenzyme is tetrameric in nature, with an apparent
molecular mass of 85-90 kD. Such an activity required divalent
cations for its maximal activation. Magnesium stimulated the
NDPK activity by 17-fold and 8.4-fold in rat islets and human
islets, respectively. Uridine diphosphate (UDP), which forms an
abortive complex with the enzyme, inhibited its activity in a con-
centration-dependent manner (Ki = 2 mM). The phosphorylated
intermediate of NDPK was differentially sensitive to heat, acidic pH
and a histidine-selective reagent, diethyl pyrocarbonate (DEPC),
suggesting that (one of) the phosphoamino acid(s) is histidine
[47]. Together, our data demonstrated that in B-cells, NDPK
undergoes transient phosphorylation at a histidine residue and
suggested that this phosphate, in turn, is transferred to GDP to
generate GTP. Based on these original observations, we specu-
lated that if GTP, which is formed via NDPK activation, is bound to
and/or channelled to relevant G-proteins, it would facilitate the for-
mation of active form of these proteins (see below).
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Characterization of the mitochondrial

isoform of NDPK (mNDPK)

In subsequent studies, using Western blot analysis, we deter-
mined that nm23-H1 (NDPK-A) predominantly localized in the
cytosolic fraction isolated from HIT-T15 cells and INS-1 cells.
However, nm23-H2 (NDPK-B) appeared to be distributed equally
between the cytosolic and membrane compartments [71]. Using
specific antisera directed against nm23-H4 (mNDPK), we also
reported the localization of mNDPK in a variety of 3-cell prepara-
tions. Using radiometric assays, we detected a significant NDPK
activity in purified mitochondrial fraction isolated from a variety
of insulin-secreting cells. Incubation of isolated mitochondrial
extracts with either [Y-S2P]ATP or GTP resulted in the formation
of [**PJNDPK, which could be immunoprecipitated by an anti-
NDPK serum. The mNDPK exhibited saturation kinetics with
respect to its NDP acceptors and NTP donors and sensitivity to
known inhibitors of NDPK (e.g. UDP and cromoglycate). It was
found that the mNDPK was uniformly distributed in the p-cell
submitochondrial fractions (i.e. inner membrane, outer mem-
brane and soluble compartment) isolated by the swelling and
shrinking method [71]. More importantly, a significant amount of
NDPK (as determined by the catalytic activity and immunological
methods) was recovered in the immunoprecipitates of the mito-
chondrial fraction derived using an antiserum directed against
SCS, suggesting that mNDPK might remain associated with SCS.
Together, these studies provided the first evidence for the local-
ization of mNDPK in the islet g-cell, which could constitute an
important link between energy metabolism and cellular regulation
(see below).

A membrane-associated histidine kinase
phosphorylates the GB-subunit of
trimeric G-proteins

Accumulating evidence in multiple cell types, including the islet
B-cell, suggests that the B-subunit of trimeric G-proteins (Gg)
undergoes histidine phosphorylation; such a step has been impli-
cated in non-receptor-dependent activation of G-proteins. In
1993, the original investigations by Wieland and coworkers [38]
have demonstrated GTP-dependent phosphorylation of the
Gg-subunit in HL-60 cells. The phosphorylation of the Gg, which
was specific to either GTP or GTPvS as phosphoryl or thiophos-
phoryl donor, also required divalent cations (e.g. magnesium or
manganese). Based on the differential sensitivities to heat, acid
and hydroxylamine and DEPC (a histidine-modifying agent; see
above), these authors identified the phosphorylated amino acid
as P-His. Based on the data accrued in the follow-up studies
[122], including the reconstitution protocols involving purified
a- and Bry-subunits of trimeric G-proteins, these investigators
concluded that the Gg-subunit phosphorylation represents a
general phenomenon occurring in various cell types, albeit to
different degrees, and that the Gg-subunit phosphorylation
requires a membrane-associated cofactor(s).
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During this period, studies from our laboratory have demon-
strated that a protein with an apparent molecular mass of 37 kD,
similar to the size of the Gg-subunit, underwent phosphorylation
in a variety of insulin-secreting B-cells [39]. We noticed that
incubation of the B-cell total membrane fraction or the purified
secretory granule fraction, but not the cytosolic fraction, with
[v->2P]ATP or GTP resulted in the phosphorylation of the 37 kD
protein, which was selectively immunoprecipitated by an anti-
serum directed against the common Gg-subunit. Disruption of the
ofy trimer (by pre-treatment with either fluoroaluminate or
GTPyS) prevented the Gg-subunit phosphorylation. Based on the
differential sensitivities to pH, heat and DEPC, the phosphorylated
amino acid was identified as P-His [39]. It was also observed that
incubation of pure Gg-subunit alone or in combination with the
exogenous purified «-subunit of transducin did not result in the
phosphorylation of the Gg-subunit. However, inclusion of the islet
cell membranes into the phosphorylation assay did promote the
Gg-subunit phosphorylation, suggesting that a membrane-associ-
ated factor (or kinase) is required for the Gg-subunit phosphory-
lation [39]. Incubation of the phosphorylated Gg-subunit with
Ga-GDp accelerated the dephosphorylation of the Gg-subunit,
accompanied by the formation of Gq-gTp. These data, thus, offer a
potential alternate mechanism for the activation of G-proteins in
B-cells, which contrasts with the classical receptor-agonist mech-
anism. Such a signalling cascade involves the following: the
Gg-subunit undergoes transient phosphorylation at a histidine
residue by a GTP-specific protein kinase; this phosphate, in turn,
may be transferred via a classical ping-pong mechanism to Gu-Gop
(inactive), yielding the active configuration Ge-gTp in secretory
granules and/or plasma membrane (i.e. potential strategic loca-
tions to modulate exocytosis of insulin).

Together, the findings reviewed in the above section suggest the
localization of at least three forms of nm23/NDPK. They also sug-
gest an association of SCS with mNDPK in the purified mitochon-
drial fraction derived from the insulin-secreting cells. Lastly, a
membrane-associated factor/enzyme appears to mediate the his-
tidine phosphorylation of the Gg-subunit in the B-cell plasma
membrane and secretory granule fractions. These findings are
summarized in Table 2. Potential significance of these findings in
relation to GSIS is discussed in the following sections.

A novel histone H4-phosphorylating histidine
kinase in islets B-cells

The above data suggested that a membrane-associated fac-
tor/protein might facilitate the histidine phosphorylation of the Gg-
subunit. This prompted us to quantitate histidine kinase activity in
the insulin-secreting cells. A Nitran filter paper assay, originally
described by Matthews and coworkers [67], was used to quanti-
tate the ability of islet endogenous histidine kinase(s) to phospho-
rylate exogenously added histone H4 as the substrate [70]. The
histone H4-phosphorylating activity was detectable in normal rat
islets, human islets and clonal g (HIT-T15 and INS-1)-cells that
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Table 2 Identification, subcellular distribution and regulation of histidine kinases in the islet 3-cell

Type of NDP kinase Localization

Mode of histidine phosphorylation

nm23-H1(NDPK-A) Predominantly cytosolic Autophosphorylation

nm23-H2 (NDPK-B) Cytosolic and membranous Autophosphorylation

nm23-H4 Mitochondrial Autophosphorylation

Gg-subunit Membrane and secretory granules Phosphorylation mediated by NDP kinase or another
member of the histidine kinase family (see Table 3)

SCS Mitochondrial Phosphorylation mediated by NDPK (?)

utilized either ATP or GTP as a phosphoryl donor. On a Sephacryl
S-100 size-exclusion column, such an activity eluted within the
molecular mass range of 6070 kD. It was stimulated by divalent
cations, but was resistant to polyamines. It was inactivated in vitro
by known inhibitors of protein histidine phosphorylation (e.g. UDP
or cromoglycate). Mastoparan (Mas), a global activator of G-pro-
teins [123, 124], but not Mas-17, its inactive analogue, stimulated
histone H4-phosphorylating histidine kinase activity in vitro.
Under these conditions, Mas, but not Mas-17, markedly stimu-
lated the Gg-subunit phosphorylation and insulin secretion in nor-
mal rat islets [70]. These data identified, for the first time, a pro-
tein histidine kinase activity in the pancreatic 3-cell that does not
act on traditional serine, threonine or tyrosine residues. The prop-
erties of this novel histidine kinase that we have characterized in
the islet B-cell are summarized in Table 3. Additional studies are
required to conclusively demonstrate that such a kinase mediates
the histidine phosphorylation of the Gg-subunit.

Accumulating evidence also suggests that several
enzymes(proteins of intermediary metabolism undergo phospho-
rylation at critical histidine residues. Some of these include, but
not limited to, ATP-citrate lyase, SCS and glucose-6-phosphatase
(Table 1). Therefore, the histidine kinase that we characterized in
the islet B-cell could subserve the function of phosphorylating
some of these proteins. Clearly, our findings established a bio-
chemical link between the activation of histidine kinase and the
activation of the Gg-subunit phosphorylation through the use of
Mas, a global G-protein activator. Additional studies are needed to
precisely define the regulation of this enzyme by nutrient insulin
secretagogues to establish a link between activation of G-proteins
(via activation of this kinase) and insulin secretion from isolated
B-cells. Advancement along these lines will, indeed, depend upon
the identification of specific inhibitors of this novel protein kinase
in intact B-cells (see below).

Are there any known histidine kinases in other cells, and if so,
what are their roles in cellular signal transduction? Indeed, the
published evidence from multiple laboratories provides support
for the localization of histidine kinases in multiple cell types. For
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Table 3 Properties of the histone H4-phosphorylating histidine
kinase in the islet p-cell

Subcellular

distribution Membrane and cytosol

Apparent molecular weight  60-70 kD

Nucleotode specificity GTP and ATP (affinity for GTP is

3.5 times higher than ATP)

pH optimum 7.0

Metal ion specificity Manganese > magnesium >
calcium

Activators Mas-7 > Mas > Mas-17
= control

Inhibitors UDP, cromoglycate and

-SH group modifiers
Potential phosphoprotein ~ Gg-subunit and histone H4

substrates

example, Huang and coworkers [125] reported purification of a
monomeric histidine kinase from Saccharomyces cerevisiae with
an apparent molecular mass of 32 kD that specifically used ATP
(also GTP, but with minimal affinity) to phosphorylate histone H4.
The Km for ATP was 60 pM, and the enzyme required divalent
cations, such as magnesium and manganese, for optimal activity.
Polyamines (e.g. spermine and spermidine) were ineffective [125].
In another study, Motojima and Goto [126] reported histidine phos-
phorylation of a 36 kD protein by a histidine kinase in the liver
extracts. They also demonstrated the localization of an okadaic
acid-resistant phosphatase activity (with an apparent molecular
mass of 45 kD). Using an HPLC method, they demonstrated copu-
rification of the kinase and P36 substrate at a 70-75 kD size. These
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data indicate that the liver histidine kinase is different from the
yeast enzyme, originally described by Huang and coworkers [125].
Urushidani and Nagao also reported [127] autophosphorylation, at
a histidine residue, of a 40 kD protein localized in the membrane
fraction derived from the rabbit gastric mucosa. The data from
sequence analyses indicated that this protein might represent the
o-subunit of extra-mitochondrial SCS or its homologue.
Autophosphorylation of this protein was stimulated by GDP, Ras
(a small molecular mass G-protein) and myelin basic protein [127].
The phosphoprotein was rapidly dephosphorylated in the presence
of ATP, succinate and CoA. Furthermore, Hegde and Das have
shown that Ras stimulated the phosphorylation of a 36 kD protein
at a histidine residue in the liver membranes [53]. Along these
lines, Besant and Attwood purified and characterized a histone
H4-phosphorylating histidine kinase activity from the porcine
thymus [128]. This enzyme appears to have certain similarities
with the yeast enzyme [125], including molecular mass, which was
estimated to be approximately 34—41 kD. This kinase [128] and the
yeast histidine kinase [125] appear to be distinct from the islet his-
tidine kinase [70; see Table 3] since, based on the elution profile on
a size-exclusion column, we estimated its molecular mass to be in
the range of 60—70 kD. However, our observations do not rule out
the possibility that it might comprise more than one subunit.
Additional studies are underway to purify this B-cell kinase and
determine its structure and subunit composition.

Regulation of protein histidine
phosphorylation in islet g-cells

Inhibitors of protein histidine
phosphorylation

A relative lack of specific inhibitors hampered progress in this area
considerably. Histidine site-modification reagents such as DEPC
have been used to inhibit histidine phosphorylation (see above).
The reversal of such an inhibitory step by hydroxylamine was also
studied in broken-cell preparations [38, 39]. In addition, -SH-
modifying reagents such as p-hydroxy mercuribenzoate and N-
ethylmaleimide were studied [47]. UDP and cromoglycate have
also been used to inhibit histidine kinase activation and protein
histidine phosphorylation in vitro [47, 71]. Genistein, a known
inhibitor of protein tyrosine phosphorylation (median inhibition
concentration IGsg (250 pM), also appears to inhibit protein his-
tidine kinases (ICso = 110 pM) in vitro [129]. Staurosporin, a
generic inhibitor of protein kinases, also inhibits protein histidine
phosphorylation (ICso0 = 20 nM) in vitro [18]. In addition to the
regulatory effects of these ‘relatively’ non-specific inhibitors,
numerous studies from Matthews’ laboratory have determined
effects of several chemical inhibitors on protein histidine kinases
[18]. These include: tyrphostins (i.e. compounds 25 and 48), erb-
statin, methyl 2,5-dihydroxycinnamate, ST 271, ST 638 and laven-
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dustin. The reader is referred to Reference 18 for additional details
with regard to the ICsp values for these inhibitors.

In the context of the islet B-cell, we have been able to demon-
strate the sensitivity of islet B-cell histidine kinases, including
NDPK, the Gg-phosphorylating histidine kinase activity and the his-
tone H4-phosphorylating activity by the reagents described above
[39, 47, 71]. It should be kept in mind that most of the pharmaco-
logical inhibitors used in the studies of histidine kinases (e.g. UDP,
cromoglycate, DEPC, hydroxylamine, etc.) are fairly non-selective
and could exert untoward non-specific effects. Unfortunately, very
little data are available with regard to specific pharmacological
inhibitors for the mammalian histidine kinases. Interestingly, several
recent studies were focussed on the synthesis and characterization
of more specific inhibitors for histidine kinases in the bacterial sys-
tems and the two-component regulatory systems [130-134].
Additional work, specifically in the area of the development of struc-
ture-specific inhibitors of the mammalian histidine kinases, is
needed to further evaluate the relative regulatory roles for histidine
phosphorylation in islet signal transduction (see below).

Activators of protein histidine
phosphorylation

Just as in the case of specific inhibitors of protein histidine phos-
phorylation, very little is known with regard to specific activators
of protein histidine phosphorylation in the mammalian cells. The
majority of the mammalian histidine kinases appear to require
divalent cations for maximal activity (see above). In the context of
the islet B-cell, studies from our laboratory have identified at least
two classes of positive modulators (e.g. biologically active lipids
and Mas analogues) of protein histidine phosphorylation. The data
accrued from the studies involving the use of these modulators
are reviewed below.

Activation of histidine phosphorylation

by biologically active lipids

Recent studies from our laboratory provided insights into the novel
regulation by biologically active lipids of protein histidine phospho-
rylation in the islet 3-cell in vitro [135]. We observed that the phos-
phoenzyme formation of NDPK was stimulated by various fatty
acids in the following rank order: linoleic acid > arachidonic acid
(AA) > oleic acid > palmitic acid = stearic acid = control.
Furthermore, the catalytic activity of NDPK was stimulated by these
fatty acids in the rank order of: oleic acid > AA > linoleic acid >
palmitic acid = stearic acid = control. AA-methyl ester, an inactive
analogue of AA, did not significantly affect either the phosphoen-
zyme formation or the catalytic activity of NDPK [135].
Interestingly, AA exerted dual effects on the histidine phosphoryla-
tion of the Gg-subunit; it significantly stimulated the phosphoryla-
tion at 33 uM, beyond which it was inhibitory. Again, the effects of
AA on the Gg-subunit phosphorylation were specific, since, in a
manner akin to NDPK (see above), palmitate (up to 160 pM) had no
demonstrable effect on the Gg-subunit phosphorylation [135].
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Our observations of the activation of protein histidine phos-
phorylation of NDPK and the Gg-subunit by AA, linoleate and
oleate, but not palmitate or stearate, become important since
these fatty acids, especially the unsaturated fatty acids, could elicit
their effects on insulin secretion by regulating islet endogenous G-
protein activation. Based on a convincing body of experimental
evidence, we recently proposed that these lipid messengers might
exert their positive modulatory effects of G-protein functions at
various levels [135]. For example, we previously reported that AA
inhibited the GTPase activity in a concentration-dependent manner
in both the membrane and cytosolic fractions [98]. A half-maximal
inhibition (in both the cytosolic and membrane fractions) was
seen at 90-150 wM of AA, the concentrations which fall in the
range that has been reported to potently stimulate insulin secretion
from isolated rat islets and to be generated by physiological
(i.e. glucose) stimulation of the islets [136]. We also observed a
75% inhibition in the GTPase activity by AA in human islet cytosol.
Furthermore, of all the four long-chain fatty acids tested, AA inhib-
ited the GTPase activity the most. The rank order of inhibition was
AA > linoleic acid > oleic acid > palmitic acid = control, suggesting
a role for the degree of unsaturation in the inhibition of GTPase
activity, as has been shown for their insulinotropic potency [136].
Our observations of the potential regulation by AA of NDPK and
the Gg-subunit phosphorylation are also physiologically relevant
since we observed AA effects at concentrations that are attained in
a glucose-stimulated islet [136]. Together, these findings identify
additional loci (e.g. NDPK and the Gg-subunit) at which lipid mes-
sengers could exert their intracellular effects and could provide a
possible novel regulatory mechanism whereby glucose-induced
generation of lipid messengers promotes insulin release. It should
also be pointed out that Yaney and Corkey presented experimental
evidence indicating that specific members of protein kinase-C
family represent the potential effector proteins in the modulation
of B-cell function by long-chain fatty CoAs and their esterified
derivatives [137]. Our above-described observations provide
support for an additional signalling pathway that involves protein
histidine phosphorylation, which is regulated, specifically by
unsaturated, but not saturated, fatty acids.

Based on the above discussion, it appears that at least two dis-
tinct mechanisms of regulation by fatty acids might underlie the
cascade of events leading to insulin secretion. We propose that
unsaturated fatty acid-derived, NDPK-mediated pathway repre-
sents one such signalling step, presumably involving the regula-
tion of (both inhibitory and stimulatory) the G-proteins within the
B-cell. Alternatively, it is possible that fatty acid-potentiated insulin
secretion might involve the intermediacy of a G-protein that is acti-
vated via a histidine kinase-sensitive mechanism. Indeed, the
recent studies by Latour and coworkers [138] provided convinc-
ing evidence in support of such a formulation. In these studies,
they investigated a role for GPR40, a G-protein-coupled receptor,
in fatty acid potentiation of insulin secretion. These investigators
demonstrated a significant (nearly 50%) inhibition in insulin
secretion in response to Intralipid (Fresenius Kabi, Uppsula,
Sweden) in the GPR40 knockout mice. Fatty acid-mediated poten-
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tiation of insulin secretion was also reduced significantly in isolated
islets from the GPR40 knockout mice; their response to glucose and
other insulin secretagogues, however, remained unaltered.
Moreover, YM-254890, a selective inhibitor of Gag/11, inhibited
palmitate potentiation of glucose-stimulated insulin secretion in a
dose-dependent fashion. Based on these and other supporting find-
ings, these authors concluded that GPR40 is necessary but not suf-
ficient for fatty acid stimulation of insulin secretion [138]. The
GPR40 knockout mouse should serve as a useful model to under-
take a study not only to identify the putative trimeric G-protein cou-
pled to this receptor, but also to verify the potential regulation of the
candidate G-protein via phosphorelay mechanisms (see below).

Activation of histidine phosphorylation

by Mas analogues

Mas, a tetradecapeptide isolated from wasp venom, is an activator
of G-proteins [123, 124]. It has been suggested by Kikkawa et al.
that Mas-mediated activation of NDPK provides a mechanism for
promoting GTP-for-GDP exchange onto G-proteins [139].
Previously, we demonstrated that Mas stimulated NDPK activity in
rat islet homogenates [47]. Furthermore, several earlier studies,
including our own, have clearly demonstrated that it promotes
insulin secretion from normal islets and clonal 3-cell preparations
[70, 94, 140-142]. In addition, we have reported Mas-dependent
stimulation of a high-affinity guanosine triphosphatase (GTPase)
activity in the secretory granules purified from normal rat and
human islets [99]. During the same time, Konrad and coworkers
[142] also reported a significant stimulation of GTPase activity by
Mas-7 and Mas-8 in the secretory granule fraction isolated from
the insulin-secreting B-cells. However, Mas-17, an inactive ana-
logue of Mas, failed to exert any effects on this GTPase activity,
suggesting a structure-specific activation of this G-protein(s) by
Mas [142]. Along these lines, we also observed that Mas ana-
logues stimulated the P-His phosphorylation of the Gg-subunit in
a structure-specific manner [70]. We noticed a significant stimu-
lation in the P-His phosphorylation of the Gg-subunit with the fol-
lowing rank order: Mas-7 > Mas > Mas-17 = control. Compatible
with these data are our observations that demonstrated a similar
stimulatory effect of Mas, but not Mas-17, on the histone H4-
phosphorylating histidine kinase activity and insulin secretion
from normal rat islets [70]. Thus, these findings establish a poten-
tial relationship between histidine kinase activation and Gg-sub-
unit phosphorylation lysates derived from rat islets. Furthermore,
they identify additional regulatory loci for Mas, which has been
shown to activate G-proteins, specifically via the activation of
GTP/GDP exchange processes [123, 124, 139]. While several pre-
vious studies, including our own have demonstrated
insulinotropic effects of Mas, the observations reviewed in this
section suggest, for the first time, that Mas-mediated signalling
events could include activation of protein histidine phosphorylation
in the pancreatic B-cell. Additional studies are needed to identify
those G-proteins and their subcellular localization (e.g. secretory
granules) that might require Mas-(or glucose ?) sensitive-histidine
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phosphorylation for optimal activation and propagation of signals
necessary for insulin secretion.

In support of our hypothesis that cellular activation leads to
rapid protein histidine phosphorylation, Crovello et al. provided
the first direct evidence for the induction of rapid and reversible
histidine phosphorylation in the mammalian cells upon activation
[54]. They demonstrated that exposure of platelets to thrombin or
collagen results in transient phosphorylation of histidine residues
on the cytoplasmic tail of P-selectin. These investigators provided
convincing evidence indicating that the kinetics of histidine phos-
phorylation and dephosphorylation on P-selectin is rapid. Thus,
these studies provide further support to the hypothesis that pro-
tein histidine (de)phosphorylation could represent one of the key
signalling steps in cellular activation in specific cell types, includ-
ing the islet p-cell.

Functional consequences of
protein histidine phosphorylation

Based on the existing evidence, we propose that protein histidine
phosphorylation could play significant regulatory roles in islet
function at several levels, leading to insulin secretion under phys-
iological conditions. These include, but not limited to: (/) compart-
mentalized generation of GTP (via transphosphorylation of GDP in
the presence of ATP), (/i) activation of islet endogenous G-proteins
that exert essential roles in GSIS, (iii) regulation of the mito-
chondrial function and key enzymes of intermediary metabolism,
(iv) regulation of ion channels and (v) regulation of other aspects
of cellular metabolism, including isoprenoid metabolism. These
aspects are briefly discussed below.

Compartmentalized generation of GTP

Using specific inhibitors of inosine monophosphate dehydroge-
nase, Metz and colleagues [89, 90] have suggested a permissive
role for GTP for physiological insulin secretion; these findings
were confirmed by studies from Sharp’s laboratory [143].
However, there are remarkably little data available regarding the
mechanism of conversion of NDPs to NTPs, the active form of
purine nucleotides in the islets. While the mitochondria convert a
substantial degree of ADP to ATP in most cells, there are virtually
no extant studies conducted with regard to the conversion of GDP
to GTP in the islet B-cell. Potential sites for the latter include sub-
strate-level phosphorylation via SCS in the mitochondria [60; see
below for additional discussion] and NDPK in the islet B-cell sub-
cellular compartments (e.g. the mitochondria or cytosol).
Although electron-transport chain could, in principle, use GDP as
substrate, it is not a substrate for the mitochondrial nucleotide
translocase [144], which is coupled to oxidative phosphorylation.
On the basis of the data that we accrued on islet NDPK (see
above), one might ask the question whether there is a link between
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NDPK and intracellular GTP levels. Since the intra-islet GTP con-
centrations are rather high (about 0.75 mM), we feel that the con-
version of GDP to GTP (from GDP and ATP) by NDPK may not be
required for all GTP-mediated events in the islet B-cell. However,
it seems likely that NDPK might play a critical regulatory role in
maintaining the GTP/GDP ratio in the ‘vicinity’ of putative G-pro-
teins; such ‘newly formed’ GTP may then be channelled to the G-
proteins [145]. Moreover, as implicated by Srere [146], it is also
possible that NDPK may play a role in coupling the mitochondrial
events to the cytosolic events necessary for insulin exocytosis.
This may be achieved by transferring the terminal phosphate from
the mitochondrially derived ATP to cytosolic GDP in the proximity
of key intracellular organelles (i.e. the plasma membrane), thus
‘buffering’ a high local GTP/GDP ratio that may be required for
insulin exocytosis. In support of this formulation, previous data
suggest that the GTP/GDP ratio might be more important than
absolute GTP content in modulating secretion [89, 90].
Furthermore, these studies have shown that maneuvers that
reduce mitochondrial ATP formation in islets are accompanied by
parallel changes in GTP, UTP and GTP/GDP ratio, presumably con-
sumed to regenerate ATP via the actions of NDPK [89, 90].

Regulation of islet endogenous
G-proteins

Although the precise molecular and cellular mechanisms underly-
ing the role of GTP in GSIS remain to be defined, available
evidence indicates that it might involve activation of one or more
G-proteins endogenous to the islet B-cell (see the above descrip-
tions, and References [91-121]). At least two major groups of
G-proteins have been identified and characterized in the islet g-cell
(see Reference [39] for a review). The first group consists of
trimeric G-proteins comprising «- (39-43 kD), B- (35-37 kD) and
v- (5-10 kD) subunits. These are involved in the coupling of vari-
ous G-protein-coupled receptors to their intracellular effector pro-
teins, including adenylate cyclase, phosphodiesterase and several
forms of PLases. The second group of G-proteins comprises small
molecular mass-G-proteins (20-25 kD) that are involved in sort-
ing of proteins as well as trafficking of secretory vesicles. In sup-
port of this postulation that G-proteins, specifically the small G-
proteins, are involved in GSIS is the well-established experimental
support which suggests that the signalling steps involved in GSIS
from the B-cell involve well-regulated trafficking of insulin-laden
secretory granules for their docking and fusion with the plasma
membrane [33].

Original observations from multiple laboratories, including our
own, demonstrated critical involvement of small G-proteins, such
as Rac1, Cdc42, Rap1 and ADP-ribosylation factor 6 (ARF 6), in
GSIS from normal rat islets, human islets and clonal B-cell
preparations [91-121]. Such conclusions were drawn primarily
based on the data from three mutually complementary experimen-
tal approaches. The first approach involved the use of clostridial
toxins (e.g. toxin A or B) that monoglucosylate and inactivate
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specific G-proteins [105]. The second experimental manipulation
involved molecular biological approaches including expression of
dominant-negative mutants and(or selective knockdown (i.e.
siRNA methodology) of candidate G-proteins [115, 118, 120,
121]. The third approach involved the use of pharmacological
inhibitors of G-protein activation to further decipher their regula-
tory roles in GSIS (summarized in References [33] and [119]).
Potential regulation of G-protein function via histidine phosphory-
lation is discussed below.

Regulation of small G-protein function

by histidine phosphorylation

A growing body of evidence from multiple laboratories implicates
a significant cross-talk between various isoforms of nm23/NDPK
and small molecular mass-G-proteins and/or their regulatory pro-
teins/factors. For example, Otsuki et al. [62] have reported inter-
action between Tiam1, a guanine nucleotide exchange factor for
Rac1, and nm23-H1 in 293T human embryonal kidney cells. They
reported a significant inhibition of Tiam1-induced formation of
GTP-bound Rac1 and c-Jun kinase activation in cells overexpress-
ing nm23-H1. Furthermore, forced expression of the wild-type
nm23-H1, but not its kinase-deficient mutant, converted the GDP-
bound forms of Rac1, Cdc42 and Rho-A to their active GTP-bound
forms in vitro. Based on these findings, these authors concluded
that nm23-H1 plays a negative modulatory role in the Tiam1-
induced activation of Rac1 [62].

Palacios et al. [63] demonstrated a potential cross-talk
between nm23-H1 and ARF 6. They demonstrated that constitu-
tively active ARF 6 binds and recruits nm23-H1 to cell junctions.
Further studies revealed that the localization of nm23-H1 at these
sites facilitates dynamin-dependent endocytosis and down-regula-
tion of Rac1 activity. It has also been reported that nm23-H2 asso-
ciates with B-integrins through integrin cytoplasmic domain-asso-
ciated protein 1-«, resulting in inhibition of Rac1 and Cdc42 acti-
vation during integrin-mediated cell adhesion [63].

Using NIH-3T3 cells, Gallagher and coworkers have recently
reported novel roles for NDPK in Rac-related cortical events as well
as GTP-dependent intracellular vesicular trafficking [147]. Using
immunofluorescence approach, they reported two distinct pools of
cytosolic NDPK that appear to be differentially regulated. The first
pool of NDPK associates with membrane ruffles and lamellipodia
following cellular activation, which is elicited by serum supplemen-
tation, growth factors or bombesin. Interestingly, overexpression
of activated Rac1, but not its inactive mutant, in these cells
markedly promoted NDPK translocation to the cell cortex, thus
mimicking the effects of cellular activation. The second pool of
cytosolic NDPK appears to sequester around intracellular vesicles
independent of cellular activation, but seem to be governed by
microtubule integrity, and intracellular GTP levels [147]. These
findings clearly suggest distinct regulatory roles of NDPK in cellu-
lar functions, including intracellular vesicular trafficking.

Small G-proteins such as Ras have been implicated in human
cancers. In specific cancerous cells, Ras proteins remain activated
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in their GTP-bound conformation since the bound GTP is resistant
to hydrolysis due to mutations in the GTPase functional domain.
Fischbach and Settleman [148] have recently reported the inactiva-
tion of oncogenic Ras proteins by NDPK. They also demonstrated
the localization of an enzymatic activity in Escherichia coli (E. coli)
extracts that can efficiently hydrolyse the mutationally activated
GTP-bound Ras to its inactive GDP-bound conformation.
Purification of this GTPase activity from the E. coli extracts led to
its identity as NDPK. The purified NDPK effectively inactivated sev-
eral Ras forms associated with human cancers including the
RasD12, but not the wild-type Ras, or the other GTP-bound G-pro-
teins belonging to the Rho subfamily [148]. Together, these obser-
vations suggest novel GTPase-like properties of NDPK.

Finally, studies from Kahn’s laboratory yielded additional regu-
latory roles for nm23 in cellular function. They first reported local-
ization of a 35 kD protein, named Rad (Ras associated with dia-
betes) in skeletal muscle of type 2 diabetics [149]. Subsequently,
they reported GTPase-activating protein (GAP)-like properties for
nm23 towards Rad [57]. Immunodepletion of nm23 in human
skeletal muscle cytosol completely prevented Rad-GAP activity,
which was recovered following incubation with bacterial nm23.
Furthermore, incubation of Rad-GDP with ATP yielded the active
GTP-bound form via a transphosphorylation reaction catalysed by
nm23. Together, these data suggest dual roles (i.e. modulation of
GTP binding and hydrolysis) for nm23 in the regulation of Rad
function. Interestingly, Rad also elicited direct effects on NDPK
activity of nm23. Based on these observations, these investigators
concluded that the interaction of nm23 and Rad provides a novel
mechanism for bidirectional, bimolecular regulation in which
nm23 stimulates both GTP binding and hydrolysis of Rad,
whereas Rad regulates the activity of nm23 [57].

From the above discussion, it is apparent that nm23/NDPK sig-
nalling cascade plays central roles in cellular function, specifically
at the level of functional regulation of small G-proteins. It is likely
that such interactions between nm23/NDPK and small G-proteins
(e.g. Rac1, Cdc42 and ARF 6, etc.) might be taking place in the pan-
creatic p-cell, as well. As stated above, numerous studies from dif-
ferent laboratories have documented evidence to suggest regula-
tory roles for these G-proteins in GSIS. Specifically, we have been
able to demonstrate essential roles for Rac1 in signalling events
leading to insulin secretion [33, 108, 115, 118, 119]. We also
reported the localization of regulatory factors for glucose-induced
activation of Rac1 in insulin-secreting cells, including the GDP-dis-
sociation inhibitor (GDI; 121], and obtained evidence of regulatory
roles for Tiam1 in glucose-induced Rac1 activation in islet 3-cells
(Presented at the 67" Annual Scientific Session of the American
Diabetes Association — held in Chicago in June, 2007.).

Recent evidence from our laboratory further supports the for-
mulation that nm23/NDPK exerts direct regulatory roles in GSIS.
For example, we found that forced expression of the wild-type
nm23-H1, but not its kinase-deficient mutant (H118F), markedly
potentiated GSIS from INS 832/13 cells [150]. No effects of
nm23-H1 expression were seen in cells incubated in the presence
of basal glucose, suggesting that signals derived from glucose
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metabolism are needed for the potentiating effects of nm23-H1
[150]. We also obtained preliminary evidence to demonstrate glu-
cose-mediated translocation of nm23-H1 to the membrane frac-
tion in INS 832/13 cells under conditions in which it promoted
translocation and membrane association of small G-proteins
(e.g. Rac1 and Cdc42; 115, 118, 120] (Presented at the 70
International Congress of the NDP Kinase/NM23/awd Family:
Emerging links between cancer, metassasis, metabolic syndrome,
cystic fibrosis and fetal development — held at the University of
Dundee, Scotland in September, 2007.). Based on these observa-
tions, | propose a model (Fig. 1) for nm23/NDPK-mediated, G-
protein-sensitive signalling steps leading to GSIS in the islet B-
cell. Potential roles for these histidine kinases as GEFs, GAP and
other G-protein regulatory mechanisms (see the above discus-
sion) remain to be determined in the islet. Follow-up studies are
underway to further decipher the potential glucose-induced cross-
talk between various islet G-proteins (e.g. Rac1, Cdc42 and
ARF 6) and NDPK (e.g. nm23-H1, H2 and H4) to determine the
roles for these signalling steps in insulin secretion.

Regulation of trimeric G-protein function

by histidine phosphorylation

The published evidence from several laboratories suggests func-
tional activation of trimeric G-proteins via histidine phosphoryla-
tion [151, 152]. As recently reviewed by Hippe and Wieland [153],
at least two potential mechanisms might exist for the activation of
this class of G-proteins by NDPK/nm23-like enzymes. The first
one involves the generation of GTP from ATP and GDP by NDPK
in the close vicinity of the G-protein, which in turn, could be trans-
ferred onto the Gu-subunit via GTP/GDP exchange. The second
mechanism might underlie the transphosphorylation of GDP
bound to the G4-subunit by NDPK/nm23 to GTP in the presence of
intracellular ATP. While the first mechanism of activation still
appears to be plausible, the second one was met with a consider-
able skepticism (see Reference [153] for a detailed discussion of
this topic). Furthermore, a three-dimensional structural data
analysis indicates that the P-His in the NDPK and the GDP bound
to the Ge-subunit are deeply buried within their cognate struc-
tures, thus making the phosphotransfer from phospho-NDPK to
GDP bound to the Ge-subunit rather unlikely [153].

What then are the potential mechanisms whereby histidine
phosphorylation leads to activation of trimeric G-proteins? It has
been proposed that the Gg-subunit undergoes histidine phospho-
rylation; this phosphate, in turn, is transferred to GDP bound to
the Gq-subunit to yield the GTP-bound active conformation (see
the above sections for additional background information).
Experimental evidence accrued in multiple cells, including the islet
B-cell, in support of such a formulation is briefly described below.

Original studies by Wieland and colleagues [38] have demon-
strated that the Gg-subunit undergoes phosphorylation in HL-60
cell membranes in a GTP-dependent manner. They also suggested
a requirement for an additional protein/factor for this signalling
event to take place [122]. In 1996, we demonstrated that the

© 2008 The Author

J. Cell. Mol. Med. Vol 12, No 5B, 2008

Gg-subunit undergoes histidine phosphorylation in the membrane
and secretory granule fractions purified from normal rat islets,
human islets and clonal B-cell preparations [39]. In the reconsti-
tution protocols involving the purified aBy-subunits and islet sub-
cellular fractions, we also demonstrated that a membrane-associ-
ated factor (kinase ?) is required for Gg phosphorylation to occur
[39]. We were also able to demonstrate that incubation of the
phosphorylated Gg-subunit with the GDP-bound Ge-subunit
accelerated not only the dephosphorylation of the Gg-subunit, but
also was accompanied by the formation of Ga-gTp [39]. These
data, however, do not provide adequate information with regard
to the identity or properties of the putative histidine kinase that
mediates the phosphorylation of the Gg-subunit. In an attempt to
further understand these signalling steps, we were able to
identify and characterize a histone H4-phosphorylating histidine
kinase in insulin-secreting cells (Table 3). It remains to be seen if
this kinase subserves the function of the Gg-subunit phosphory-
lating kinase.

Klinker and Seifert [154] investigated additional roles for NDPK in
the activation of transducin, a retinal G-protein via histidine phospho-
rylation of the Gg-subunit. They were able to measure a significant
NDPK activity in soluble transducin preparations; this activity was
referred to as transducin-NDPK. Remarkably, transducin-NDPK
exhibited preference to GDP as the phosphoryl acceptor and ATPyS
as the most effective thiophosphoryl donor. Using [y->2P]JATP or
GTP or [y-SSS]ATPyS, they further demonstrated (thio)phosphoryla-
tion of a 36 kD protein, similar to the molecular size of the Gg-sub-
unit. 32P-Ialbelling of this protein demonstrated characteristics of
histidine phosphorylation. Based on these findings, these authors
concluded that soluble preparations of transducin contain a guanine
nucleotide-sensitive NDPK, and that the transducin 8-subunit serves
as a phosphorylated NDPK intermediate in promoting the activation
of this retinal trimeric G-protein [154].

More recent studies by Cuello ef al. demonstrated [155] activa-
tion of trimeric G-proteins by a high-energy phosphate transfer
from the histidine-phosphorylated NDPK to the Gg-subunit of
trimeric G-proteins. Using the bovine retinal and brain prepara-
tions, these investigators observed that NDPK-B forms complexes
with the By-subunits of trimeric G-proteins and contributes to the
activation of the respective G-protein by increasing the high-energy
phosphate transfer from a transiently phosphorylated Gg-subunit
(at His-266 residue) to Ga-pp, to yield an active, GTP-bound con-
formation (i.e. Ga-GTp). Additional studies along these lines by
Hippe et al. provided further evidence in support of the above for-
mulation that NDPK contributes to G-protein activation in intact
H10 cells [156]. They found that overexpression of either NDPK-A
or NDPK-B had no effects on the intracellular ATP, GTP, adenylyl
cyclase or cyclic adenosine monophosphate (cAMP) levels.
Overexpression of the «-subunit of the stimulatory G-protein
(i.e. Gsq) resulted in a significant increase in the intracellular
cAMP levels, which was further potentiated in the cells overex-
pressing NDPK-B, but not NDPK-A. Overexpression of the kinase-
dead mutant of NDPK-B (H118N) inhibited Gs.-mediated increase
in cAMP levels. These studies also demonstrated association
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Fig. 1 Functional regulation of small molecular weight-G-proteins (e.g. Rac1) in the islet B-cell: potential involvement of a histidine kinase. Recent
evidence suggests key regulatory roles for small molecular weight-G-proteins (e.g. Cdc42, Rac1, Rap1 and ARF 6) in GSIS (see text for additional
details). Recently, we have also identified additional regulatory factors in the islet 8-cell that are involved in the activation of some of these G-proteins
(e.g. Rac1). These include the GDP dissociation inhibitor (GDI), which remains associated with the GDP-bound Rac1 (inactive) in the cytosolic frac-
tion [119, 121]. Upon receipt of appropriate signals consequent to glucose metabolism (e.g. biologically active lipids), Rac1 translocates to the mem-
brane fraction where it is dissociated from the GDI to gain the GTP-bound active conformation. Our data also suggest that the GTP/GDP exchange is
catalysed by guanine nucleotide exchange factors (e.g. Tiam1). The GTP-bound Rac1 then activates various effector proteins to generate downstream
signals necessary for GSIS. Following this, the GTP bound to Rac1 is hydrolysed to GDP by its intrinsic GTPase activity. Although not identified in the
B-cell, evidence in other cell types suggests that the GTPase activity is subjected to further activation by the GTPase-activating protein (GAP). Evidence
in other cell types also suggests a potential interaction between the G-protein regulatory factors and NDPK, which might be necessary for the func-
tional regulation of specific G-proteins. Our own observations in the islet g-cell indicate a potential association of small G-proteins with NDPK, which
could mediate direct activation of these G-proteins via transphorylation of GDP to GTP.
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Fig. 2 Proposed mechanism for an alternate, receptor-
independent activation of trimeric G proteins in the pan-
creatic B-cell by glucose. Trimeric G-proteins remain inac-
tive when their respective a-subunit is bound to GDP. In
the context of physiological (i.e. glucose-induced) insulin
secretion, we propose that either a member of the histi-
dine kinase superfamily (Table 3) or NDPK phosphorylates
the Gg-subunit at a histidine residue via a phosphorami-
date linkage. This phosphate, in turn, is relayed to the GDP
bound to the Gq-subunit to yield the active, GTP-bound
conformation of the G-protein [33]. It is proposed that
such a mechanism is similar to the classical ping-pong
mechanism of activation of NDPK. Following this, the Ga-
aTp dissociates from the Ggy complex for regulation of its
respective effector proteins. It should be also noted that
the By complex, by itself, is able to regulate various effec-
tor proteins. Following hydrolysis of the GTP bound to the
Go-subunit by its intrinsic GTPase activity, the Gu-pp re-
associates with the By-complex to complete the activation
cycle. Not shown in the figure is the possibility of a mem-
brane-associated NDPK (nm23-H2; Table 2) mediating the
phosphorylation of the Gg-subunits (see text for additional
details and relevant citations in this area).

between NDPK and the By complex. Finally, overexpression of
NDPK-B, but not NDPK-A, in these cells resulted in a significant
increase in the phosphorylation of the Gg-subunit. Together,
observations of Cuello et al. [155] and Hippe ef al. [156] clearly
indicate that NDPK-B promotes activation of trimeric G-proteins.
Based on these findings, these investigators proposed a
mechanism for the receptor-independent activation of trimeric
G-proteins [153].

Lastly, studies by Marciniak and Edwardson in zymogen gran-
ule, indeed, shed further insights into the potential roles for histi-
dine phosphorylation in the control of exocytosis [157]. They
observed that NDPK is associated with the cytoplasmic face of
pancreatic zymogen granules. It also behaved as a 21 kD phos-
phoprotein and was able to generate GTP from ATP and GDP. In a
manner akin to the islet NDPK (see above), the zymogen granule
NDPK is stimulated by Mas. Further studies revealed that the GTP
produced (from ATP and GDP) by endogenous NDPK not only pro-
moted the histidine phosphorylation of a 37 kD zymogen granule
protein, but also stimulated the fusion of zymogen granules with
pancreatic plasma membranes in vitro. The identity of the 37 kD

© 2008 The Author

protein was not determined, but could represent the Gg-subunit.
Based on these observations, the authors concluded that the gran-
ule-associated NDPK might be involved in the control of exocyto-
sis in the pancreatic acinar cell [157].

Together, it is plausible that nm23/NDPK-like enzymes that we
characterized in the islet g-cell (Table 1) could subserve the func-
tion of histidine phosphorylation of key proteins, leading to the
generation of appropriate signals necessary for physiological
insulin secretion, including fusion of insulin-laden secretory gran-
ules with the plasma membrane. In addition, our previously pub-
lished evidence [39] indicating that the incubation of phosphory-
lated Gg-subunit with Ge-Gpp accelerated the dephosphorylation of
the Gg-subunit, accompanied by the formation of Ga-gTp, further
substantiates such a formulation. Taken together, based on our
own observations in normal rat islets, human islets and clonal B-
cells and their subcellular fractions (e.g. plasma membrane and
secretory granules), we propose a model for glucose-induced,
non-receptor-mediated activation of trimeric G-proteins in the islet
B-cell (Fig. 2). A detailed description of our proposed model is
provided in the caption to Fig. 2.
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Regulation of the mitochondrial function via
protein histidine phosphorylation

As reviewed above, available evidence suggests that P-His regu-
lates functional activation of several enzymes on intermediary
metabolism, including ATP-citrate lyase, aldolase, SCS and fruc-
tose-2,6-bisphosphatase (see Table 1 for a list of some of these
enzymes that are relevant to glucose metabolism in the islet B-
cell). Recent data from our laboratory have identified potential
association between SCS and mNDPK in the insulin-secreting
cells [71]. These findings are important, especially in the light of
the previous observations from our laboratory that identified and
characterized both ATP- and GTP-sensitive SCS activities in the
mitochondrial fraction purified from isolated B-cells [45]. More
recent observations by Kibbey et al. [158] indicating central roles
for mitochondrial GTP in GSIS, indeed, warrant further studies to
examine the relative significance of mitochondrial protein histidine
phosphorylation, potentially mediated by mitochondrial histidine
kinases, in signalling events leading to GSIS.

What are the functional roles of the mitochondrial isoform of
NDPK (mNDPK) in B-cell stimulus—secretion coupling? First,
mNDPK could contribute to the compartmentalized synthesis of
GTP in the mitochondria for various GTP-requiring functions,
including activation of the mitochondrial G-proteins. Second, it
could subserve the function of a protein histidine kinase, thereby
regulating the functional properties of the mitochondrial proteins
such as SCS. These aspects are discussed below.

A role for mNDPK in the generation of intramitochondrial GTP
is an important function since unlike ATP, GTP is not transported
across the mitochondrial inner membrane via the classical
nucleotide translocase [71]. Therefore, it is likely that GTP is
formed within the mitochondria via the transphosphorylation of
GDP in the presence of ATP, a reaction catalysed by mNDPK.
Along these lines, multiple functions for GTP in the mitochondria
have been described previously. For example, GTP is required for
the activation of specific mitochondrial G-proteins that have been
implicated in several mitochondrial functions, including protein
synthesis, steroidogenesis, protein transport, membrane fusion,
contact point alignment and permeability transition [159-163].
Three previous studies from our laboratory provided evidence in
support of the localization of G-proteins in the mitochondrial frac-
tions isolated from normal rat islets and clonal B-cells. In the first
study, we have detected significant amounts of high-affinity
GTPase activity in the normal rat islet mitochondrial fraction [96].
In the second study, we observed enrichment of prenyl-cysteine
methyltransferase activity in the mitochondrial fraction derived
from INS-1 cells; this enzyme carboxylmethylates and activates
specific G-proteins in a GTP-sensitive manner [164]. In the third
study, we reported immunological evidence to indicate the local-
ization of specific Rho subfamily of small G-proteins (e.g. Rac) in
isolated mitochondrial fractions from BTC3 cells [112]. Based on
these findings, we propose that mNDPK could play contributory
roles in maintaining the GTP/GDP ratio in the ‘vicinity’ of candidate
GTP-binding and/or other GTP-requiring proteins.
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The above formulation is further supported by our findings
suggesting inhibition, by G-protein inhibitors, of insulin secretion
elicited by mitochondrial fuels such as the succinic acid methyl
ester (SAME). Pre-incubation of insulin-secreting BTC3 cells with
Clostridium difficile toxin-B, which monoglucosylates and inacti-
vates Cdc42 and Rac1 [112], markedly decreased (> 70%) SAME-
induced insulin secretion. Furthermore, exposure of these cells to
GGTI-2147, a selective inhibitor of the requisite prenylation of
Rac1 and Cdc42, significantly reduced (80%) SAME-induced
insulin release, suggesting that post-translational prenylation of
these proteins is necessary for SAME-induced insulin release
[112]. Western blot analysis indicated the localization of Cdc42,
Rac1 and Ras in the B-cell mitochondrial fraction. Confocal
microscopy revealed a modest, but inconsistent, increase in the
association of either Rac1 or Cdc42 with Mitotracker (Invitrogen,
Carlshad, CA (USA)), a mitochondrial marker, following exposure
to SAME. These data suggest that the activation of pre-existing
intra-mitochondrial Rac1 and Cdc42 may be sufficient to regulate
SAME-induced insulin secretion. It is reasonable then to speculate
that intra-mitochondrial GTP, derived potentially from mNDPK, is
utilized for the activation of mitochondrial G-proteins. Together,
these findings support a role for G-proteins in insulin secretion at
a step dependent on the mitochondrial metabolism [112]. They
also identify mevalonate-derived, isoprenoid-modified (i.e. ger-
anyl-geranylated) Rho G-proteins as specific signalling molecules
in insulin secretion; these findings further substantiate the succi-
nate mechanism of insulin release originally proposed by Fahien
and MacDonald [165].

In addition to the activation of mitochondrial G-proteins, GTP
is also required for the optimal functioning of other mitochondrial
proteins such as the GTP-specific SCS activity that we have char-
acterized in the B-cell previously [60]. Studies by Alarcon et al.
[166] and Kibbey et al. [158] further characterized SCS in the islet
B-cell and provided additional insights into the regulatory roles
for this enzyme in the islet function. For example, Kibbey et al.
provided conclusive evidence to suggest that mitochondrial GTP
regulates GSIS [158]. They demonstrated that siRNA-mediated
suppression of the GTP-producing pathway markedly reduced
(by 50%) GSIS in INS-1 832/13 cells. Based on these and other
supporting evidence, these investigators concluded that mito-
chondrial GTP plays an important role in insulin secretion, possi-
bly involving intra-mitochondrial calcium [158]. On the basis of
these findings, one might ask the question if SCS represents the
primary source of GTP in the islet -cell, which is essential for
GSIS to occur [89, 90, 143]. As demonstrated clearly by Kibbey et
al. [158], it would definitively serve as the main source for the
mitochondrial GTP (also see above for a detailed discussion).
Along these lines, earlier studies by Alarcon and coworkers [166]
identified SCS activity in the cytosolic fraction derived from nor-
mal rat islets. Such an activity represented nearly 25% of the total
SCS activity in islets, thus raising a possibility that it might serve
as a source for GTP in the cytosolic fraction as well. In this con-
text, studies by Metz and colleagues [89, 90] reported greater than
80% inhibition in intra-islet GTP content in the presence of
mycophenolic acid, an inhibitor of de novo GTP biosynthesis.
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Together, these data suggest that the de novo as well as the sal-
vage GTP biosynthetic pathways and the SCS could represent
potential sources for GTP within the g-cell. It is emphasized that
while NDPK-derived GTP may not contribute significantly to the
increase in the levels of GTP in a stimulated islet, it likely plays a
regulatory role in the generation of GTP in the ‘vicinity’ of candi-
date G-proteins [145], whose functional activation is necessary for
GSIS (see the above discussion).

Previous studies have demonstrated that mNDPK might sub-
serve the function of a histidine kinase as well. For example, it has
also been shown that mNDPK associates with (and/or copurifies
with) the putative phosphoprotein substrates. Kavanaugh-Black
et al. [167] have demonstrated copurification of NDPK with SCS
activity and provided additional evidence for the phosphorylation
of SCS by NDPK. Using rat liver mitochondrial preparations,
Kadrmas and coworkers [168] also described the copurification
of SCS with NDPK on sucrose gradients. Therefore, it is likely that
mNDPK might be regulating SCS activity in the B-cell via phos-
phorylation of its B-subunits at a histidine residue [60]. Our find-
ings of the submitochondrial colocalization of these two proteins
(i.e. mNDPK and GTP-specific SCS) in the mitochondrial fraction
further support the possibility that they might remain associated
with each other. It remains to be seen whether it undergoes
autophosphorylation or an NDPK-mediated phosphorylation.
A close association of NDPK and SCS, as demonstrated in our
earlier studies, argues in favour of the latter [60]. Furthermore,
the studies by Kavanaugh-Black suggested that even though SCS
undergoes ATP- or GTP-dependent autophosphorylation, the
presence of small amounts of NDPK influences the level of SCS
autophosphorylation [167]. Together, these data support our for-
mulation that histidine phosphorylation is critical to g-cell stimu-
lus—secretion coupling not only in the generation of GTP, but also
in the functional regulation of several key proteins of intermedi-
ary metabolism, such as SCS. Lastly, it is likely that mNDPK
might interact with other mitochondrial proteins, as well. This is
true, especially based on the studies of Srere and coworkers
[169, 170] that clearly indicated the existence of complexes
(appropriately termed as ‘metabolons’) of sequential metabolic
enzymes involved in the tricarboxylic acid cycle. Such possibili-
ties are being explored currently in our laboratory in relation to
the glucose-stimulated insulin secretion. Alternatively, like ATP,
the intra-mitochondrial GTP could provide signal functions inde-
pendent from interaction with and activation of g-cell G-proteins
to facilitate insulin secretion. Potential intracellular functions and
roles of GTP, in the context of insulin secretion, have been
reviewed [171].

Regulation of ion channels

Recently, Srivastava et al. [55] provided the first evidence for
NDPK-mediated histidine phosphorylation and activation of the
calcium-activated potassium channel KCa3.1, which has been
shown to play a regulatory role in promoting calcium influx in

© 2008 The Author
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multiple cell types. These investigators reported direct binding
of NDPK-B, which in turn, activates the channel by phosphory-
lation at the His-358 residue. Such an activation step appears to
be fairly specific for NDPK-B since neither NDPK-A nor the
kinase-dead NDPK-B mutant [H-118N] elicited the stimulatory
effects. Together, these findings provide basis for future
research in the area of ion channel regulation by histidine
phosphorylation.

Regulation of isoprenoid metabolism

It is well established that the majority of small molecular weight-
G-proteins and the Gy-subunits of trimeric G-proteins undergo a
series of post-translational modifications at their C-terminal cys-
teines that appear to be essential for the optimal interaction of
these proteins with their effector proteins and/or membranous
sites [33, 110, 118, 119]. Using generic as well as more site-spe-
cific inhibitors of protein fanesylation and geranyl geranylation, we
have been able to demonstrate that isoprenoid-derived modifica-
tion of these proteins is critical for GSIS; these findings were con-
firmed via molecular biological approaches, as well [33, 110, 118,
119]. Moreover, the stimulatory concentrations of glucose
markedly augment C-terminal modification (e.g. carboxylmethyla-
tion) of small G-proteins as well as the Gy-subunits, suggesting a
central role for this signalling step in GSIS [104]. Previous stud-
ies by Wagner and Wu [172] have demonstrated that nm23-H1
mediates the phosphorylation of farnesyl- and geranyl pyrophos-
phates to their respective triphosphates. These investigators also
reported a significant increase in the farnesyl triphosphate and
geranyl triphosphate in cells with elevated levels of nm23-H1.
Further, these cells also contained relatively higher abundance of
farnesylated proteins (24 kD and 46 kD) than the control cells.
Together, these data appear to indicate novel regulatory roles of
NDPK at the level of isoprenoid metabolism; this remains to be
verified in the islet g-cell.

Taken together, it is becoming increasingly evident that protein
histidine phosphorylation plays key roles in cellular functions in
the islet B-cell, including compartmentalized generation of GTP
(via transphosphorylation of GDP in the presence of ATP) and acti-
vation of islet endogenous G-proteins, which exert essential roles
in GSIS. In this context, our findings implicate roles for histidine
kinases in the B-cell subcellular fractions (e.g. the mitochondria
and cytosol) in the regulation of the islet function. As stated above,
a significant amount of NDPK appears to reside in the secretory
granule fraction [47]. We are currently examining if such an activ-
ity could contribute towards the fusion of secretory granules with
the plasma membrane, as demonstrated by Marciniak and
Edwardson in the zymogen granule model system [157]. It also
appears that it is involved in the regulation of the mitochondrial
function (e.g. G-protein activation) and key enzymes of intermedi-
ary metabolism (e.g. SCS). Regulatory roles of this signalling step
in other cellular functions, including ion channel activation, remain
to be explored (see below).
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Protein histidine phosphatases

In'a manner akin to protein histidine kinases, a growing body of evi-
dence appears to suggest the localization of protein histidine
phosphatases in prokaryotes as well eukaryotes (see Reference
[24] for a review). The SixA protein, consisting of 161 amino acids
chain length with an arginine-histidine—glycine signature at the N-
terminus, from E. coli was the first bacterial histidine phosphatase
that has been implicated in the histidine-aspartate phosphorelay
mechanisms [173]. In 1993, Ohmori et al. reported the localization
of a 150 kD protein in rat brain with a dual 6-P-Lys and 3-P-His
phosphatase properties [174]. Protein phosphatases with similar
catalytic functional properties were also reported in rat tissues by
Wong et al. [175]. A series of investigations from Matthews’ lab-
oratory have identified protein phosphatases 1, 2A and C as pro-
tein P-His phosphatases [176]. These studies also determined
inhibitory constants for various known inhibitors of phosphatases
(e.g. inhibitors 1, 2, okadaic acid and mictocystin-LR) against P-
His dephosphorylation using phosphorylated histone 1V as the
substrate [18, 176]. As appropriately pointed out by these investi-
gators, potential caveats in these studies include the non-specific
nature of the chemical inhibitors used to characterize the putative
histidine phosphatases.

The observations from Klumpp’s laboratory have provided addi-
tional insights into P-His phosphatases in the mammalian cells [27,
177, 178]. In 2002, they reported the identification and functional
characterization of vertebrate P-His phosphatase from rabbit liver
[27]. Based on extensive studies, including amino acid analysis
and inhibitor sensitivity, these investigators concluded that this
phosphatase is distinct from other known phosphatases acting on
P-Ser, P-Thr or P-Tyr. This phosphatase appears to be highly
expressed throughout different tissues. More recent investigations
by these researchers suggested that this 16 kD phosphatase medi-
ates the P-His dephosphorylation of ATP-citrate lyase [177].

In this context, Maurer et al. have provided evidence to implicate
that the aforementioned P-His phosphatase catalyses the dephos-
phorylation of the Gg-subunit, as well [179]. Using an antiserum
directed against this phosphatase, these investigators demon-
strated the colocalization of the Gg-subunit and the phosphatase in
various rat tissues, including the brain, heart, kidney, spleen and
lung. In subsequent experiments, they were able to demonstrate
marked dephosphorylation of the Gg-subunit in H10 and C3 cells
overexpressing the protein histidine phosphatase [179].

The above findings are of immediate significance to our pub-
lished evidence on P-His phosphorylation of the Gg-subunit in the
islet B-cell plasma membrane and secretory granule fractions
[39]. Therein, we reported a time-dependent dephosphorylation of
the Gg-subunit (>50% within 20 min.) in the rat islet membranes
that was accelerated in the presence of either free GDP or Ga-Gpp
(40-50% within 10 min.). We also noticed similar dephosphoryla-
tion kinetics for the Gg-subunit in the secretory granule fraction
[39]. NDP specificity studies revealed that only GDP, and not ADP,
IDP, CDP and UDP subserved the roles of ‘receivers’ of the phos-
phate [39]. Similar NDP specificity has been demonstrated by
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Wieland et al. for the dephosphorylation of the Gg-subunit from
HL-60 membranes [38]. Together, our findings provide the first
evidence for the localization of putative P-His phosphatase in the
islet B-cell. As reviewed by the author recently [180], protein
phosphatases (e.g. protein phosphatase-2A) play significant roles
in islet signal transduction. Indeed, studies from Matthews’ labo-
ratory have identified protein phosphatase-2A as one of the P-His
phosphatases [176]. Additional studies are needed, however, to
identify, characterize and further understand the contributory roles
for histidine phosphatase in GSIS.

Potential defects in histidine
phosphorylation in islets derived
from the Goto-Kakizaki rat, a model
for type 2 diabetes

The lesion intrinsic to the pancreatic g-cell in human type 2 dia-
betes still remains only partially understood. In the search to iden-
tify such a defect, animal models of diabetes have frequently been
studied. The most widely accepted of these models is the GK rat
that is developed by repeated inbreeding of glucose-intolerant
Wistar rats [181, 182]. We previously investigated the potential
abnormalities in protein histidine phosphorylation in islets derived
from GK rats [183, 184]. We noticed a substantial reduction
(> 50%) in P-His phosphorylation of NDPK in GK rat islets in the
presence of either [ySZP]ATP or GTP. Compatible with these data
are our observations of a significant attenuation (—40%) in the cat-
alytic activity of NDPK in the diabetic GK islets when compared to
islets from the control Wistar islets. In addition to NDPK, we also
observed a marked reduction (>90%) in the degree of endogenous
protein histidine phosphorylation in GK rat islets when [«/-3 P]ATP
was used as the phosphoryl donor [183]. Further, under similar
experimental conditions, we observed a substantial degree of
reduction (—64%) in histidine phosphorylation of exogenously
added histone H4 in the homogenates of diabetic GK rat islets in
comparison to those from the control Wistar rats when [y->2P]ATP
or GTP was used as a phosphoryl donor [183]. Together, these data
suggest significant alterations in the protein histidine phosphoryla-
tion in the diabetic GK rat islets.

What then is the significance of these findings, specifically at
the level of impaired insulin secretion seen in these animals? We
offer two potential possibilities. First, a reduction in the histidine
phosphorylation of specific endogenous proteins (e.g. NDPK,
SCS, ATP-citrate lyase, etc) in the GK islet could translate into
defects in their functional activation, leading to impaired insulin
secretion. Second, the observed defects in protein histidine phos-
phorylation could lead to abnormal activation of candidate G-pro-
teins (both monomeric as well as trimeric forms), which appear to
be mediated via the intermediacy of protein histidine phosphory-
lation (see above).
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Along these lines, studies by Metz and coworkers [184] have
demonstrated that Mas, but not Mas-17, an inactive analogue,
completely restored insulin secretory defects in GK islets. Based
on these observations and our findings of a significant stimula-
tory effect of Mas, but not Mas 17, on islet endogenous NDPK,
histone H4-phosphorylating histidine kinase, and the Gg-phos-
phorylating kinase [70], we conclude that the insulin secretory
defects in the GK islet might underlie at the site of activation by
protein histidine kinase of a Mas-sensitive G-protein-dependent
step in exocytosis. Additional studies are needed to further sub-
stantiate this formulation.

In this context, previous studies by Ostenson and coworkers
provided additional insights into the modes of action-specific
chimeric peptides (e.g. galparan) in reversing the insulin secretory
defects in GK rat islets. Galparan is a 21-amino acid-containing
peptide that is derived by linking galanin (1-13 residues) to Mas
via a peptide bond to provide the Mas and galanin effector parts of
the molecule [185]. The studies involving this chimeric peptide
revealed that it stimulates insulin secretion from normal rat islets
by nearly 26-fold in the presence of basal glucose (3.3 mM)
and by 6-fold in the presence of stimulatory glucose (16.7 mM)
concentrations [185]. Such effects of galparan were independent
of extracellular calcium and were also insensitive to pertussis
toxin. Interestingly, galparan also stimulated insulin secretion in
islets derived from the GK rats to a comparable degree seen in
normal rat islets. The reversible nature of defects in insulin secre-
tion seen in GK rat by Mas [184] and galparan [185] could form
the basis for the development of novel therapeutics for the treat-
ment of insulin secretory defects in diabetes.

Finally, it remains to be determined whether mNDPK activity is
also altered in the diabetic B-cell, thereby contributing to alter-
ations in the high-energy phosphate metabolism and the associ-
ated signal transduction steps culminating in impaired insulin
secretion in these cells. Putative genetic, biochemical and clinical
implications of the signalling events involved in the high-energy
metabolism in the context of mitochondrial diabetes have been
reviewed recently by Gerbitz ef al. [186] and Maechler and
Wollheim [187].

Conclusions and future research

The experimental evidence reviewed in this article indicates the
localization of at least three forms of nm23/NDPK (e.g. nm23-H1,
nm23-H2 and nm23-H4) in the islet B-cell. | also described evi-
dence for the localization of other histidine kinases in the islet and
proposed mechanisms for the regulation of endogenous G-protein
activation by these kinases. It appears that biologically active
lipids modulate the functional activation of these enzymes and
other G-protein functions in a structure-specific manner.

On the basis of our current understanding of the biochemi-
cal properties and physiological regulation of nm23/NDPK in the

© 2008 The Author
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Fig 3 Our proposed model for novel roles for protein histidine phos-
phorylation in GSIS. We propose a model for the glucose-mediated
activation of histidine kinases leading to GSIS. Glucose metabolism
leads to the activation of specific PLases in the islet B-cell, leading to
the generation of biologically active lipids, which in turn, activate pro-
tein histidine kinases. These kinases regulate specific signalling steps
including generation of GTP in the ‘vicinity’ of candidate G-protein for
their functional activation. An increase in protein histidine kinase activ-
ity also can mediate regulation of several enzymes (e.g. SCS) that are
essential for glucose metabolism. Such histidine phosphorylation-
mediated activation steps (i.e. activation of specific G-proteins and
enzymes involved in glucose metabolic steps) promote insulin secre-
tion. It is also likely that biologically active lipids could exert direct
effects on G-protein function independent of histidine kinases; these
include stimulation of GTP/GDP exchange and translocation of specific
G-proteins (e.g. Rac1) to the membrane fraction for interaction with
their respective effector proteins [150].

islet B-cell, | propose a model for potential contributory roles of
histidine kinases in GSIS, specifically at the level of activation of
G-proteins (Fig. 3). | propose that glucose-induced increases in
the GTP/GDP ratio may, in part, be due to the activation of his-
tidine kinases endogenous to the islet B-cell, which generate
GTP via transphosphorylation of GDP from ATP. Such an
increase in GTP levels favours either the facilitation of GTP/GDP
exchange onto a relevant G-protein(s) or the channelling of GTP
to candidate G-protein (s), culminating in their activation. It is
also likely that glucose-derived second messengers (e.g. bio-
logically active lipids that are generated via activation of specific
PLases) could directly activate histidine kinases, which in turn,
may regulate G-protein functional activation. In addition, previ-
ous studies from our laboratory have documented evidence to
suggest regulation by biologically active lipids, including activa-
tion of GTP/GDP exchange (see above) and translocation of the
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cytosolic G-proteins (e.g. Rac1) to the membrane fraction [188]
for activation and interaction with various effector proteins.
Lastly, it is possible that glucose metabolism-derived biologi-
cally active lipids promote a unique cross-talk among various
guanine nucleotide regulatory factors (GRFs; e.g. Tiam1) and
NDPK-like enzymes in the modulation of specific G-proteins
(e.g. Rac1, Cdc42 and ARF-6) that are essential for GSIS (see
Fig. 1 for additional details).

Also, it is likely that protein histidine phosphorylation plays a
critical regulatory role in the activation of trimeric G-proteins in
the pancreatic 3-cell (Fig. 2). | described evidence [39] to suggest
that the Gg-subunit undergoes histidine phosphorylation mediated
by a membrane-associated kinase, such as a high-energy phos-
phate, which in turn, is transferred to the G.-gpp to yield its active
GTP-bound conformation. The identity of the histidine kinase that
catalyses this phosphorylation step remains unknown at the pres-
ent time. The histone H4-phosphorylating kinase that | described
above might represent such a kinase. Alternatively, the
nm23/NDPK isoforms, specifically the nm23-H2, might subserve
that function; but this remains to be investigated. Existing evi-
dence in other cell types clearly support our working model, but a
methodical investigation of glucose- (and other nutrient) mediated
regulatory effects on G-protein (small molecular as well as
trimeric forms) activation via protein histidine phosphorylation are
still needed to definitively understand the in vivo relevance of the
in vitro observations.

A considerable amount of work still lies ahead to conclusively
demonstrate the potential regulatory roles for protein histidine
phosphorylation in cellular signal transduction in general. There
are at least two issues that need immediate attention, namely, a
refinement in the methodology for the identification and quantita-
tion of P-His and the development of novel, cell-permeable
inhibitors of protein histidine kinases and phosphatases. As stated
above, a significant hurdle still exists with regard to the quantita-
tion of histidine kinase activity and P-His phosphorylation due to
the labile nature of the high-energy phosphate bond and the acid-
labile nature of P-His. The current techniques of SDS-PAGE and/or
phosphoamino acid analysis are reasonable but not adequate, and
thus, require further refinements. Recently, Kleinnijenhuis and
coworkers reported more sensitive methods for the analysis of
histidine phosphorylation using synthetic peptides and in more
complex samples [69]. In this study, they utilized four different
mass spectrometric fragmentation techniques for the detection
and quantitation of histidine phosphorylated samples. These
methods include, collision-induced dissociation, electron-capture
dissociation, electron-transfer dissociation and electron-detach-
ment dissociation. As a logical extension to these studies involv-
ing synthetic peptides, they also utilized these methodologies for
the detection and quantitation of P-His phosphorylation in tryptic
digests of the cytoplasmic domain of the histidine kinase EnvZ,
which undergoes autophosphorylation at a histidine residue. In
the same study, they introduced a new method for non-retentive
solid-phase extraction of histidine phosphorylated peptides using
polymeric Strata-X microcolumns [69]. While these novel
methodologies provide fresh insights into the detection of P-His
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residues, their utility in the quantification of P-His in cell lysates
and subcellular fractions remains to be verified.

The synthesis and characterization (e.g. structure and activity
relationships) of specific cell-permeable inhibitors for the mam-
malian protein histidine kinases and phosphatases remain an open
area of investigation. Indeed, studies from the Matthews labora-
tory [18] provided insights into these aspects, but a considerable
amount of work is still needed in the development of novel phar-
macological probes with minimal cytotoxicity for studies involving
intact cells. The emergence of recent information [130-134] on
the development of specific inhibitors for the two-component
phosphorelay system might potentially be useful in addressing
this question.

In the context of the islet B-cell and insulin secretion, | believe
that the identification and characterization of protein histidine
kinases and phosphatases remain an important area of investiga-
tion, and we are currently working on some of these aspects. Our
goal is to further understand the nature and properties of the his-
tone H4 histidine kinase (Table 3) that we identified in the islet and
verify its role in the phosphorylation of the Gg-subunit to promote
trimeric G-protein activation. Experiments are also underway to
determine potential sequence homology between the islet histi-
dine kinase (Table 3) and known histidine kinases, including
NDPK. Finally, I am optimistic that recent studies from Klumpp’s
laboratory on the mammalian protein histidine phosphatases [27,
177-179] will aid us in further characterization of such a phos-
phatase in the islet B-cell.

In conclusion, the available evidence from multiple laboratories
lend evidence to support the overall hypothesis that signals derived
from glucose metabolism (e.g. changes in intracellular calcium,
cyclic nucleotides, generation of biologically active lipids and
increase in intracellular adenine and guanine nucleotides) promote
a cascade of events, leading to the transport of insulin-laden secre-
tory granules to the plasma membrane for fusion and release of
insulin via exocytosis. Protein (de)phosphorylation, specifically at
tyrosine, threonine and serine residues, mediated by specific
kinases, has also been recognized as one of the major regulatory
steps involved in GSIS. The current review summarizes the poten-
tial novel roles for histidine kinases in these signalling events,
specifically at the level of compartmentalized generation of GTP
from GDP and ATP via the transphosphorylation reactions. A net
increase in GTP levels, specifically in the ‘vicinity’ of GTP-requiring
proteins, would favour their functional regulation, leading to cellular
activation (see above for a detailed discussion).

It may be germane to point out that most of the work
reviewed above on the histidine phosphorylation in islet stimu-
lus—secretion coupling comes from the author’s laboratory. We
have been able to identify and characterize various forms of
nm23 and a novel histone H4-phosphorylating histidine kinase in
the islet B-cell. We also identified potential endogenous sub-
strates (e.g. SCS, Gg-subunit) for such kinases in the pancreatic
islet B-cell. | would like to emphasize, however, that while our
findings support the localization and regulation of several pro-
tein histidine kinases and their phosphoproteins in vitro, consid-
erable work is still needed to conclusively demonstrate histidine
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kinase-mediated regulation of insulin secretion in intact g-cells.
| hope that this review will form the basis for additional investi-
gations in this area, specifically in furthering not only our current
understanding of this signalling cascade in normal islets, but
also in determining the nature and consequences of nm23/NDPK
defects that we observed in the diabetic GK rat islet. The data
accrued from these investigations may ultimately prove to be
important towards the development of novel therapeutics for the
prevention and onset of diabetes. Such probes might include,
but not limited to, the development of potent and specific stim-
ulators of nm23/NDPK (e.g. Mas-like or galparan-like com-
pounds), with a potential for the reversal of insulin secretory
defects in diabetics.
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