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I. Introduction

Protein phosphorylation is one of the most extensively
investigated forms of post-translational modification. Its
significance has been demonstrated by the critical role that
kinases and phosphatases play in the regulation of most
aspects of eukaryotic cellular function. To date, most research
on protein kinases has focused on the hydroxyamino acid
protein kinases, namely, tyrosine and serine/threonine ki-
nases, with the number of known kinases of these types
having increased enormously over the last three decades.
However, early reports in the literature indicated that the
proportion of total phosphoamino acids present as phospho-
hydroxyamino acids in mammalian cells was only∼50%
(1-3). This finding indicates the presence of cellular proteins
that are phosphorylated on residues other than serine,
threonine, and tyrosine and that these types of phosphory-
lation are abundant. A more recent analysis of basic nuclear
proteins fromPhysarum polycephalumshowed that 6% of
the phosphoamino acids present in these proteins was
phosphohistidine (ref4, as quoted in ref5). Thus, at least in
this subset of proteins, the proportion of phosphoamino acids
present as phosphohistidine is∼2 orders of magnitude greater
than the cellular abundance of phosphotyrosine (6). The
known importance of protein phosphorylation to cellular

function and the relative abundance in cellular proteins of
phosphoamino acids other than the phosphohydroxyamino
acids suggests that kinases that catalyze these phosphoryla-
tions, including histidine kinases, may have an impact on
cellular function similar to those of the better known tyrosine
and serine/threonine kinases.

In phosphohydroxyamino acids, the phosphate is co-
valently bound to the amino acid via an O-P phosphoester
bond (see Figure 1) which is stable under the acidic
conditions that are used in many research techniques used
to study protein phosphorylation, such as partial acid
hydrolysis of phosphoproteins, TCA1 precipitation of phos-
phoproteins, SDS-PAGE gel staining and fixation proce-
dures, etc. In phosphohistidine, however, the phosphate group
is bound to the amino acid via an N-P phosphoramidate
bond which is acid-labile (see Figure 1). Thus, many of the
techniques used to study the hydroxyamino acid protein
kinases cannot be used to study histidine kinases. Figure 1
also shows that there are three possible forms of phospho-
histidine; both the 1-phospho and 3-phospho forms have been
reported to occur in mammalian cellular phosphoproteins (7-
12) andP. polycephalum(13), but there have been no reports
of the 1,3-diphospho form.

Although protein histidine phosphorylation in mammalian
cells has been known to exist for more than 40 years, little
research has been performed to investigate mammalian
histidine kinases, in comparison to that focused on serine/
threonine and tyrosine kinases. One of the reasons for this
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lack of research activity stems from the fact that we still
know very little about the cellular biology of mammalian
protein histidine phosphorylation. In addition, the acid-labile
nature of the N-P bond in phosphohistidine has meant that
new techniques have had to be developed to study this type
of phosphorylation.

Readers of this article will probably be aware that there
is a well-known group of histidine kinases, namely, the so-
called two-component histidine kinases (for recent reviews,
see refs14 and 15). These kinases were discovered in
prokaryotes, but in more recent years, similar enzymes have
been found in lower eukaryotic organisms such as yeast,
Dictyostelium discoideum, and plants. The majority of these
histidine kinases are environment-sensing plasma membrane
receptors that are somewhat akin to the well-known tyrosine
kinase receptors in vertebrate cells in that in response to
fluctuations in the extracellular environment, e.g., changes
in osmolarity, ethylene concentration, and heat shock, they
autophosphorylate on a histidine residue. This phosphoryl
group is then transferred to an aspartate residue either on
another domain of the receptor protein or on a separate
response regulator protein. In the simplest systems, the
phosphorylated response regulator protein induces the cellular
response, usually by regulating gene transcription. More
complex systems exist in which there is further transfer of
the phosphoryl group from aspartate to histidine on another
protein and back to aspartate on yet another protein.

To date, only two vertebrate proteins, branched-chain
R-ketoacid dehydrogenase kinase and pyruvate dehydroge-
nase kinase, have been found to share sequence homology
with that of the two-component histidine kinases (16), and
the evidence that these proteins autophosphorylate on a
histidine residue will be briefly discussed later in this paper.
This review is primarily focused on histidine kinases that
are similar to the better-known mammalian protein kinases
where a separate, different substrate protein is phosphory-
lated. Studies which report the evidence of this type of

enzyme will be presented, along with methodological
developments in light of the renewed interest in this area of
research. In addition, evidence for histidine phosphatases will
be discussed as well as the possible biological roles of
histidine kinases.

2. Histone H4 Phosphorylation

The covalent modification of histone proteins has been
shown to occur in response to various physiological cues.
Serine phosphorylation of histones H1 and H3, in particular,
has undergone intense investigation with reference to cell
division (17-19). However, reports over the past decade
have also documented the existence of histone H4 kinases
in various cells such as neutrophils (20-22), reticulocytes
(23), and lymphoid cells (24) as well as the placenta (25-
27). These are all histone H4 kinases that share some
remarkable similarities. For example, all have a requirement
for proteolytic cleavage in vitro (22, 25, 28) and in vivo (24)
for activation. Cellular signaling pathways that lead to histone
H4 kinase activation are not clear, although in neutrophils
this occurs in response to chemotactic stimuli (20) down-
stream of phosphatidylinositol-3-kinase activation (26). The
histone H4 kinases described above are all serine kinases;
however, the existence of inducible histone H4 kinases
suggests that this type of covalent modification plays a role
in the regulation of some cellular processes, even though
these processes are as yet unclear.

3. Histidine Phosphorylation on Histone H4

Early reports of histone H4 phosphorylation on histidine
residues originated from Smith et al. (2). Studies analyzing
the phosphorylation of histones by nuclear proteins from a
variety of rat tissues revealed two histone kinases, which
were distinct on the basis of substrate specificity and pH
optima for maximal activity. One of them phosphorylated
histone H4 with a pH optimum of 9.5 (2). Partial purification
and characterization of this enzyme from a Walker 256
carcinosarcoma cell line revealed other distinguishing quali-
ties such as its susceptibility to inhibition by GTP and CTP
and an absolute requirement for Mg2+ (29). Phosphoamino
acid analysis and the acid lability of the phosphorylated
histone H4 led to the conclusion that the site of phosphor-
ylation was on a histidine residue (2, 11, 12). The isoform
of phosphohistidine found in phosphorylated histone H4
varied with respect to the tissue source of the kinase.31P
NMR data demonstrated that the enzyme obtained from
regenerating rat liver catalyzes the formation of 1-phospho-
histidine, while the carcinosarcoma histidine kinase catalyzes
the formation of 3-phosphohistidine (12). The significance
of these differences with reference to possible function is
currently unresolved. However, the histidine kinase from both
tissue sources appears to phosphorylate both of the histidine
residues in histone H4 (H18 and H75) (12, 29). A common
substrate recognition sequence adjacent to the target his-
tidines is not obvious, and the similarity of the amino acid
sequence around each histidine is limited to a single Lys
residue, two amino acids C-terminal to these residues (see
Figure 2). A histone H4 histidine kinase in a nuclear extract
from P. polycephalumphosphorylates histone H4 on H75
alone to give 1-phosphohistidine (13), and this type of
phosphorylation of histone H4 is also catalyzed by the fairly
well-characterized enzyme from yeast (30).

FIGURE 1: Structures of the phosphoamino acid functional
groups: (a) phosphoserine, (b) phosphothreonine, (c) phospho-
tyrosine, (d) 1-phosphohistidine, (e) 3-phosphohistidine, and (f) 1,3-
diphosphohistidine.
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Mammalian histone H4 histidine kinase activity has been
observed mainly in proliferative tissues, such as regenerating
rat liver and a Walker 256 carcinosarcoma cell line (2). In
vivo studies have demonstrated that acid-labile phosphates
are formed on histone H4 only in regenerating, but not sham-
operated, rat liver. Furthermore, upregulation of this pH 9.5
kinase correlates with the period that precedes DNA synthesis
(11). This finding has been reproduced in work currently
undertaken in this laboratory. In addition, enhanced histidine
kinase activity has been observed in regenerating liver
resulting from acute and chronic liver damage (unpublished
data) compared to normal liver. In the first instance,
regeneration arises from pre-existing hepatocytes, whereas
liver stem cells account for regeneration in chronically
damaged liver, as determined by PCNA staining of liver
sections. Interestingly, we have evidence that histidine kinase
activity is present in developing fetal liver (unpublished data)
but not in proliferating hepatocytes during postnatal develop-
ment, which suggests that its upregulation is specifically
involved with either liver regeneration or development, and
not general hepatocyte proliferation. It is not clear at this
stage whether the increase in histone H4 histidine kinase
activity following partial hepatectomy or liver damage results
from increased enzyme expression or an increase in the
specific activity of the pre-existing enzyme.

In the original report of a histone H4 kinase activity in
regenerating rat liver (2), evidence was also presented that
there were histone histidine kinases present in the nuclei of
cells from other rat tissues. Screening of rat tissues revealed
that thymus was a good source of histone H4 histidine kinase
(31), and Besant and Attwood (32) carried out a partial
purification of the enzyme from porcine thymus. This
preparation was shown to contain up to four putative histone
H4 histidine kinases with apparent molecular masses in the
range of 34-41 kDa (32). Recent work by P. V. Attwood

in collaboration with C. W. Turck at the Department of
Medicine (University of California at San Francisco, San
Francisco, CA) has shown that there are in fact multiple
kinases in both nuclear and cytoplasmic thymus preparations
that phosphorylate histone H4 on histidine (unpublished
data). To date, it has not been determined which of the two
histidines in histone H4 are phosphorylated by any of these
thymic histidine kinases.

Currently, the biological function of histone H4 histidine
kinases remains to be determined. The reports of the presence
of such kinases in proliferating tissues and the induction of
their activity in regenerating liver suggest that they may play
a role in cell proliferation. Although this is speculative, the
correlation between histone phosphorylation and cell division,
as well as chromatin condensation associated with entry into
mitosis, has been well-documented (33-38; for reviews, see
refs 17 and 39). In addition, H75 of histone H4 has been
determined to be located one amino acid residue away from
the DNA binding site within the nucleosome core in calf
thymus (40). The phosphorylation of H75 could possibly
facilitate the displacement of histone H4 from the nucleo-
some core to allow for the initiation of DNA duplication
(41). However, the imidazole ring of H75 has also been
shown to hydrogen bond with E90 of histone 2B within the
intact nucleosome core, thus helping to stabilize the histone
octamer (42). Phosphorylation of H75 could thus result in
the destabilization of the nucleosome structure. H18 has been
shown to reside in the highly basic N-terminal tail of histone
H4, which strongly interacts with the acidic region of the
histone H2A-2B dimer of an adjacent nucleosome particle
(42). However, Wei et al. (41) showed that histone H4 in
nucleosome core particles is not a substrate for the histidine
kinase fromP. polycephalum, but Chen et al. (3) presented
evidence that it was not newly synthesized histone H4 that
was phosphorylated. Thus, phosphorylation of pre-existing
histone H4 at the time the histones are displaced from DNA
during replication may disrupt particle-particle interactions
and binding to DNA to prevent pre-existing histones from
prematurely forming nucleosome complexes during DNA
synthesis (3, 41). Thus far, no conclusive evidence in support
of these possible consequences of histone H4 histidine
phosphorylation has been forthcoming.

4. EVidence for Other Mammalian Histidine Kinases

Some mammalian cellular proteins that contain phospho-
histidine have turned out to be enzyme reaction intermediates
resulting from autophosphorylation of an enzymic histidine
residue. Examples of such enzymes are phosphoglycerate
mutase (43, 44), ATP citrate lyase (45, 46), human prostatic
acid phosphatase (47), 6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatase (48), and nucleoside diphosphate kinase (10,
49). However, other phosphohistidine-containing mammalian
proteins reported below have provided strong evidence for
the existence of mammalian histidine kinases.

Protein histidine phosphorylation was reported to occur
in synaptic plasma membranes (50). It was found that
incubation of synaptic plasma membranes with ATP in the
presence of Mg2+ resulted in phosphoryl transfer to not only
serine but also histidine residues on membrane proteins.
Unlike phosphoserine formation, phosphorylation of the
histidine was unaffected by cAMP. The phosphorylation of

FIGURE 2: Amino acid sequence of histone H4 with the putative
phosphorylation sites highlighted in bold.

FIGURE 3: Reproduction of data from ref11 illustrating the
correlation of histone kinase activity and extent of DNA synthesis
after partial hepatectomy: (O) enzyme activity and (b) level of
[3Η]thymidine incorporation.
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histidine also did not conform to Michaelis-Menten kinetics
which suggested the possibility that two or more kinases were
involved with differentKm values for ATP. The entire process
of synaptic membrane protein phosphorylation was thought
to play a role in modulating synaptic transmission. Although
the kinetics of phosphorylation and phosphoamino acid
analysis of the synaptic membrane proteins were determined,
further investigations into the identity of the histidine-
phosphorylated proteins, the stoichiometry of the phos-
phorylations, or the identity of the putative histidine kinase-
(s) were never attempted.

Another membrane protein reported to be phosphorylated
on histidine was isolated from human leukemia (HL-60) cells
(51). This protein was phosphorylated with [γ-32P]GTP and
comigrated withâ-subunits of heterotrimeric GTP-binding
proteins (G proteins) on SDS-PAGE. In addition, the
phosphoprotein produced by incubation of the synaptic
membrane with [γ-32P]GTP was immunoprecipitated by an
antibody specific for the G proteinâ-subunits. The phos-
phorylation was stable against treatment with NaOH but
sensitive to treatment with heat, HCl, and hydroxylamine.
Moreover, treatment of the membranes with the histidine-
modifying agent diethyl pyrocarbonate resulted in a loss of
phosphate incorporation. Later, Wieland and co-workers
performed phosphoamino acid analysis on the phosphorylated
â-subunits and showed phosphohistidine to be the only
phosphoamino acid present (52). Thus aâ-subunit of a G
protein is phosphorylated on a histidine residue. Further
evidence in support of this conclusion is the finding by
Wieland and co-workers that incubation of theâγ-subunits
of retinal rod G protein, transducin, with [35S]GTPγS and
rod outer segment membranes resulted in the formation of
thiophosphorylatedâ-subunits (53). This process is not
apparently autophosphorylation by theâ-subunits, or phos-
phorylation ofâ-subunits byγ-subunits, since phosphory-
lation did not occur in the absence of rod outer segment
membranes (53). This was also found to be the case for the
phosphorylation of G proteinâ-subunits associated with cell
membranes from a variety of tissues derived from a number
of mammalian sources (52). This suggests that there is a
protein histidine kinase present in many mammalian cell
membranes that is capable of phosphorylating theâ-subunits
of G proteins. In the case of HL-60 cells, it was found that
the thiophosphorylation of theâ-subunit of the G protein
was upregulated by formyl peptide receptors activated by
fMet-Leu-Phe (54). Wieland and co-workers have also
studied what the purpose of this phosphorylation might be
(51-55). These workers showed that incubation of thio-
phosphorylated transducinâ-subunits platelet membranes
resulted in the activation of G protein-mediated processes
(55). In addition, incubation of thiophosphorylated transducin
â-subunits with GDP in the presence of HL-60 membranes
resulted in the production of GTPγS, which led to the
suggestion that GDP bound to G proteinR-subunits was
phosphorylated (53). This suggestion was supported by the
finding that thiophosphorylatedâ-subunits can thiophos-
phorylate GDP when incubated with GDP-bound transducin
R-subunits to form GTPγS (55). In addition, incubation of
theγ-32P-phosphorylated membrane protein in HL-60 mem-
branes with GDP resulted in dephosphorylation of the
putative G protein and the formation of [γ-32P]GTP (53).
Thus, it would appear that a membrane-bound histidine

protein kinase is able to phosphorylate theâ-subunits of G
proteins. Since this results in a “high-energy” phosphora-
midate bond, the phosphoryl group can thus be easily
transferred from the phosphohistidine of theâ-subunit to
GDP from a G proteinR-subunit (possibly while still bound
to the R-subunit) and thus resulting in an activated GTP-
bound G proteinR-subunit. Hence, this process provides an
alternate means of activating trimeric, receptor-linked G
proteins, or maintaining them in an activated state. As far
as the authors of this review are aware, the protein histidine
kinase(s) responsible for the phosphorylation of G protein
â-subunits has not yet been purified and characterized.

With a growing interest in two-component histidine
kinases in prokaryotes and plants, together with robust
research effort exploring the newly discovered histone H4-
phosphorylating histidine kinases from yeast andP. polyceph-
alum identified by Matthews’ group at the University of
California (Davis, CA) (4, 13, 30, 41), some level of interest
in histidine kinases was maintained throughout the 1980s.
However, it was not until the 1990s that researchers once
again began to search for evidence of histidine kinases in
mammalian cells. Two proteins designated p36 and p38 were
identified independently and found to be phosphorylated on
a histidine residue.

The Japanese group of Motojima and Goto identified a
membrane-associated protein they designated p36 in rat liver
and rat hepatoma Fao cells, whose phosphorylation on
histidine was induced by the action of peroxisome prolif-
erators such as clofibrate (56-58). Phosphoamino acid
analysis, involving alkaline hydrolysis and thin-layer chro-
matography, was used to demonstrate histidine phosphory-
lation of p36. The associated kinase was also found to be in
the membrane fraction of the tissue extract, and although
not purified to homogeneity, it was reported to have a
molecular mass between 70 and 75 kDa (58). This kinase
was found to be resistant to genestein [a tyrosine kinase
inhibitor that also inhibited yeast histidine kinase activity
(59)] (58) and was shown in vitro to be activated by both
Ras and GTP (56). Speculation about a role for p36 histidine
phosphorylation in cell signaling was briefly alluded to in
this work (56), with the suggestion that p36 may be involved
somewhere downstream of a signaling pathway that involves
Ras.

At about the same time, Hedge and Das reported a p38
protein from rat liver plasma membrane, which was also
phosphorylated on histidine and was in some respects similar
to p36 described above (60). Like that of p36, p38 phos-
phorylation is also enhanced by p21Ras. Glucagon was also
reported to enhance p38 phosphorylation, both in vivo and
in vitro (61). Another similarity with p36 was the ability of
the kinase responsible for its phosphorylation to utilize both
ATP and GTP as the phosphate donor. Phosphoamino acid
identification was initially based solely on the acid lability
of phosphorylated p38 fixed within a polyacrylamide gel.
While this acid lability does suggest phosphohistidine, it does
not rule out the presence of phospholysine, phosphoarginine,
or, as the authors themselves recognize, acyl phosphates
(phosphoaspartate and phosphoglutamate) (61). The study
of histidine phosphorylation of p38 also involved the use of
the histidine-modifying reagent diethyl pyrocarbonate (DEPC)
to determine histidine phosphorylation (60). While this
method has commonly been used in determining the involve-
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ment of histidine as a site for phosphorylation, caution must
be used in interpreting the results of such experiments since
DEPC is capable of modifying other amino acids such as
tyrosine (62). To date, there is no solid evidence to show
that p36 and p38 are identical. p38 has been identified as
ornithine transcarbamylase (an enzyme involved in the
arginine synthesis pathway) via a cDNA library screening
using a p38 antibody (5), whereas p36 has never been
definitively identified. What the biological roles of the
phosphorylation of p36 and p38 are remain unclear, although
p38 expression has been shown to be negatively correlated
with liver cell division (63). For both p36 and p38, neither
the sites nor stoichiometries of phosphorylation were re-
ported. Again, as far as we are aware, there have been no
further studies to determine what the protein histidine kinase-
(s) is that is responsible for the these phosphorylations.

Further support for the existence of mammalian histidine
kinases stems from the research of Noiman and Shaul, who
produced one publication in which they described the use
of DEPC treatment, acid lability, and phosphoamino acid
analysis to detect phosphohistidine-containing phosphopro-
teins when cellular extracts from various rat tissues were
incubated with [γ-32P]ATP (64). Two proteins in particular,
p37 and p38, were reported to contain phosphohistidine. The
phosphorylation of p43 on a serine or threonine residue(s)
was suggested to be dependent on a histidine kinase on the
basis of the inhibition of its phosphorylation by DEPC.
However as noted above, the results of experiments in which
DEPC is used as a histidine-modifying reagent are not always
easily interpretable. While pH-stability, DEPC studies and
phosphoamino acid analysis of these proteins suggest the
existence of histidine kinases, none of the proteins mentioned
in this article or their putative kinases have ever been
identified or studied further.

Stimulation of human platelets by thrombin or collagen
resulted in the phosphorylation of the cytoplasmic part of
the membrane protein P-selectin (65). Phosphoamino acid
analysis of the phosphorylated P-selectin showed the pres-
ence of phosphoserine, phosphothreonine, phosphotyrosine,
and phosphohistidine (65). A phosphorylated cytoplasmic tail
peptide obtained by tryptic cleavage of phosphorylated
P-selectin and Edman degredation of the peptide revealed
H771 and H773 to be phosphorylation sites. A functional
biological role for this histidine phosphorylation of P-selectin
in platelet signal transduction pathways and identification
of the putative histidine kinase has yet to be determined.

The beginning of a new century has brought with it a
continuation of research into histidine phosphorylation and
histidine kinases in mammalian cells. The isolation of a 37
kDa phosphoprotein from the apical membrane of ovine
tracheal epithelia was recently found to be phosphorylated
on histidine (66). This phosphoprotein identified as annexin
I was found to be phosphorylated on histidine using ATP or
GTP, with the site of phosphorylation being localized to the
carboxy-terminal fragment of the protein (66). The results
of this study implicate annexin I as a component of an
intracellular signaling system in which the intracellular Cl-

concentration regulates its phosphorylation on histidine (66-
68). However, annexin I does not autophosphorylate (66),
unlike those histidine kinases involved in bacterial two-
component environmental sensors (69), but appears to be
phosphorylated by the action of a separate protein histidine

kinase. AMP and cAMP appear to regulate the phosphory-
lation of annexin I, although it is not clear whether this
regulation is via binding of these molecules directly to
annexin I which influences the availability of a histidine
residue(s) for phosphorylation (66) or via effects on the
histidine kinase. Muimo and co-workers convincingly dem-
onstrated that the effects of cAMP on annexin I phospho-
rylation were not mediated via protein kinase A. No
stoichiometry of annexin I phosphorylation was reported.
Identification and characterization of the histidine kinase
responsible for annexin I phosphorylation is eagerly awaited.

Another group investigating mammalian histidine kinases
is currently re-examining a bacterial-like histidine kinase
thought to possess only serine kinase activity. Two mam-
malian enzymes, branched-chainR-ketoacid dehydrogenase
kinase and pyruvate dehydrogenase kinase (BCKDHK and
PDHK, respectively), contain prototypical two-component
histidine kinase motifs (70, 71). BCKDHK and PDHK are
each part of a mitochondrial enzyme complex involved in
the regulation of the oxidative decarboxylation of the
branched-chainR-ketoacids derived from leucine, isoleucine,
valine, and pyruvate. In vitro, both of these enzymes are
known to autophosphorylate on a serine residue, but there
has also been conjecture about whether BCKDHK also has
intrinsic histidine kinase activity (70, 72). Recent work from
a laboratory at the University of California at San Francisco
studying mammalian, bacterial-like histidine kinases has solid
evidence to validate BCKDHK as a histidine kinase (C. W.
Turck at the Department of Medicine, personal communica-
tion). This group has used a combined approach of histidine
and serine point mutations, two-dimensional phosphopeptide
mapping, and phosphoamino acid analysis to show that
BCKDHK autophosphorylates in vitro on serine and histidine
residues. They have also examined structural similarities
between the ATP-binding motif of BCKDHK and that of
the “Bergerat fold” family of proteins to which two-
component histidine kinases belong (73). On the strength of
this structural similarity to other members of the Bergerat
fold protein family, they have identified an inhibitor that was
able to inhibit the kinase activity of both BCKDHK and other
known two-component histidine kinases. Overall, this com-
prehensive study of BCKDHK illustrates the idea that
bacterial-like histidine kinase activity may exist in mam-
malian cells. From an evolutionary standpoint, the fact that
BCKDHK is a mitochondrial enzyme and has bacterial-like
histidine kinase motifs makes sense with respect to the
hypothesis put forward by evolutionary biologists of a
primordial symbiosis of a bacterial-like cell becoming what
we now recognize as a mitochondrion.

5. Supporting EVidence: Protein Histidine Phosphatases

If histidine kinases participate in mammalian cellular
signaling pathways, one might expect there also to be
complementary phosphatases capable of catalyzing the
hydrolysis of phosphohistidine in phosphoproteins. The
establishment of the existence of mammalian histidine
phosphatases has added some weight to the possibility that
histidine kinases could be involved in cellular signaling
pathways. Wong et al. (74) have identified histidine/lysine
phosphatase activity in the soluble fractions of various rat
tissues after chromatography on DE-52 cellulose columns.
Using synthetic polyphosphohistidine as a substrate, two
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polyphosphohistidine phosphatases were identified, the first
of which was stimulated 2.5-3.5-fold by Mg2+. Similar
studies by Ohmori et al. (75, 76) have identified both a 30
kDa 6-phospholysine phosphatase and a dual 150 kDa
6-phospholysine/3-phosphohistidine phosphatase from rat
brain. The dual-specificity enzyme was capable of catalyzing
the hydrolysis of both 3-phosphohistidine and 6-phospho-
lysine with comparableVmax and Km values, but neither
enzyme was capable of catalyzing the hydrolysis of phos-
phocreatine orNω-phosphoarginine (75). In addition, how-
ever, the dual-specificity phosphatase was capable of effi-
ciently catalyzing the hydrolysis of AMP, GMP, and
p-nitrophenylphosphoryl, whereas the 6-phospholysine phos-
phatase was not (75). This suggests that the dual-specificity
phosphatase is a very broad specificity phosphatase. This
phosphatase did not appear to be dependent on Mg2+ for
activity (75) and was later shown to behave like an acid
phosphatase (76). None of the phosphatases described by
Wong et al. and Ohmori et al. have been definitively
identified, and although these authors speculated that the
phosphatases might act as phosphoprotein phosphatases, their
ability to catalyze the dephosphorylation of such substrates
was not tested.

Other phosphohistidine phosphatases have also been
reported in rat liver (57, 77). The first of these is a soluble
45 kDa protein phosphatase that dephosphorylates the p36
protein substrate (mentioned above) and was isolated,
together with the histidine kinase, from the membrane-bound
fraction of rat liver (57). This phosphatase has a requirement
for Mg2+ and is resistant to 100µM okadaic acid, suggesting
that it belongs to the protein phosphatase 2C (PP2C) family
(78).

An excellent study of what were traditionally thought of
as serine/threonine phosphatases has led to the discovery that
protein phosphatases 1, 2A, and 2C from yeast are also
protein histidine phosphatases (79). The activities of protein
phosphatases 1 and 2A against histone H4 phosphorylated
on histidine by the yeast histidine kinase (30) and phos-
phorylated phosphorylasea (phosphoserine) were compared.
It was found that the phosphorylated histone H4 was at least
as good a substrate as phosphorylasea, indicating that the
phosphohistidine hydrolase function of these phosphatases
is a major part of their activity (79). Also using histone H4
phosphorylated on histidine by the yeast histidine kinase (30),
these protein phosphatases were tested along with the
phosphatase inhibitors okadaic acid and inhibitor-1 for the
ability to dephosphorylate H4 (5, 79). Conclusions drawn
from these experiments suggest that these phosphatases may
play an important role in the regulation of signaling pathways
that use phosphohistidine. This idea is re-enforced by
experiments involved in the detection of protein histidine
phosphatases in rat liver and spinach cell extracts (77), in
which members of the family of protein phosphatases 1 and
2A from these divergent eukaryotic sources were shown to
dephosphorylate histone H4 phosphorylated specifically on
histidine.

Even though protein histidine phosphatases clearly exist,
the need for histidine phosphatases to dephosphorylate
phosphoproteins containing phosphohistidine in vivo remains
to be explored. It is possible that like in the “two-component”
histidine kinase systems the phosphoryl group is removed
by an intramolecular transfer to an aspartate residue on the

same or another protein, or like the phosphorylated G protein
â-subunit described above, the phosphoryl group is used to
phosphorylate GDP, or other small molecules. The acid
lability of phosphohistidine may obviate any need for a
specific phosphatase given the right intracellular conditions
where the pH of a particular microenvironment or organelle
within the cell is acidic. All this aside, it is encouraging to
know that both histidine kinases and phosphatases exist and
may indeed act in concert to control signal transduction
pathways.

6. Methodological AdVances

One of the reasons for the lack of studies that focus on
mammalian histidine kinases has been the technical difficul-
ties in detecting such proteins, along with the acid lability
of its product. Many of the classical techniques employed
determining kinase activity utilize acidic treatments such as
TCA precipitation (80). While some assays had been
designed to facilitate the detection of acid-labile phospho-
rylation, such as phenol extraction (29) and gel-based assays
(41), many of these techniques were laborious and/or difficult
to apply quantitatively. In 1990, Wei and Matthews had
developed a method that was selective for the detection of
alkali-stable protein phosphorylation (81). Essentially, after
incubation of the substrate protein and kinase preparation
with [γ-32P]ATP, the reaction mixture is then subjected to
mild alkaline hydrolysis. This results in the hydrolysis of
phosphoserine and phosphothreonine present in phospho-
proteins in the reaction mixture, thus reducing the contribu-
tion of these common phosphoamino acids to the total
amount of phosphate present in phosphoproteins. The
proteins in the reaction mixture are then adsorbed onto a
nylon, Nytran membrane. The membrane is then washed in
an alkaline solution, usually containing ATP and pyrophos-
phate, to remove any bound [γ-32P]ATP or 32Pi. After the
membrane has dried, the amount of radioactivity present on
the membrane is determined by scintillation counting (81).
This assay provides a relatively quick means of screening
samples for the ability to phosphorylate proteins in an alkali-
stable manner. In our laboratory, we have extended this
method to assay acid-labile phosphorylation of proteins by
splitting reaction mixtures and acid-treating one-half followed
by neutralization with alkali and the addition of an equal
concentration of salt to the other half. The samples are then
applied to Nytran membranes and treated in the usual way.
While both types of assays are indicative of histidine
phosphorylation, it is still important that phosphoamino acid
analysis be performed to confirm this. Fujitaki and Smith
have also reported on methods allowing for the detection of
phosphoramidate-containing proteins, including31P NMR and
various methods of phosphoamino acid analysis involving
such techniques as HPLC and paper electrophoresis (82).

In addition, techniques for preparation and purification of
the various isoforms of phosphohistidine have been refined
(83, 84). Furthermore, the separation of phosphohistidine
from phosphotyrosine and other phosphoamino acids has
been refined using thin layer electrophoresis (32), reverse
phase TLC (85), and HPLC (84). These methodological
developments have led to the identification and characteriza-
tion of the yeast histidine kinase (30). Some of the technical
difficulties confronted as a consequence of the acid-labile
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nature of phosphohistidine have been overcome by methods
which aim at increasing its stability. This has been achieved
by replacing the double-bonded oxygen atom with a sulfur
atom in the group of phosphohistidine (86). Thiophosphor-
ylated histidine can easily be synthesized using either PSCl3

(86) or thiophosphoramidate (87). Thiophosphohistidine is
at the same time a close molecular analogue of phospho-
histidine while being much more stable to hydrolysis. The
stabilization of phosphohistidine by thiophosphorylation
would allow for the analysis of proteins containing putative
histidine phosphorylation sites while withstanding the acidic
environments employed by conventional biochemical tech-
niques. It may be possible to use radiolabeled ATPγS as a
substrate in many histidine kinase reactions, GTPγS having
already been shown to be a substrate for the kinase that
phosphorylates the G proteinâ-subunit (51-55).

Other techniques which will aid in the detection of
histidine kinase activity include in-gel kinase assays and mass
spectrometry. In-gel kinase assays provide a means of
detecting kinase activity and determining the molecular
masses of the kinases. Samples containing the kinase activity
are separated by SDS-PAGE on a gel in which the protein
substrate is incorporated into the gel matrix. The separated
proteins in the gel are then renatured, and the gel is incubated
with the components of the kinase reaction, including [γ-32P]-
ATP. The gel is then washed and subjected to autoradiog-
raphy or phosphorimaging in which the bands of the substrate
protein which have been phosphorylated and which cor-
respond to bands of kinases are visualized. The yeast histone
H4 histidine kinase has been detected by an in-gel kinase
assay in which histone H4 was the substrate protein
incorporated into the gel (32). Preparations of cellular extracts
from porcine thymus have been shown to contain histidine
kinase activity and multiple histone H4 histidine kinases (ref
32 and unpublished data from P. V. Attwood and C. W.
Turck; see section 3 above). Under the conditions used for
the in-gel kinase assays, the histidine kinases from both yeast
and thymus have been shown not to undergo autophosphor-
ylation (32). Recently, mass spectrometry has been used to
detect synthetic peptides containing phosphohistidine (88)
and to detect phosphohistidine in synthetic preparations of
that phosphoamino acid (85).

7. Discussion

Over the past 30 years or so, there has been a series of
transient contributions to research in the area of histidine
phosphorylation and histidine kinases in mammalian cells,
which have usually been in the form of one to three or four
publications by individual research groups. In the past decade
or so, a more sustained interest in eukaryotic histidine kinases
and phosphatases in general has been maintained primarily
by the efforts of Matthews and co-workers. In more recent
years, our laboratory and that of Turck have sought to study
eukaryotic and mammalian histidine kinases and further
refine the associated research techniques.

From the evidence presented in this review, we hope that
readers will agree that there are such enzymes as protein
histidine kinases in mammalian cells. Most of them appear
to be of the classical protein kinase type, although some such
as PDHK and BCKDHK may be related to the two-
component histidine kinases common in bacteria and lower
eukaryotes.

Once we have concluded that protein histidine kinases exist
in mammalian cells, the question of why there is a need for
such enzymes arises, given that there are many examples of
hydroxyamino acid protein kinases and their complementary
phosphatases. The answer to this question probably lies in
the chemistry of the N-P bond in phosphohistidine; the free
energy of hydrolysis of this bond is much higher than that
of the phosphoester bond in the phosphohydroxyamino acids.
This enables the phosphoryl group from phosphohistidine
to be readily transferred to other molecules to form, for
example, acyl phosphates, phosphoesters, and phosphoan-
hydrides. This is in fact the foundation of the two-component
histidine kinase signaling systems evident in bacteria and
lower eukaryotes. The mammalian system in which a
membrane-bound histidine kinase phosphorylates theâ-sub-
unit of a G protein is described in section 4. When this
phosphorylated subunit binds to the inactive G protein
R-subunit-GDP complex, the phosphoryl group from the
phosphohistidine of the phosphorylatedâ-subunit is trans-
ferred to the GDP to form GTP which activates theR-subunit.
This can provide a mechanism of keeping the G protein in
its active state (and hence maintaining cellular responses)
without the need for the G protein to interact again with an
activated cellular receptor protein. One can easily imagine
other systems in which a protein histidine kinase phos-
phorylates a protein which is then able to bind to another
protein and transfer its phosphoryl group to an amino acid
residue on that protein. This could be, for example, a serine
residue or an aspartate residue, and as a result of this
phosphorylation, some function of the protein is regulated.
In the case where an aspartate residue is phosphorylated,
phosphoryl transfer to another protein is possible. Thus, for
example, a membrane-bound protein histidine kinase, which
may be a receptor protein, or be regulated by a receptor,
phosphorylates a cytosolic protein. This phosphorylated
protein is then able to migrate to the nucleus, bind to a
nuclear protein, perhaps a transcription factor, and regulate
its activity, i.e., very much paralleling the two-component
histidine kinase systems. Thus, phosphorylation of the
effector protein is dependent on the highly specific binding
with the phosphohistidine-carrying protein, which may in
turn be a process regulated by other factors.

Mammalian histidine kinases such as BCKDHK may be
a remnant of mammalian evolution from bacterial origins.
There is the possibility that primitive two-component envi-
ronmental systems evolved in mammalian cells so that
kinases phosphorylate proteins on histidine and then pass
them on to another protein. This idea of histidine kinase
evolution has been considered in a recent article by Koretke
et al. (89), where the evolution of two-component histidine
kinases is examined via a bioinformatics approach. The
possibility of a distant evolutionary relationship between two-
component histidine kinases and other eukaryotic protein
kinases is inferred through a phylogenetic tree, which has at
its origin an ancestral “protokinase”. The phylogenetic tree
described in this study is bifurcated early in the evolutionary
process with one branch leading to two-component histidine
kinases encompassed within the Bergerat fold family of
proteins.

Where protein histidine kinases function in cellular signal-
ing systems similar to those described above, the need for
histidine phosphatases to dephosphorylate phosphoproteins
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containing phosphohistidine in vivo is questionable, although
they could form an integral part of the signaling systems to
act to regulate the size of the pool of phosphistidine-
containing proteins. In some cases also, the acid lability of
phosphohistidine may obviate any need for a specific
phosphatase given the right intracellular conditions where
the pH of a particular microenvironment or organelle within
the cell is acidic. All this aside, it is encouraging to know
that both histidine kinases and phosphatases exist and may
indeed act in concert to control cellular signaling pathways.

Continued development of methodologies for the detection
and assay of protein histidine kinases and their phosphory-
lated protein products will be required to investigate their
biological roles. Anti-phosphotyrosine antibodies have been
important tools in the study of the involvement of tyrosine
kinases in mammalian cellular signaling pathways, and
similarly, the production of anti-phosphohistidine antibodies
would be significant for histidine kinases. This raises the
question of the necessity of raising antibodies to both the 1-
and 3-phospho forms of phosphohistidine. Both 1- and
3-phosphohistidines seem to exist in mammalian phospho-
proteins, and it is likely that two sets of antibodies would
be required. We have made some unsuccessful attempts in
our laboratory to produce such antibodies and are not aware
of any successful attempts.

It may be possible to refine mass spectrometric techniques
that have been developed to study protein phosphorylation
by serine/threonine and tyrosine kinases for the study of
histidine kinases. In this way, we can identify phosphory-
lation sites on target proteins and look for sequence
determinants around phosphorylated histidines with a view
of understanding how histidine kinases recognize their
substrates and searching for other potential cellular protein
substrates. Much of the work that has been carried out to
detect mammalian histidine kinase action has been qualitative
in nature, and there is much yet to be done in many of the
enzymic systems reported in this article, in terms of the
determination of stoichiometries and identification of sites
of phosphorylation of the substrates.

Most important in advancing this field of research is the
need to purify, clone, and sequence a mammalian histidine
kinase which is different from the type of enzyme represented
by PDHK and BCKDHK, which are related to the two-
component histidine kinases. With this sequence information,
it will then be possible to mine the sequence and genomic
databases for other potential members of the histidine kinase
family. This has been done to some extent using the recently
determined crystal structure of BCKDHK (90). However,
only the two-component-like histidine kinases BCKDHK and
PDHK have so far been identified.

The research into histidine kinases and phosphatases
reviewed in this article provides enough evidence to indicate
that histidine phosphorylation not only exists in mammalian
cells but in some cases also plays a role in cell signaling.
By comparison to its hydroxyamino acid kinase counterparts,
the field of mammalian histidine kinase research is still in
its infancy, despite the period of time since its inception.
This is in part due to the inherent technical problems
associated with the chemistry of this type of phosphorylation.
However, with each publication more information is slowly
giving rise to ways that overcome some of the problems faced
with the acid-labile nature of phosphohistidine.

With the current developments in proteomics, together with
our accumulated knowledge of histidine phosphorylation and
histidine kinases, identifying mammalian histidine kinases
should become easier. We are at an exciting moment in
history, as the new wave of protein research opens up the
floodgates of possibilities. The detection of phosphohistidine
in mammalian proteins has now become well-established;
the next logical progression is to identify the associated
kinases. Hopefully, the resurgence of interest in mammalian
histidine kinases over the past decade will continue into the
future. It is a case of watch this space.

ACKNOWLEDGMENT

We thank Prof. C. W. Turck for reading the manuscript
and his helpful suggestions.

REFERENCES

1. Zetterqvist, O., and Engstrom, L. (1966)Biochim. Biophys.
Acta 113, 520-530.

2. Smith, D. L., Bruegger, B. B., Halpern, R. M., and Smith, R.
A. (1973)Nature 246, 103-104.

3. Chen, C. C., Bruegger, B. B., Halpern, R. M., and Smith, R.
A. (1977)Biochemistry 16, 4852-4855.

4. Pesis, K. H. (1987) M.S. Thesis, University of California,
Davis, CA.

5. Matthews, H. R. (1995)Pharmacol. Ther. 67, 323-350.
6. Hunter, T., and Sefton, B. M. (1980)Proc. Natl. Acad. Sci.

U.S.A. 77, 1311-1317.
7. Zetterqvist, O. (1967)Biochim. Biophys. Acta 136, 279-285.
8. Zetterqvist, O. (1967)Biochim. Biophys. Acta 141, 533-539.
9. Zetterqvist, O. (1967)Biochim. Biophys. Acta 141, 540-546.

10. Walinder, O. (1968)J. Biol. Chem. 244, 1065-1069.
11. Chen, C. C., Smith, D. L., Kern, C. W., Lin, Y. C., Halpern,

R. M., and Smith, R. A. (1974)Biochemistry 13, 3785-3789.
12. Fujitaki, J. M., Fung, G., Oh, E. Y., and Smith, R. A. (1981)

Biochemistry 20, 3658-3664.
13. Huebner, V. D., and Matthews, H. R. (1985)J. Biol. Chem.

260, 21121-21128.
14. West, A. H., and Stock, A. M. (2001)Trends Biochem. Sci.

26, 369-376.
15. Saito, H. (2001)Chem. ReV. 101, 2497-2509.
16. Popov, K. M., Kedishvili, N. Y., Zhao, Y., Shimomura, Y.,

Crabb, D. W., and Harris, R. A. (1993)J. Biol. Chem. 268,
26602-26626.

17. Bradbury, E. M (1992)BioEssays 14, 9-16.
18. Koshland, D., and Strunnikov, A. (1996)Annu. ReV. Cell DeV.

Biol. 12, 305-333.
19. Chadee, D. N., Hendzel, M. J., Tylipski, C. P., Allis, C. D.,

Bazett-Jones, D. P., Wright, J. A., and Davie, J. R. (1999)J.
Biol. Chem. 274, 24914-24920.

20. Huang, C. K., Laramee, G. R., Yamazaki, M., and Sha′afi, R.
I. (1990)J. Cell. Biochem. 44, 221-228.

21. Huang, C. K., and Laramee, G. R. (1991)J. Leukocyte Biol.
49, 158-162.

22. Liu, R., Leavis, P., and Badwey, J. A. (1996)Biochim. Biophys.
Acta 1295, 89-95.

23. Tahara, S. M., and Traugh, J. A. (1982)Eur. J. Biochem. 126,
395-399.

24. de la Houssaye, B. A., Michnoff, C. A., and Masaracchia, R.
A. (1982)Arch. Biochem. Biophys. 214, 610-621.

25. Dennis, P. B., and Masaracchia, R. A. (1993)J. Biol. Chem.
268, 19833-19841.

26. Ding, J., Vlahos, C. J., Liu, R., Brown, R. F., and Badwey, J.
A. (1995)J. Biol. Chem. 270, 11684-11691.

27. Benner, G. E., Dennis, P. B., and Masaracchia, R. A. (1995)
J. Biol. Chem. 270, 21121-21128.

28. Tahara, S. M., and Traugh, J. A. (1981)J. Biol. Chem. 256,
11558-11564.

3850 Biochemistry, Vol. 41, No. 12, 2002 Current Topics



29. Smith, D. L., Chen, C. C., Bruegger, B. B., Holtz, S. L.,
Halpern, R. M., and Smith, R. A. (1974)Biochemistry 13,
3780-3785.

30. Huang, J. M., Wei, Y. F., Kim, Y. H., Osterberg, L., and
Matthews, H. R. (1991)J. Biol. Chem. 266, 9023-9031.

31. Besant, P. G. (2000) Ph.D. Thesis, The University of Western
Australia, Crawley, Australia.

32. Besant, P. G., and Attwood, P. V. (2000)Int. J. Biochem. Cell
Biol. 32, 243-253.

33. Gurley, L. R., D’Anna, J. A., Barham, S. S., Deaven, L. L.,
and Tobey, R. A. (1978)Eur. J. Biochem. 84, 1-15.

34. Paulson, J. R., and Taylor, S. S. (1982)J. Biol. Chem. 257,
6064-6072.

35. Hendzel, M. J., Wei, Y., Mancini, M. A., Hooser, A. V.,
Ranalli, T., Brinkley, B. R., Bezett-Jones, D. P., and Allis, C.
D. (1997)Chromosoma 106, 348-360.

36. Wei, Y., Mizzen, C. A., Cook, R. G., Gorovsky, M. A., and
Allis, C. D. (1998)Proc. Natl. Acad. Sci. U.S.A. 95, 7480-
7484.

37. Wei, Y., Yu, L., Bowen, J., Gorovsky, M. A., and Allis, C.
D. (1999)Cell 97, 99-109.

38. Goto, H., Tomono, Y., Ajiro, K., Kosako, H., Fujita, M.,
Sakurai, M., Okawa, K., Iwamatsu, A., Okigaki, T., Takahashi,
T., and Inagaki, M. (1999)J. Biol. Chem. 274, 25543-25549.

39. Roth, S. Y., and Allis, C. D. (1992)Trends Biol. Sci. 17, 93-
98.

40. DeLange, R. J., Fambrough, D. M., Smith, E. L., and Bonner,
J. (1969)J. Biol. Chem. 244, 5669-5679.

41. Wei, Y.-F., Morgan, J. E., and Matthews, H. R. (1989)Arch.
Biochem. Biophys. 268, 546-550.

42. Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. F.,
and Richmond, T. J. (1997)Nature 389, 251-260.

43. Rose, Z. B., Hamasaki, N., and Dube, S. (1975)J. Biol. Chem.
250, 7939-7942.

44. Fothergill-Gilmore, L. A., and Watson, H. C. (1989)AdV.
Enzymol. Relat. Areas Mol. Biol. 62, 227-313.

45. Williams, S. P., Sykes, B. D., and Bridger, W. A. (1985)
Biochemistry 24, 5527-5531.

46. Krivanek, J., and Novakova, L. (1991)FEBS Lett. 282, 32-
34.

47. Ostrowski, W. (1978)Biochim. Biophys. Acta 526, 147-153.
48. Pilkis, S. J., Walderhaug, M., Murray, K., Beth, A., Venka-

taramu, S. D., Pilkis, J., and El-Maghrabi, M. R. (1983)J.
Biol. Chem. 258, 6135-6141.

49. Webb, P. A., Perisic, O., Mendola, C. E., Backer, J. M., and
Williams, R. L. (1995)J. Mol. Biol. 251, 574-587.

50. Weller, M. (1978)Biochim. Biophys. Acta 509, 491-498.
51. Wieland, T., Nurnberg, B., Ulibarri, I., Kaldenberg-Stasch, S.,

Schultz, G., and Jakobs, K. H. (1993)J. Biol. Chem. 268,
18111-18118.

52. Nurnberg, B., Harhammer, R., Exner, T., Schultz, G., and
Wieland, T. (1996)Biochem. J. 318, 717-722.

53. Wieland, T., Ulibarri, I., Gierschik, P., and Jakobs, K. H.
(1991)Eur. J. Biochem. 196, 707-716.

54. Kaldenberg-Stasch, S., Baden, M., Fesseler, B., Jakobs, K. H.,
and Wieland, T. (1994)Eur. J. Biochem. 221, 25-33.

55. Wieland, T., Ronzani, M., and Jakobs, K. H. (1992)J. Biol.
Chem. 267, 20791-20797.

56. Motojima, K., and Goto, S. (1993)FEBS Lett. 319, 75-79.
57. Motojima, K., and Goto, S. (1994)J. Biol. Chem. 269, 9030-

9037.
58. Motojima, K., Passilly, P., Jannin, B., and Latruffe, N. (1994)

Biochem. Biophys. Res. Commun. 205, 899-904.
59. Huang, J., Nasr, M., Kim, Y., and Matthews, H. R. (1992)J.

Biol. Chem. 267, 15911-15915.
60. Hegde, A. N., and Das, M. R. (1987)FEBS Lett. 217, 74-

80.
61. Hedge, A. N., and Das, M. R. (1990)Mol. Cell. Biol. 10,

2468-2474.
62. Miles, E. W. (1977)Methods Enzymol. 47, 431-442.
63. Hedge, A. N., Swamy, C. V. B., Krishan, B. M., and Das, M.

R. (1993)FEBS Lett. 333, 103-107.
64. Noiman, S., and Shaul, Y. (1995)FEBS Lett. 364, 63-66.
65. Crovello, C. S., Furie, B. C., and Furie, B. (1995)Cell 82,

279-286.
66. Muimo, R., Hornickova, Z., Riemen, C. E., Gerke, V.,

Matthews, H. R., and Metha, A. (2000)J. Biol. Chem. 275,
36632-36636.

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

68. Treharne, K. J., Marshall, L. J., and Mehta, A. (1994)Am. J.
Physiol. 267, L592-L601.

69. Msadek, T. (1999)Trends Microbiol. 7, 201-207.
70. Davie, J. R., Wynn, R. M., Meng, M., Huang, Y.-S., Aalund,

G., Chuang, D. T., and Lau, K. S. (1995)J. Biol. Chem. 270,
19861-19867.

71. Popov, K. M., Zhao, Y., Shimomura, Y., Kuntz, M. J., and
Harris, R. A. (1992)J. Biol. Chem. 267, 13127-13130.

72. Thelen, J. J., Miernyk, J. A., and Randall, D. D. (2000)
Biochem. J. 349, 195-201.

73. Dutta, R., and Inouye, M. (2000)Trends Biochem. Sci. 25,
24-28.

74. Wong, C., Faiola, B., Wu, W., and Kennelly, P. J. (1993)
Biochem. J. 296, 293-296.

75. Ohmori, H., Kuba, M., and Kumon, A. (1993)J. Biol. Chem.
268, 7625-7627.

76. Ohmori, H., Kuba, M., and Kumon, A. (1994)J. Biochem.
116, 380-385.

77. Matthews, H. R., and Mackintosh, C. (1995)FEBS Lett. 364,
51-58.

78. Cohen, P. T. (1997)Trends Biochem. Sci. 22, 245-251.
79. Kim, Y., Huang, J., Cohen, P., and Matthews, H. R. (1993)J.

Biol. Chem. 268, 18513-18518.
80. Witt, J. J., and Roskoski, R. (1975)Anal. Biochem. 66, 253-

258.
81. Wei, Y. F., and Matthews, H. R. (1990)Anal. Biochem. 190,

188-192.
82. Fujitaki, J. M., and Smith, R. A. (1984)Methods Enzymol.

107, 23-36.
83. Besant, P. G., Byrne, L., Thomas, G., and Attwood, P. V.

(1998)Anal. Biochem. 258, 372-375.
84. Matthews, H. R., and Wei, Y. F. (1991)Methods Enzymol.

200, 388-414.
85. Besant, P. G., Lasker, M. V., Bui, C. D., and Turck, C. W.

(2000)Anal. Biochem. 282, 149-153.
86. Lasker, M., Bui, C. D., Besant, P. G., Sugawara, K., Thai, P.,

Medzihradszky, G., and Turck, C. W. (1999)Protein Sci. 8,
2177-2185.

87. Pirrung, M. C., James, K. D., and Rana, V. S. (2000)J. Org.
Chem. 65, 8448-8453.

88. Medzihradszky, K. F., Phillipps, N. J., Senderowicz, L., Wang,
P., and Turck, C. W. (1997)Protein Sci. 6, 1405-1411.

89. Koretke, K. K., Lupas, A. N., Warren, P. V., Rosenberg, M.,
and Brown, J. R. (2000)Mol. Biol. EVol. 17, 1956-1970.

90. Machius, M., Chuang, J. L., Tomchick, D. R., and Chuang,
D. T. (2001)Proc. Natl. Acad. Sci. U.S.A. 98, 11218-11223.

BI012021R

Current Topics Biochemistry, Vol. 41, No. 12, 20023851


