Att jaga kunskap är att springa, och
tro att det kanske går att hinna ikapp,
men att hela tiden upptäcka att något
nytt skymtar bakom nästa vägkrök.
Att jaga lycka är att springa i blindo;
men att mitt i krumsprången upptäcka
att det bara är att sträcka ut handen, för
någonstans på vägen slog den följe.
Curro, ergo sum.
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Abbreviations

CheA
DSP
DSP
EnvZ
FCP
HAD
JAK
PKA
PKC
PHP
PHPT1
PPM
PPP
PTP
SCP

Chemotaxis protein A
Diarrheic shellfish poisoning
Dual specificity phosphatases
Osmolarity sensor protein EnvZ
Transcription factor IIF-associating
C-terminal domain phosphatase
Haloacid dehalogenase
Just another kinase
Cyclic AMP dependent protein kinase
Protein kinase C
Protein histidine phosphatase
Phosphohistidine phosphatase
Metal dependent protein phosphatases
Protein phosphatases
Protein tyrosine phosphatase
Small C-terminal phosphatases

Introduction

This thesis concerns a protein, a mammalian enzyme, phosphohistidine
phosphatase 1 (PHPT1). PHPT1 was identified in 2002 but the physiological
role of this enzyme is still elusive. The aim of the work presented here is to
give a contribution to finding the biological significance of PHPT1.
Proteins are substances that engineer the flow of energy and matter within
cells and organisms. They may serve as enzymes, as transporters, as receptors, as defense in the immune system, or may have structural or storage
functions. The word protein originates from the greek word protôs, meaning
“the first”, which may reflect the importance of proteins in living organisms.
Enzymes catalyse biological reactions; an enzyme lowers the degree of
energy that is necessary to initiate a reaction that might otherwise not take
place at the conditions that are present. Up to date about 3000 different enzymes, with different functions, are known and characterized to a greater or
lesser degree.
The biological reactions that are catalyzed by enzymes must be under
strict control. Control is usually obtained through structural changes of the
proteins that are part of the reactions. There are several different ways to
modify the structure of proteins, and thus to regulate their activity. Reversible phosphorylation, i.e. the addition and removal of a phosphate group, is
one of the most important ways for organisms to change the structure and
activity of a protein after translation. Proteins are phosphorylated through the
catalytic action of protein kinases, and dephosphorylated by protein phosphatases, and these processes are constantly ongoing. The importance of
protein phosphorylation is accentuated by the fact that defects in these processes are known to cause major human diseases, e.g. different forms of
cancer, diabetes and certain inflammatory diseases (Steeg et al., 2003). Proteins may be phosphorylated on hydroxyl groups of amino acids such as
serine, threonine and tyrosine, forming phosphoesters, or on nitrogens on the
side chain of e.g. histidine forming amidates. The characteristics of the
phosphoamidate bond make this type of phosphorylation highly reversible
and flexible, which gives the possibility of rapid signal transduction.
Histidine is often found in the active site of enzymes, where it may be phosphorylated as an intermediate of an enzymatic reaction in a very rapid process. Compared to this a potential regulatory phosphorylation via histidine is
somewhat slower. The study of phosphohistidine and regulatory phosphorylation via histidine may give rise to important new insights and may provide
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interesting information that possibly may be used in preventing human illness.
So far, phosphohistidine phosphatase 1 is the only mammalian histidine
phosphatase that has been identified. Several different physiological roles
have been suggested for PHPT1, including a role in energy production and
cell signaling, in insulin secretion, all via regulatory protein phosphorylation
(Klumpp et al., 2003; Mäurer et al., 2005; Kamath et al., 2010; Srivastava et
al., 2008). However, natural substrates for PHPT1 have yet to be identified
and confirmed. The work described in this thesis is focused on elucidating
the physiological role of PHPT1.
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Enzymes

New knowledge can only be found by making use of the knowledge that
already is there. In the following sections some general issues concerning
enzymatic reactions and the regulation of enzymes are touched upon.
Enzymes are proteins that catalyze chemical reactions. A chemical reaction can only occur if the product contains less free energy than the reactants, i.e. the change in energy (ΔG) of the reaction must be negative. Every
biochemical reaction has an energy barrier that has to be overcome for the
reaction to take place. The energy barrier of biochemical reactions prevents
them from occurring spontaneously, but an enzyme as a catalyst may bring
about the reaction within a cell or organism. Through their catalytic action
enzymes lower the amount of energy needed to initiate a chemical reaction,
thus bypassing the original energy barrier. But still the change in free energy
between the starting material and the product is the sole factor that determines whether a chemical reaction is possible or not.
During the catalytic process the enzyme binds a substrate and this complex changes configuration into a transition state, the existence of which may
be very brief. When the enzyme is in the transition state the active site of the
enzyme is more suited to binding the substrate, than is the case when the
enzyme is in the ground state. Owing to multiple weak binding sites between
the enzyme and the substrate, energy is released and the reaction is more
easily initiated. When the catalyzed reaction is completed the substrate has
been transformed to a product which binds less tightly to the enzyme. It is
subsequently released, after which the enzyme resumes its original structure.
The three-dimensional structure of the enzyme determines its action and
specificity. The active site of the enzyme, where the substrate-enzyme interaction takes place, consists of the binding site and the catalytic site. The
active site is often only a very small part of the enzyme; the rest of the molecule is needed to retain the three-dimensional structure of the enzyme ensuring that the active site is in the right state. To bind a ligand the binding site
must contain or form the appropriate stereochemistry, have the right configuration of charges, and be able to form hydrogen bonds or other weak forms
of chemical binding that may complement the ligand. For the enzyme to act
as a catalyst, it has to have a degree of flexibility that allows it to bind the
ligand, retain the binding when the structure of the ligand is altered and subsequently release the product.
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Most enzymes are pH dependent for their activity. Usually they have a
pH-optimum which is suited to the environment in which they are generally
found. Reasons for this may be that the amino acids in the active site need to
be in a certain state of ionization to be active, that the substrate has to be in a
certain state of ionization, or that the enzyme protein has to contain certain
ionized groups of atoms to retain its configuration and degree of stability.
Binding sites on proteins are most often loops that protrude from the protein or cavities that specifically complement the ligand. Cavities may have
specific qualities, and thus create specific microenvironments of importance
for the binding of the ligand and the reaction that is to be catalyzed. By studying the three-dimensional structure of a protein, it may be possible to identify possible binding sites through features that often are common for these.
An active site may also be identified by introducing mutations in the protein,
and see how this affects the enzymatic activity.
The amino acid histidine contains an imidazole ring as its side chain, with
a pKa value of about 6 in proteins. Histidine is often found in the active site
of enzymes, since the imidazole group may either accept or donate a proton
at physiological pH. The nitrogens of the imidazole ring are only partly positive at neutral pH.
Chemical reactions within a cell may occur through transport of energy
contained in high-energy bonds, e.g. by the conversion of inorganic phosphate ions to phosphoryl groups of compounds containing energy-rich phosphate bonds. The inorganic phosphate ion (Pi) is the phosphate compound of
the cell that contains the lowest amount of energy. If the phosphate ion is
esterified with an alcohol the result is a phosphate ester for which the ΔG of
hydrolysis is approximately -3 kcal/mol (-12.5 kJ/mol). This means that the
equilibrium is on the hydrolysis side. In adenosine triphosphate (ATP) two
phosphoryl groups are attached as anhydrides, each of these phosphates has
a ΔG of hydrolysis of about -7 kcal/mol (-30.5 kJ/mol).
The velocity (V) of an enzymatic reaction becomes greater as the concentration of substrate [S] increases, up to a point where the enzyme is saturated. At this level the reaction velocity is at its maximum (Vmax), and the turnover number, or the number of catalytic events per unit of time, is denominated kcat. The substrate concentration at Vmax/2 is Km. Km may be said to
describe the affinity between enzyme and substrate, the lower the Km the
higher the affinity. The relationship may be described by the MichaeliMenten equation:
V0=Vmax[S]/Km+[S]
Simple enzymatic reactions follow Michaeli-Menten kinetics, but depending
on type of reaction, and e.g. whether the reaction is part of a reaction cascade, enzymes may have more complicated kinetics.
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Regulation of enzymes
There are several ways to regulate the activity of enzymes. A single protein
may be subjected to several regulatory strategies.
One way to regulate enzymatic activity is via changes of the concentration of the enzyme, i.e. to influence the synthesis of the enzyme at gene level, or to influence the breakdown of the enzyme. However, to synthesize
proteins is time-consuming, typically taking several hours, and energydemanding. The formation of one peptide bond requires the energy of 4
ATP. Thus other ways to alter the activity of enzymes have evolved. According to modern textbooks 50 – 90% of proteins in eukaryote organisms
are structurally modified after translation, thus altering their activity.
Allosteric regulation acts through binding of a substance, a modulator, to
the enzyme that affects its conformation to make it more or less favourable
for the binding and reaction of the substrate. Allosteric regulation is fast,
occurs in less than a second, and can be very fine-tuned. The cost in energy
is low, provided that modulators are available. A modulator may be an inhibitor. Inhibitors can be separated into two groups, those that are competitive
and have a structural similarity with the substrate of the enzyme and compete with the substrate for binding at the active site, and those that are noncompetitive and act through inactivation of the enzyme. In enzymatic reactions, whether they are single reactions or multienzymatic systems, the endproduct often inhibits the first step of the chain of reactions in a competitive
feed-back inhibition.
Enzymes may also be modified through covalent modifications. More
than 40 different covalent modifications are known, the most important of
these are phosphorylation, glycosylation, sulphatation, lipidation and restricted proteolysis. Some of these modifications are irreversible, such as
proteolysis, and some are reversible, such as phosphorylation. Phosphorylation has been known for decades to be one of the most important ways for
organisms to change the structure and activity of a protein after translation. It
is a relatively fast process, occuring within minutes, and the energy cost is
relatively low. It is estimated that at least one third of human proteins contain phosphate at a given time (Klumpp and Kriegelstein, 2002).

Amino acids that may be phosphorylated
Protein phosphorylation is according to present knowledge most common on
the hydroxyl of serine, threonine and tyrosine side chains, giving rise to a
phosphoester. In a study by Hunter and Sefton (1980), using amino acid
analysis, they found that the relative occurrence of phosphoserine,
phosphothreonine and phosphotyrosine (Fig. 1) in normal chicken cells to be
around 92%, 8% and 0.04% respectively. In a more recent study, using mass
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spectrometric (MS) technology to identify and quantify phosphorylation
sites, phosphoserine, phosphothreonine and phosphotyrosine were found to
account for 86.4%, 11.8% and 1.8% of phosphorylation sites, respectively
(Olsen et al., 2006). However, the authors stated that as membrane proteins
often are of low abundance, and plasma membranes were not specifically
enriched in the study, phosphorylation events associated with plasma membranes were less likely to be identified. Also, phosphopeptides that were too
small or too large in mass to be readily identified in the MS technique may
have been missed. MS was performed under acidic conditions, meaning that
acid-labile phosphoamino acids had little chance to be detected in the study
(Gruhler et al., 2006).
The phosphorylation of serine, threonine and tyrosine is most studied.
However, several other amino acids, in total nine, are known to be phosphorylated. These include histidine, lysine, arginine, aspartate, glutamate and
cysteine (Attwood et al., 2007; Kee and Muir, 2011). Whereas serine, threonine and tyrosine form phosphoesters, histidine, lysine and arginine are
phosphorylated on a nitrogen of the side chain and form phosphoamidates.
Aspartate is phosphorylated on the carboxyl group, and cysteine is phosphorylated on the thiol group (the sulphydryl) forming a thiophosphate.
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Fig.1. Examples of phosphorylated amino acids.

Phosphohistidine
The first biochemical findings of phosphorylated histidine were published in
the 1960:s (Boyer et al., 1962; Deluca et al., 1963; Zetterqvist, 1967).
Histidine phosphorylation may account for as much as 6% of total protein
phosphorylation in eukaryotes, as was analyzed in Physarum polycephalum
nuclear proteins in the 1980:s (Pesis, 1987, as cited by Matthews, 1995; Kim
et al., 1995). This means that at least in this eukaryote organism, a slime
mould, histidine phosphorylation may be several times more abundant than
tyrosine phosphorylation, although not as widespread as serine phosphorylation. However, whether the phosphohistidine that was detected was due to
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intermediate phosphorylation or protein phosphorylation that changes the
structure and activity of a protein as a regulatory measure, could not be determined from the details given in the publication.
Histidine phosphorylation is much less studied than that of serine, threonine and tyrosine, and only a few phosphohistidine proteins have hitherto
been identified. This is likely due to the acid lability of the phosphoamidate
bond, making phosphohistidine escape detection in conventional studies of
protein phosphorylation. Conventional laboratory techniques to study protein
phosphorylation include e.g. partial acid hydrolysis of phosphoproteins and
trichloroacetic acid precipitation of phosphoproteins. The phosphoamidate
bond of phosphohistidine releases a large amount of energy at hydrolysis,
among the highest of known phosphoamino acids, which makes
phosphohistidine very unstable (Robinson and Stock, 1999; Weigel et al.,
1982). Whereas phosphohydroxy amino acids have a ΔG of hydrolysis of
about -6.5 to -9.5 kcal/mol (-27 to -40 kJ/mol) the ΔG for hydrolysis of
phosphohistidine is -12 to -14 kcal/mol (-50 to -58 kJ/mol) (Attwood et al.,
2007). As is stated above, weaker and more unstable binding sites make
rapid signal transduction possible, and the process highly reversible, which
gives the system a great amount of flexibility.
Histidine may be phosphorylated on either of the two nitrogens of the imidazole ring of the side chain, forming a phosphoamidate bond (Fig. 2).
There have been reports of both the 1-phospho and the 3-phospho form of
phosphohistidine in mammals, but 1,3-phosphohistidine does not seem to be
of biological relevance (Attwood et al., 2007). The 1-phospho form of free
phosphohistidine is more unstable than the 3-phospho form; at all pHs above
zero the 1-phosphoryl bond is more labile than the 3-phosphoryl bond
(Hultquist, 1968). At neutral pH in aqueous solution 1-phosphohistidine is
converted to 3-phosphohistidine, histidine and inorganic phosphate
(Hultquist et al., 1966).
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Fig.2. Phosphohistidine
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The nomenclature of histidine may be confusing since many publications in
scientific literature use a numbering of nitrogens that differs from IUPAC
(International Union of Pure and Applied Chemistry) have recommendations. To avoid confusion IUPAC and IUB (International Union of Biochemistry) jointly have recommended the use of “pros”, π, (near) for the first
structure in fig. 2 and “tele”, τ, (distant) for the second structure in fig. 2. In
this thesis, however, the nomenclature 1-phosphohistidine is used for structure I and 3-phosphohistidine for structure II.

Regulatory phosphorylation
Regulatory phosphorylation may be defined as an event where the phosphorylation of a protein leads to changes in the protein’s configuration that
triggers physiological events. In regulatory phosphorylation the conformation change which is brought about by the transferred phosphoryl group is
the starting point of events that go on until the phosphorylation state is restored, or until there is a depletion of substrates or other compounds that are
necessary for the reaction. This is in contrast to intermediate phosphorylation
where the transfer of a phosphoryl group is part of a biochemical reaction
where the phosphate is quickly transferred to an end product. In this reaction
there is a continuous demand for phosphoryl groups to support the continuation of the reaction.
The first report of a phosphorylated protein was published in 1906 by
Levene and Alsberg and the phosphorylated amino acid was identified as
phosphoserine in 1932 by Lipmann and Levene (Levene and Alsberg, 1906;
Lipmann and Levene, 1932, as cited by Attwood et al., 2007). In the 1950:s
phosphorylation was proposed as a regulatory mechanism in eukaryote cells.
Today reversible phosphorylation is considered to be one of the most important processes that change the structure and activity of proteins after
translation in eukaryote organisms (Hunter, 1995; Matthews, 1995;
Dombradi et al., 2002). Edmond H. Fischer and Edwin G. Krebs were the
first to describe an enzyme that is regulated by reversible phosphorylation,
glycogen phosphorylase. This enzyme is found in liver and muscle and catalyzes the breakdown of glycogen to glucose. In this enzyme an important site
of regulation is the reversible phosphorylation of a serine residue. For their
discoveries concerning reversible protein phosphorylation as a biological
regulatory mechanism Edmond H. Fischer and Edwin G. Krebs received the
Nobel prize in physiology or medicine in 1992.
It has been proposed that about one third of human proteins may be phosphorylated at a given time (Cohen, 2002). The degree of phosphorylation of
a protein depends on the balance of activity between kinases, that catalyze
phosphorylation of e.g. a hydroxyl or a nitrogen found on an amino acid
residue, forming phosphate esters or amidates, and phosphatases that cata-
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lyze dephosphorylation, i.e. hydrolysis of the esters or amidates or other
phosphoryl compounds. Phosphorylation and dephosphorylation of proteins
are constantly ongoing. The continuous turnover of the phosphorylationdephosphorylation process ensures rapid responses to different stimuli that
change the balance of phosphorylation versus dephosphorylation. Malfunction of the balance between phosphorylation and dephosphorylation is
known to be a factor in the causes of severe diseases such as diabetes, rheumatoid arthritis and different forms of cancer (Cohen, 2001; Steeg et al.,
2003; Hunter, 2000). Substances that may affect the enzymes that catalyze
phosphorylation and dephosphorylation, the kinases and phosphatases, are of
great interest in clinical research. There are examples of of such compounds
currently used clinically in the treatment of disease (Cohen, 2002; Druker,
2004).
In general external factors, e.g. hormones, control the balance between
phosphorylation and dephosphorylation. After the binding of a hormone
(first messenger) to a receptor a number of second messengers may be activated or produced, of which the most important may be e.g. cyclic AMP,
cyclic GMP, diacylglycerol, inositol-1,4,5-phosphate and calcium ions. The
second messengers activate protein kinases that in turn phosphorylate target
proteins, altering their activity. Donators of phosphoryl groups may be ATP
or GTP, which are readily available in the cell. In this manner hormonal
activity may start a chain of signaling, comprised of activation of a chain of
enzymes that in themselves may be protein kinases, which subsequently
reaches and activates the target enzyme. Physiological effects that may be
the result of protein phosphorylation may be a decrease or increase in enzymatic activity or in the transmission of signals, ultimately resulting in changes in cell growth, protein destruction, secretion of hormones and other basal
body functions.
In protein phosphorylation of a hydroxyl of an amino acid the terminal
phosphoryl group of an ATP (or GTP) molecule is transferred to this group
on the side chain of the protein amino acid, where it is covalently bound. As
is mentioned previously the reaction is catalyzed by protein kinases, and the
neighboring sequence of amino acids in the target protein pin-points the
phosphorylation site for the kinase. As is also mentioned above the most
common amino acid residues known to be phosphorylated are serine and
threonine, but several other amino acids are known to be phosphorylated
(see Figures 1 and 2). In the process of protein phosphorylation, free energy
is released when ATP is transferred to ADP. When a protein is phosphorylated the reaction may result in changes in shape and charge of the protein.
The addition of a phosphate group carrying two negative charges greatly
enhances the hydrophilicity of the phosphorylated region. Addition of a negatively charged phosphate group may have a great effect on the conformation of the protein molecule by attracting positively charged amino acid
side chains, e.g. forming salt bridges with the positively charged side group
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of arginine, and thus altering the protein structure. The result may be that a
new binding site is formed or revealed on the protein surface, that other proteins or ligands may react with.
An added phosphate may in itself constitute part of a binding site that interacts with other proteins. The conformational change that is the result of
phosphorylation may activate or deactivate the protein, which is an effect
that occurs within minutes. Since protein phosphorylation is reversible, the
reaction may function as a stop-and-go button or throttle, starting, speeding
up, slowing down or stopping physiological processes.
Kinases and phosphatases may themselves be subject to reversible phosphorylation, and as proteins often have multiple phosphorylation sites, the
complexity of such systems are great. According to Olsen et al. (2006) more
than half of 2,244 studied proteins contained more than one phosphorylation
site. A possible explanation is that there are not enough proteins for each to
have a single role, considering the enormous amount of biological processes
that are ongoing in a living organism, and it is obvious that signaling proteins must work in a combinatorial way. Just as several binding sites on a
single protein makes the system more flexible, it is also clear that weak binding sites contribute to increased flexibility and thus to increased complexity
of the regulation system. A weak binding site is more vulnerable to changes
in the environment and may elicit faster responses than a strong binding site
(Pawson and Nash, 2000). Since protein phosphorylation is reversible, and
the reaction may function as a switch that turns the activity of a protein on
and off, a weak binding site may in this context constitute a switch that is
easier to manipulate, compared to a strong binding site. This flexibility increases the possibility of fine-tuning cellular responses in response to external signals.

Phosphohistidine in biological processes
In prokaryotes phosphohistidine plays a significant role in intracellular signal transduction, in a two component signal mechanism. In this two component system typically a membrane bound histidine kinase
autophosphorylates as a response to an extracellular stimuli, the phosphoryl
group being mediated from ATP to a histidine residue of the kinase. The
stimuli may be changes e.g. in nutrient concentration, osmolarity, pH or
temperature. The histidine kinase then catalyzes the transfer of phosphate to
an aspartate residue on an intracellular response regulator, which may stimulate or down regulate target genes. Thus, usually the two component system
typically consists of two proteins, the first containing three domains, the
receptor that recognizes outer stimuli, the kinase that catalyzes the phosphate
transfer and also the substrate domain that accepts the phosphoryl group.
The second protein contains the aspartate residue to which the phosphate is
transferred, along with a regulator which is activated by phosphorylation of
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aspartate and effectuates the response (Matthews, 1995; Saito, 2001). This
type of two component system is well known and abundant in prokaryotes,
and some bacteria may have up to 200 different two component systems. To
begin with, it was thought that two component systems along with histidine
phosphorylation was exclusive to prokaryotes, and that serine, threonine and
tyrosine phosphorylation was exclusive to eukaryotes. But since the 1990:s
two component systems have been described for eukaryote organisms such
as yeasts, fungi and plants (Chang et al., 1993; Saito, 2001).
The amino acid histidine plays an important role as an intermediate in enzymatic processes such as the cleavage of citrate. The catalytic enzyme is
ATP-citrate lyase and the process is initiated by autophosphorylation of a
histidine residue in the active site, using a phosphoryl group from ATP,
which generates an instable citryl-phosphate intermediate which is converted
into oxaloacetate and acetyl-CoA along with ADP and inorganic phosphate.
Another example is the exchange of phosphate groups between different
nucleoside diphosphates such as ADP and GDP. These reactions are catalyzed by nucleoside-diphosphate kinases which are autophosphorylated on a
histidine at the active site, after which the phosphate is rapidly transferred to
a nucleotide acceptor from this unstable intermediate.
Knowledge about regulation via phosphorylation on histidine is still very
limited. It is striking that although histidine phosphorylation may account for
a significant amount of the total phosphorylation in both prokaryotes and
eukaryotes even modern review articles concerning protein phosphorylation
may omit to mention histidine phosphorylation. As mentioned above the
nature of the phosphoamidate bond, along with the lack of knowledge about
the biological role of histidine phosphorylation, makes histidine phosphorylation a field of interest to explore.

Protein kinases
There are several hundred different kinases in eukaryotic cells which catalyze phosphorylation of different proteins (Morehead et al., 2007; Manning
et al., 2002). The nomenclature of kinases is complicated. Protein kinases
that are dependent on second messengers for their activation have often been
named after the compound that stimulates their response, e.g. a protein kinase dependent on Ca2+ is denominated PKC and a kinase that is dependent
on cyclic AMP is denominated PKA. Protein kinases that are independent of
second messengers are often named after the subject that they regulate
(Klumpp and Kriegelstein, 2002). However, there are very many kinases and
even more substrates and reactions, and different systems have been used for
the denomination of these substances, for instance one kinase is named JAK,
which stands for “just another kinase”.
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The International Union of Biochemistry and Molecular Biology has developed an international classification system for enzymes according to
which they are denominated by the letters EC followed by three numbers
that describe the function of the enzyme. A fourth number may pin-point the
specific enzyme. The first number signifies one of 6 main classes. Kinases
generally belong to class EC 2, transferases, which transfer functional
groups such as the phosphoryl group. The class EC 2.7. transfer groups with
phosphorus atoms, and contains more than 300 entries for the moment.
Several protein kinases that catalyze the phosphorylation of the hydroxyl
on serine, threonine and tyrosine residues have been identified in eukaryotes.
In general it is the γ-phosphate of an ATP that is transferred to the side chain
of the amino acid.

Histidine kinases
Compared to kinases that catalyze phosphorylation of hydroxyamino acids,
little is known about protein histidine kinases. The most well known are the
histidine kinases of the prokaryote two component system. So far it has not
been shown that such systems are present in mammals. However, proteins
that share amino acid sequences and structure with the two component
histidine kinases of prokaryotes have been identified, e.g. branched chain αketoacid dehydrogenase and pyruvate dehydrogenase kinases. Both of these
autophosphorylate on a serine residue in vitro, but this phosphoryl group is
not further transferred to substrates of the kinases. It was proposed that pyruvate dehydrogenase kinase should autophosphorylate on a histidine residue
after which the transfer to the serine is carried out (Thelen et al., 2000), but
so far no evidence can support that a two component system including two
component histidine kinases exist in mammalian cells (Besant et al., 2003).
In eukaryotes the most studied histidine phosphorylation probably is the
intermediate phosphorylation of enzymes such as nucleoside diphosphate
kinase and ATP-citrate lyase, for which the dephosphorylation is a continuation of the catalytic reaction (Mårdh et al., 1971; Williams et al., 1985; Steeg
et al., 2003). There are many reports that support that nucleoside
diphosphate kinase may also behave as a protein kinase. Nucleoside
diphosphate kinase could phosphorylate the normally autophosphorylated
histidine residues of the kinases CheA and EnvZ that are part of two component systems of E.coli, as was demonstrated by Lu et al. (2000), who also
showed that the phosphoryl group could be further transferred to respective
response regulator proteins. Nucleoside diphosphate kinase from rat liver
could directly transfer its phosphoryl group to a histidine residue of ATPcitrate lyase (Wagner and Vu, 1995). The nucleoside diphosphate kinase
from rat liver could form UTP from UDP and ATP in EDTA, that is where
Mg2+ has been depleted, but the rate at which this happened was only around
1% of the rate when MgCl2 was present.
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Nucleoside diphosphate kinase has also been suggested to phosphorylate
the β-subunit of mammalian G-protein resulting in activation. This has been
investigated in several studies and indicated in a number of reports, as cited
by Besant and Attwood (2005) and Klumpp and Krieglstein (2009).
Early on Matthews and coworkers partially purified a histone H4 kinase
from yeast and from the slime mould Physarum polycephalum which catalyzed the phosphorylation of His75 on histone H4 forming 1phosphohistidine (Huebner and Matthews, 1985; Wei and Matthews, 1990;
Huang et al., 1991). Phosphorylation of histone H4 and histone H4 histidine
kinase activity has been found in mammalian cells, and histone H4 histidine
kinase activity was found to be present in human fetal liver and highly expressed in liver tumors, whereas only very low activity was found in adult
human liver samples (Tan et al., 2004). Protein histidine phosphorylation has
been described in cells that are highly proliferative, such as Walker 256 carcinoma cell line, rat hepatoma Fao cells and HL-60 leukemia cells. It has
also been shown that phosphorylation of histone H4 occurs during regeneration of liver in rodents, and that histone H4 histidine kinase activity is very
high in regenerating rat liver (Smith et al., 1973; Chen et al., 1974; Smith et
al., 1974; Chen et al., 1977; Tan et al., 2004).
Although there is mounting evidence that histidine phosphorylation and
histidine kinases have an important role in cell homeostasis, the histidine
kinases are still elusive and escape identification (Besant and Attwood,
2012). This suggests that they may work in a different manner than the serine, threonine and tyrosine kinases, and that new methods are needed to isolate and characterize the histidine kinases.

Protein phosphatases
Protein phosphatases catalyze the hydrolysis of the phosphoryl bond of e.g. a
phosphorylated amino acid residue in a protein.

Classification of protein phosphatases
The nomenclature of the protein phosphatases is confusing since it is based
on several different classification aspects. The original classification of protein phosphatases has been refined based on knowledge about amino acid
sequence, structure of the protein and knowledge about the catalytic mechanism, and some reclassification is the result of information that has emerged
throughout recent years (Cohen, 1989; Klumpp and Kriegelstein, 2002;
Moorhead et al., 2007). Figure 3 shows a schematic description of the classification of protein phosphatases.
PPP-family. The first phosphatases to be identified were phosphatases
that catalyze the hydrolysis of serine or threonine phosphate esters. Initially
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protein phosphatases were named after the amino acids that they
dephosphorylated, and classified according to other biochemical actions. The
PPP enzymes are subdivided into PP1, which dephosphorylate the β-subunit
of phosphorylase kinase and are inhibited by heat stable inhibitor proteins
(Inh1), and PP2 which dephosphorylate the α-subunit of phosphorylase kinase and are not inhibited by Inh1. The PP2-group is further subdivided into
PP2A which acts spontaneously and PP2B which requires Ca2+ for its activity and PP2C which is dependent on Mg2+. Further enzymes have been added
into the PPP family as they have been recognized by gene cloning studies,
PP4, PP5, PP6 and PP7. Later research has revealed that PP1, PP2A and
PP2C not only act on phosphoserine and phosphothreonine but may also
dephosphorylate phosphohistidine (Kim et al., 1993).
PPM-family. As more information on phosphatases was gathered studies
revealed that whereas PP1, PP2A and PP2B are structurally related, PP2C
belongs to another gene family, PPM, the metal dependent (Mg2+ or Mn2+)
phosphoprotein phosphatases. The PPM group consists of several isoforms
of PP2C and of pyruvate dehydrogenase phosphatase.
PTP-family. The PTP family originally was comprised of enzymes that
dephosphorylate tyrosine, but substrates now also include phosphoserine and
phosphothreonine along with some others (e.g. RNA, phosphoinositides).
The dual specificity phosphatases (DSP) that dephosphorylates
phosphoserine, phosphothreonine and phosphotyrosine are now classified
into this family.
Aspartate-based catalysis. These enzymes include the FCP/SCP family
(TFIIF-associating C-terminal domain phosphatase/small C-terminal phosphatases) and the HAD (haloacid dehalogenase) family phosphatases. These
utilize aspartate as a phosphoryl acceptor during substrate
dephosphorylation. Some members in this family have been shown to
dephosphorylate phosphoserine (Li et al., 2003).
PHPT1. Phosphohistidine phosphatase 1 acts on phosphorylated histidine.
This enzyme is described in a section below. So far PHPT1 is the only enzyme of this kind that has been identified. It has not been ascertained that
PHPT1 exclusively acts on phosphohistidine in peptides or proteins, therefore the term phosphohistidine phosphatase is used for this enzyme in e.g.
most databases, although in some scientific publications the enzyme is called
PHP, protein histidine phosphatase. The role of PHPT1 in vivo has yet to be
established.
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Fig.3. Schematic description of classification of known protein phosphatases. For
explanation and abbreviations, see text above figure.

Like all enzymes, phosphatases are classified according to the international
classification system into classes and subclasses and given a number code
that describes the function of the enzyme. Phosphatases generally belong to
the main class EC3, hydrolases which catalyze hydrolysis of chemical
bonds. EC3.1 are phosphoric monoester hydrolases, and the enzyme PHPT1
is classified as EC3.1.3, which does not seem to be logical since PHPT1 is
known to act only on phosphoamidate bonds. The class 3.9 contains
phosphoamidases that only act on the nitrogen bond, and this would seem to
be a more appropriate class for PHPT1 to belong to.

Inhibition of phosphatases by biological toxins
Biological toxins have been used as tools for the study of protein phosphatases. One of these toxins is okadaic acid, a polyether C38 fatty acid which is
produced by marine dinoflagellates and is accumulated by shellfish that feed
on marine plankton. Okadaic acid and analogues are the cause of diarrheic
shellfish poisoning (DSP, not to be confused with DSP = dual specificity
phosphatases), a severe illness which is caused by ingestion of shellfish that
have accumulated the toxins. Okadaic acid is a strong inhibitor of protein
phosphatases PP1 and PP2A. Okadaic acid has been recognized as a tumor
promoter acting through inhibition of dephosphorylation of many proteins
phosphorylated by protein kinase C (Hunter, 1995).
Microcystins, which are circular peptide toxins consisting of 7 amino acids, are produced by some species of cyanobacteria (blue-green algae) and
are also inhibitors of PP1 and PP2A (MacKintosh, 1990; Serres et al., 2000).
More than 70 different varieties of microcystins are known. The molecule is
most often varied by substitutions of amino acids in positions 2 and 4 and
demethylation in positions 3 and 7. The amino acid ADDA, (2S,3S,8S,9S)-3amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, is a special feature of microcystins and related toxins, and this region is of importance for the toxicity of the molecules. In solution microcystins adopt a
similar shape in the ADDA-glutamate part of the molecule, and this region is
of importance for the interaction with the protein phosphatase molecule.
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Most variants of microcystins are highly toxic, only a few non-toxic variants
have been identified. Linear microcystins are about 100 times less toxic than
the corresponding cyclic compound.
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Fig.4. Structure of microcystin-LR. LR stands for leucine in position 2 and arginine
in position 4.

These toxins may contaminate drinking water and potentially certain other
foodstuffs, e.g. fish, shellfish and leafy vegetables (irrigated with lake water
containing toxins). In a recent study the in vitro protein phosphatase inhibition activity of 8 microcystin varieties was investigated and compared with
their in vivo mouse toxicity. It was found that microcystin-LR was most
potent in both respects (Chen et al., 2006). The strong binding to protein
phosphatase may be utilized to develop screening tests, i.e. inhibition assays,
for the monitoring of microcystins in water bodies and in drinking water.
Enzyme inhibitors are valuable tools for investigating the function of enzymes in vivo. Okadaic acid and microcystins have played important roles in
adding to the knowledge about, above all, serine dephosphorylation (MacKintosh and MacKintosh, 1994).
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Phosphohistidine phosphatase 1, PHPT1

What is PHPT1?
In 2002 the first phosphohistidine phosphatase (PHPT1) was discovered
independently by two research groups (Ek et al., 2002; Klumpp et al., 2002).
The latter group named the enzyme protein histidine phosphatase (PHP), but
phosphohistidine phosphatase 1 has become the more accepted denomination. This enzyme is according to present knowledge not restricted to
dephosphorylation of histidine only in proteins.
The work done by Ek et al. (2002) utilized the phosphohistidine containing peptide succinyl-Ala-His(P)-Pro-Phe-para-nitroanilide for probing porcine liver cytosol for phosphatase activity. A phosphatase activity was found
that was not inhibited by okadaic acid or EDTA, which suggested that
dephosphorylation was not due to the known enzymes PP1, PP2A or PP2C.
Purification yielded a 14 kDa protein which after partial sequencing showed
similarity to a part of a human chromosome of unknown function. Molecular
cloning from a human cell library, expression and purification gave a 13.7
kDa protein of 125 amino acids which had no activity towards a set of peptides containing phosphoserine, phosphothreonine or phosphotyrosine. Human phosphohistidine phosphatase mRNA indicated presence of the enzyme
mainly in heart and skeletal muscle (Ek et al., 2002).
In the work by Klumpp et al. (2002) a bacterial chemotaxis kinase
(CheA) that autophosphorylates in the presence of ATP and Mg2+ was used
as a potential substrate in search for proteinhistidine phosphatase activity. A
protein from the soluble extract of rabbit liver that was capable of hydrolyzing phosphorylated CheA was found. After purification and sequencing the
conclusion was drawn that a new protein phosphatase had been found. Radio-labelled phosphate (32P) was used to detect phosphorylation and
dephosphorylation events. Klumpp and coworkers has since proposed potential substrates for the novel phosphohistidine phosphatase in ATP-citrate
lyase and the β-subunit of G-proteins (Klumpp et al., 2002; Mäurer et al.,
2005).
In 2006 the 3-dimensional structure of human PHPT1 was determined to
a resolution of 1.9Å, after a successful crystallization had been performed. A
putative active site was identified by its electrostatic character, ion binding
and conserved protein residues. The protein was found to fold into an elbowshaped molecule. On the surface a positively charged pocket was found con-
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sisting of conserved residues. Due to its positive charge the area was proposed as a potential site for phosphatase activity (Busam et al., 2006). See
figure 5.

Fig.5. Three-dimensional structure of PHPT1. Image from Structural Genomics
Consortium, PDB entry 2HW4.

In this work it is suggested that His53 is of importance for the catalytic activity and Arg78 and Lys21 are proposed to act as stabilizers during the catalytic reaction, both for stabilizing the structure and giving a possibility for
charge stabilization during the transition state. In their work Busam et al.
utilized the PHPT1 mutant His53Ala, constructed by Ma et al. (2005), Paper
I, which does not display phosphatase activity as a help in determining the
active site. In the work by Gong et al. (2009) a slightly different structure is
proposed for the active site. They have proposed a structure for PHPT1 in
solution both with and without a bound phosphoryl group. In this study
NMR has been used for measuring distant constraints, dihedral angle and Hbound constraints. They have also made use of the inactive mutant
His53Ala, along with other mutants, for assays of enzymatic activity. They
suggest that H-bonds are formed from the substrate or the phosphate to
His53, Ala54, Ser94 and Ala96, and that the active site is located at the edge
of a positive region formed by residues Lys21 and Arg78.
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In search of the function of PHPT1 – Where and why is
PHPT1?
Database searches have revealed that the active site of PHPT1 is preserved
throughout the animal kingdom, see figure 6, which indicates an important
role for the enzyme. Still little is known about the physiological role of
PHPT1, in normal physiology as well as in disease, as is stated below.

Fig.6. Phylogenetic tree for PHPT1. Image from the NCB database.

PHPT1 in, and influence on, physiology
The access of a phosphohistidine phosphatase offers possibilities to further
explore the area of histidine phosphorylation and dephosphorylation. Search
for native substrates for PHPT1 is a challenge. If natural substrates could be
firmly established, this would bring important knowledge into the field.
Even though ATP-citrate lyase and the β-subunit of G-proteins have been
suggested as potential substrates (Mäurer et al., 2005), it has not been shown
that the activity towards these proteins is high enough to establish them as
important physiological substrates for PHPT1.
To investigate the relationship of PHPT1 activity and ATP-citrate lyase,
PHPT1 was overexpressed in neuronal cells in culture, which lead to impaired cell viability, similar to the effect seen when ATP-citrate lyase was
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downregulated in the same cell line. The conclusion was that overexpression
of PHPT1 lead to a harmful increase in dephosphorylation resulting in inactivation of ATP-citrate lyase (Krieglstein et al., 2008).
In another investigation overexpression of PHPT1 in human umbilicalvein endothelial cells in culture induced apoptosis, whereas downregulation
did not have an impact on cell viability (Seeger et al., 2012). Overexpression
of the inactive mutant H53A of PHPT1 (see Paper I, Ma et al., 2005) was
done to check whether cell viability was influenced by an increase in cellular
protein. Overexpression of this mutant lead to a decrease in cell viability, but
to a much lesser degree than in the experiment with PHPT1.
For the activation of T cells the influx of Ca2+ into the cells is of importance. In 2006 Srivastava et al. showed that a mammalian histidine kinase, nucleoside diphosphatase kinase β (Nm23h2), is a requisite for activation of KCa3.1 channels by phosphorylating His358 in the carboxyl terminus
(Srivastava et al., 2006). This histidine residue is surrounded by several
basic residues. The same group published a paper in 2008, in which they
demonstrated that PHPT1 negatively regulates CD4 T cells by inhibiting the
K+ channel KCa3.1. That this inhibition required phosphatase activity was
demonstrated in that a PHPT1 mutant without phosphatase activity,
His53Ala (see Paper I, Ma et al., 2005), did not inhibit KCa3.1 channel activity (Srivastava et al., 2008). This is so far the clearest demonstration published of a physiological role for PHPT1 as a regulatory protein.
Phosphorylation of histone H4 on histidine, and histone H4 histidine kinase activity has been demonstrated in mammalian cells and elevated activity has been found in different carcinoma cell lines as well as in regenerating
rat liver and human fetal liver (Chen et al., 1977; Tan et al., 2004). Histidine
phosphorylation seems to have a role in cell proliferation, and since both
kinase and phosphatase activity are of importance for maintaining the correct
balance between phosphorylation and dephosphorylation, these findings
indicate that PHPT1 may have a role in cell proliferation, not only in the
normal physiology but also in neoplastic illness. However, for histone H4
that had been phosphorylated via histone H4 histidine kinase from thymus
no dephosphorylation was seen after incubation with PHPT1 for 60 minutes,
whereas incubation for 30 minutes with PHPT1 under corresponding conditions completely dephosphorylated ATP-citrate lyase (Attwood et al., 2010).

PHPT1 in disease
About 10-15% of all cases of pediatric acute lymphoblastic leukemia is accounted for by T cell acute lymphoblastic leukemia. In 12 out of 36 cases
(33%) amplification in the 9q34 region of a chromosome could be identified,
and this duplication could be seen in 17-39% of leukemic cells upon diagnosis (van Vlierberghe et al., 2006). According to the authors this is to date one
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of the most frequent genetic abnormalities found in pediatric T cell acute
lymphoblastic leukemia. Out of the genes located in the 9q34 region, three
genes were found that had a twofold higher expression in patients with the
duplication compared to patients without the duplication. One of these three
genes encoded PHPT1 with a median expression of 10.3% compared to
6.9%. The other two genes encode a nuclear auto-antigen (SSNA1) and a
ribosomal protein (MRLP41). The duplication was not observed in healthy
individuals, more than 200 persons, which were included in the study.
That PHPT1 may have a role in human cancer was further implicated by
Xu et al. (2009). In their study they found that knock down of the expression
of PHPT1 in a highly invasive human lung adenocarcinoma cell line as a
result gave inhibition of migration and invasiveness, whereas overexpression
of PHPT1 gave promotion of migration and invasiveness in vitro. Knockdown of PHPT1 inhibited migration and invasion of lung cancer cells in an
animal model in vivo, and improved survival of the animals. In this model
athymic mice were injected i.v. with cancer cells, either with the knock down
or without (control). When searching for a mechanism by which PHPT1
could be involved in cancer cell migration, invasion and metastasis, it was
found that proteins affected by manipulating the expression of PHPT1 were
several proteins that are involved in the organization of the cytoskeleton.
The concluding theory was that PHPT1 may play a role in tumor invasion
and metastasis through interference with cytoskeleton reorganization (Xu et
al., 2009).
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Current work

The work described in this thesis is focused on further elucidating the physiological role of PHPT1, and to continue developing the insights that were
described and published by our group in 2002 (Ek et al., 2002). In the first
paper amino acid residues of importance for the activity of the enzyme were
identified, and mutants with decreased phosphatase activity were produced.
By using immunohistochemical methodology the localization of PHPT1 in
mouse and human tissues was determined, as is described in the second paper. The third paper describes a comparably fast and easy screening method
for determination of PHPT1 activity.

Paper I
Mutational study of human phosphohistidine phosphatase: Effect on enzymatic activity.
Ma R., Kanders E., Beckman Sundh U., Geng M., Ek P., Zetterqvist Ö., Li J-P.
Biochem Biophys Res Comm (2005)337:887-891
The aim of the study was to identify amino acid residues of importance for
the catalytic activity of phosphohistidine phosphatase 1 (PHPT1).
In order to do this, point mutants were designed and produced. Reports on
other phosphatases suggested that conserved arginine and histidine residues
could be implicated to be of greatest importance for the enzymatic activity.
The sequence of the human enzyme PHPT1 was compared with orthologous
proteins and two arginine (Arg45, Arg78) and three histidine residues
(His53, His81, His102) were found to be conserved through several phyla.
Point mutants of histidine and arginine residues to alanine were performed by PCR using specific primers, and the mutations were confirmed by
sequencing. After preparative expression wild type recombinant PHPT1 and
mutant proteins were partly purified by anion exchange chromatography,
and after purification they were analyzed by SDS-PAGE and confirmed by
Western blot using antibodies that were produced in rabbits using the purified recombinant full length human protein as antigen. The exchange of a
basic amino acid (Arg, His) to a neutral amino acid (Ala) did not alter the
binding of the proteins to the anion exchange column to any significant degree. Both unpurified cell lysates and partly purified wild type recombinant
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PHPT1 and mutants were tested for phosphatase activity. Activity was determined by measuring the degree of dephosphorylation of a chemically
phosphorylated substrate, a small peptide (succinyl-Ala-His(P)-Pro-Phepara-nitroanilide). HPLC was used to distinguish between phosphorylated
and dephosphorylated peptide.
Of the five mutants only one (His81Ala) showed a specific activity comparable to the wild type enzyme, whereas mutant (Arg78Ala) showed an
activity that was 30% lower, and mutant (Arg45Ala) activity that was one
magnitude lower than that of the wild type enzyme. The two mutants
(His53Ala and His102Ala) did not display any phosphatase activity.
When the phosphatase activity of the crude cell lysates were compared to
that of the partly purified proteins, it was shown that the degree of activity
increased with purification to the same extent for the different protein preparations, where activity could be measured, and indicates that decrease in
activity for some mutants was not due to interaction with other proteins in
the crude lysate preparations.
Access to mutants with decreased enzyme activity may be of importance
to perform further studies of PHPT1 regarding function and substrate
dephosphorylation as well as in mechanistic studies. Since the publication of
this paper the inactive His53Ala mutant has been used in studies to elucidate
the function of the enzyme (Busam et al., 2006; Srivastava et al., 2008;
Gong et al., 2009; Seeger et al., 2012).
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Paper II
Immunohistochemical localization of PHPT1 in mouse and human tissues
Zhang X.*, Beckman Sundh U.*, Zetterqvist Ö., Ek P.
Upsala J Med Sci (2009) 114(2):65-72
*Xiao-Qun Zhang and Ulla Beckman Sundh contributed equally in the
project
Immunohistochemical methods were used to determine the localization of
PHPT1 in mouse tissues. The aim of the study was to determine the expression of phosphohistidine phosphatase 1 (PHPT1) at the protein level, in order to increase the knowledge of the function of the enzyme.
Earlier studies of human phosphohistidine phosphatase’ mRNA indicated
high expression in heart and skeletal muscle (Ek et al, 2002).
Tissue samples from adult mice and mouse embryos were prepared for
light microscope examination. Organs that were included in the study, apart
from heart and skeletal muscle, were liver, kidney, lung, spleen, intestine
and testis.
Antibodies against human PHPT1 were produced in rabbits. Antibodies
were affinity purified on a Sepharose-linked peptide corresponding to amino
acid residues 101-115 of PHPT1, a sequence highly conserved between
PHPT1 of various species. Paraffin embedded tissue samples were sectioned
and prepared for antibody staining. The antibodies used for the mouse material, were also used in the Human Protein Atlas Project (HPA). The result of
the HPA project in the context of PHPT1 was compared to the results from
mouse tissues.
Staining intensity was determined on a four-graded scale, from no signal
to a strong signal. Protein expression in mouse tissue did not quite follow the
mRNA expression profile from earlier studies, even though the results were
similar in several organs. The most significant finding was that PHPT1
showed a clearly documented presence in certain types of epithelial cells,
specifically epithelial cells with a short turnover time, indicating that PHPT1
may play a role in cell proliferation. This conclusion is strengthened by the
findings of increased expression of the PHPT1 gene in cases of acute lymphatic leukemia (van Vlierberghe et al, 2006) and also by the presence of
protein histidine phosphorylation in several cancerous cell lines (Tan et al,
2004).
Although human results obtained in HPA were similar to the expression
pattern in the mouse, some differences in level of expression were found. In
testis a moderate signal was found in human spermatogonia and interstitial
cells, whereas no signal was detected for these tissues in adult mouse. A
moderate signal was found in cells in proximate tubuli of the kidney in humans but not in mouse, whereas the opposite was the case for bile duct epithelium where a moderate signal was found in mouse but not in humans.

32

These different results may be due to true species differences, or possibly to
differences in preparation of tissues or other methodological differences
between the approaches in the two laboratories. However, not all of the same
tissues, from the two different species, were represented both in our study
and the HPA project, so there may be other similarities and differences to
find that were not possible to study at this stage.
There is often cellular and/or organ co-localization between proteins that
interact with one-another. On the HPA homepage the localization of a proposed substrate for PHPT1, ATP-citrate lyase (Klumpp et al, 2003), does not
coincide with the localization of PHPT1, as shown by antibody staining in
our study. This might partially be explained by the fact that an inducible
protein, such as ATP-citrate lyase, may not have been present in all the tissues used. Other proposed natural substrates for PHPT1 activity, such as the
β subunit of G protein or the K+ channel KCa3.1, are not covered of the HPA
project so these comparisons could not be performed.
It is of interest that immunohistochemical staining of PHPT1 seems to be
strong in epithelial cells with a short turn-over time, which coincides with
other studies where PHPT1 has been described to be expressed in proliferative cells as well as in regenerating and fetal tissues. This indicates that
PHPT1 may have a role in cell proliferation and differentiation.
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Paper III
A screening method for phosphohistidine phosphatase 1 activity.
Beckman Sundh U., Ek B., Zetterqvist Ö., Ek P
Upsala J Med Sci (2011) 116(3):161-168
This paper describes a quick and easy screening method to analyse
phosphohistidine phosphatase 1 (PHPT1) activity. Conventional methods for
studies of amino acid phosphorylation are not suitable for investigation of
histidine phosphorylation due to the instability of the energy-rich and acidlabile phosphoamidate bond. The difficulty in analysing histidine phosphorylation and the intricate assays and/or time consuming methods that have been
available have hampered research in this field.
Methods that have been used for screening PHPT1 activity include e.g.
phosphorylation of the proposed substrate with radiolabelled ATP, incubation with PHPT1 and subsequent analysis of phosphorylated and
dephosphorylated protein by SDS-PAGE followed by autoradiography.
NMR is another method that has been used for analysis of histidine phosphorylation. Both are time consuming methods, and both are methods for
which it is difficult to make accurate quantitative assessments.
The substrate used by us to determine PHPT1 activity in our earlier works
has been the peptide succinyl-Ala-His(P)-Pro-Phe-para-nitro-anilide. To
separate the phosphorylated and dephosphorylated peptide we have in earlier
studies made use of HPLC.
The principle of the new screening method is that positively charged,
chemically phosphorylated peptide or protein is incubated with samples expected to contain PHPT1-acitivity for different times, up to 24 minutes. Incubation volumes are 50 µL substrate and 1 µL enzyme solution. Incubation
is interrupted by centrifugation on an anionexchanger that binds the free
phosphate that has been released from the substrate, wheras product and
substrate passes through. The eluate is then incubated with malchite green
reagent, which releases acid-labile phosphate from the phosphorylated substrate, and absorbance of malachite phosphate complex at 620 nm is measured. The amount of released phosphate is calculated using standards of
phosphate soluted in water. Thus, if PHPT1 has been active, less phosphate
is detected in the final eluate. Using this method we could detect activities
down to 5 pmol/min following the analytical protocol, using 1 µL of test
material with PHPT1 activity.
So far, the clearest indication of a natural substrate for PHPT1 is the potassium channel KCa3.1 in human DC4 T lymphocytes, where histidine is
phosphorylated at position 358 in the highly basic sequence Val-Arg-LeuLys-His-Arg-Lys-Leu-Arg. We tested this peptide as a substrate for PHPT1.
To protect the peptide from degradation by aminopeptidases in crude cell
extracts we added an acetyl group at the N-terminal, and to protect against
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carboxypeptidases and also to easily trace the peptide we added a paranitroanilide group at the C-terminal. To further test the screening method for
analysing PHPT1 activity, we also tested our method on chemically phosphorylated histone H4, which also is highly positively charged.
Dephosphorylation of the chemically phosphorylated substrate acetylVal-Arg-Leu-Lys-His(P)-Arg-Lys-Leu-Arg-para-nitroanilide by recombinant PHPT1 showed a dephosphorylation rate that initially was proportional
to the concentration of PHPT1, and was calculated to be 0.2 mol/second/mol
PHPT1. There was no detectable activity of PHPT1 on the slightly, also
chemically, phosphorylated peptide acetyl- Val-Arg-Leu-Lys(P)-Ala-ArgLys-Leu-Arg-para-nitroanilide, where His has been exchanged for Ala,
which supports that the dephosphorylation of acetyl- Val-Arg-Leu-LysHis(P)-Arg-Lys-Leu-Arg-para-nitroanilide essentially was specific for PHis.
Cytosol from mouse liver was tested for PHPT1 activity using the same
substrate. The activity was 2.4 µmol/minute/mg of cytosol protein. This is
similar to the PHPT1 activity found in porcine liver cytosol using succinylAla-His(P)-Pro-Phe-para-nitro-anilide as substrate and HPLC as detection
method.
The rate of dephosphorylation of purified calf thymus histone H4 by recombinant human PHPT1 was 0.6 mol/second/mol PHPT1, whereas the rate
for dephosphorylation of recombinant histone H4 was 0.3 mol/second/mol
PHPT1. The difference is more marked considering that the purified histone
H4 had a two-fold lower phosphorylation degree, compared to recombinant
histone H4. The degree of phosphorylation varied between the experiments,
but the tendency is clear. In work of other researchers the degree of
dephosphorylation of e.g. the chemotaxis protein CheA, at a concentration of
5 µM, by PHPT1 had a specific activity (about 12 pmol/minute and mg)
which is magnitudes lower than rates determined in the present study.
The paper describes a quick and sensitive method for analysis of PHPT1
activity, that is easy to set up and uncomplicated to use and no specialized
equipment is needed. If only a few samples are analyzed, the method takes
no more than an hour for the preparatory work, there is a waiting time of at
least an hour before the results may be read, but all in all the time that is
needed is less than 3 hours, and several samples can be analyzed simultaneously. The method is designed to be used for substrates that are of positive
charge even after phosphorylation. With the method it was possible to measure significant dephosphorylation for two chemically phosphorylated substrates, histone H4 and the peptide containing the phosphohistidine site of
the potassium channel KCa3.1. The method may be used when investigating
enzymatic phosphorylation of basic histidine-containing substrates, and to
search for PHPT1 inhibitors that may in turn be used for detecting histidine
kinases.
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Concluding remarks

In our work we have contributed with knowledge that can be used to further
elucidate the physiological role of PHPT1. The identification of the active
site of the protein and the production of a mutant without phosphatase activity has been shown to be instrumental in further exploration of the structure
and activity of the enzyme. The inactive mutant has been used by several
other researchers (Busam et al., 2006; Srivastava et al., 2008; Gong et al.,
2009; Seeger et al., 2012). Our work exploring in which mammalian tissues
PHPT1 is expressed underpins the findings of others, i.e. that PHPT1 seems
to have an important role in proliferating tissues. The development of a rapid
and easy method to detect histidine phosphatase activity may hopefully contribute to increased research in the field.
When conducting database searches in the course of earlier work, a splice
variant of PHPT1 was found. This variant has since then been expressed and
tried for enzymatic activity in our laboratory. We are presently studying the
activity of the splice variant of PHPT1 using our new method.
Ongoing work is being performed in search of natural substrates for
PHPT1. In pilot experiments in our laboratory we have phosphorylated recombinant histones H2A, H2B, H3 and H4 on histidine, using a chemical
approach. Using our new method for detection of phosphatase activity we
observed that the histones were dephosphorylated by PHPT1 more rapidly
than the peptide succinyl-Ala-His(P)-Pro-Phe-para-nitroanilide, the peptide
that has been used in previous activity studies in our laboratory.
Enzyme inhibitors are valuable tools for investigating the function of enzymes in vivo. It is well known that PP1 and PP2A are inhibited by
microcystins (Cohen, 1989; Chen et al., 2006), and that these enzymes, that
at first were known as serine-threonine phosphatases also may act as protein
histidine phosphatases (Besant and Attwood, 2005). In the course of our
work we investigated whether microcystin-LR could inhibit the phosphatase
action of PHPT1, and in our experimental model no inhibition was detected
in dephosphorylation of succinyl-Ala-His(P)-Pro-Phe-para-nitro-anilide by
PHPT1 when incubated together with microcystin-LR.
To date there have been no scientific publications that identify inhibitors
of PHPT1 that may be used as research tools.
Antibodies are useful tools in biochemical research. Anti-phospho antibodies, that can bind to phosphorylated amino acid residues, have been used
to pin-point phosphorylation sites in a protein, and give valuable mechanistic
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information. Many anti-phospho antibodies have been developed and several
are now becoming commercially available. However, efforts to fabricate
antibodies towards phosphohistidine have hitherto not given positive results.
Phosphohistidine and phosphohistidine peptides are obviously not chemically stable enough to be used as antigens in physiological systems. Some efforts have been partly successful and it has been shown that there may be
ways to circumvent this problem. Experiments showed that an
antiphosphotyrosine monoclonal antibody could immunoprecipitate
phosphohistidine ATP citrate lyase from mouse fibroblasts. The drawback is
that this antibody cannot distinguish between phosphohistidine and
phosphotyrosine (Frackleton et al., 1983). In another approach histidine kinases autophosphorylated histidine residues with thiophosphate when incubated with ATPγS. This thiophosphohistidine was then alkylated with a
nitrobenzyl group, which is a stable construction towards which an antibody
was produced that hopefully could be used to detect this phosphohistidine
analogue (Carlsson et al., 2010). However, this antibody could not tell the
difference between phosphohistidine and other phosphorylated amino acid
residues.
Other stable phosphohistidine analogues were produced by Kee et al.
(2010). In these analogues the labile N-P bonds were replaced with stable CP bonds. Analogues were produced both for 1-phosphohistidine and 3phosphohistidine. Peptides corresponding to the N-terminal of histone H4
containing the stable analogues in replacement of His18 were designed and
one was used as antigen for production of rabbit monoclonal antibodies. The
antibodies did selectively recognize the phosphorylation of the His18 residue
of histone H4 (Kee et al., 2010). This seems to be a very promising approach, and further publications making use of these antibodies are eagerly
awaited.
In conclusion, the field of histidine phosphorylation is still largely unexplored. 50 years have elapsed since the first biochemical finding of phosphorylated histidine (Boyer et al., 1962). New reviews have appeared this
year, denoting this anniversary (Besant and Attwood, 2012; Kee et al., 2012.
It is obvious that interest in the area is growing. Possibly the 50-year anniversary will be celebrated by exciting new insights since production of stable
phosphohistidine analogues and antibodies seem to be emerging. If inhibitors are found or produced there is a good chance to also find the elusive
kinases.
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Sammanfattning på svenska

Den här avhandlingen handlar om proteinet fosfohistidinfosfatas 1 (PHPT1)
och dess fysiologiska roll i människa och andra arter. PHPT1 är litet protein,
det består av 125 aminosyror och har en molvikt på 13,7 kDa. PHPT1 är ett
enzym, ett fosfatas som spjälkar fosfatgruppen från fosforylerat histidin, men
som inte visat aktivitet mot andra fosforylerade aminosyror.
Proteiner är de ämnen som styr och reglerar flöden av energi och substanser i celler och organismer. I kroppen sker i varje ögonblick en mycket stor
mängd olika biokemiska reaktioner, som är nödvändiga för att samspelet
mellan celler och de organ som cellerna bygger upp ska fungera. Enzymer är
proteiner som katalyserar biokemiska reaktioner genom att minska den
mängd energi som behövs för att sätta igång en reaktion, och utan enzymer
skulle många reaktioner i kroppen aldrig ske under de förhållanden som
råder.
De biologiska reaktioner som katalyseras av enzymer måste vara strikt reglerade. Att ändra den tredimensionella strukturen av ett enzym är ett sätt att
reglera dess aktivitet, och få den att öka eller minska. Reversibel fosforylering, att tillföra och plocka bort en fosfatgrupp från ett protein är ett av de
viktigaste sätten för organismer att ändra struktur och därigenom aktiviteten
hos proteiner efter det att de bildats. En fosfatgrupp kan påverka proteinstrukturen både genom sin storlek och sin negativa laddning. Proteiner fosforyleras via enzymer som kallas kinaser, och defosforyleras via fosfataser.
Fosforylering och defosforylering är processer som ständigt pågår i kroppen.
Vid vissa sjukdomstillstånd är balansen mellan dessa system rubbad, bland
annat vid vissa inflammatoriska tillstånd liksom vid vissa cancerformer.
Fosforylering kan ske på sidokedjan av aminosyror som ingår i proteiner.
Om fosforylering sker på en hydroxylgrupp bildas en fosfoester, och om den
sker på ett kväve, som till exempel på imidazolringen i aminosyran histidin,
bildas ett fosforamidat. Fosforamidatbindningen är labil vid surt pH, vilket
innebär att den lätt bryts upp. Därför ger fosforylering/defosforylering av
histidin möjlighet till snabba reaktioner. Histidin finns ofta i de delar som
utgör den aktiva ytan av enzymer, och förutom fosforylering av proteiner
som reglering av proteinaktivitet är fosforylering av histidin ofta en kortlivad
intermediär i enzymkatalyserade biokemiska reaktioner. På grund av att fosforamidatbindningen är så labil, så har studier av reglering via fosforylering
av histidin varit svåra att genomföra. De metoder som använts för att studera
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fosfoestrar har inte varit anpassade för studier av fosforamidat, och därför är
området till stor del outforskat.
Inga histidinkinaser från däggdjur har hittills isolerats och karaktäriserats.
Det första, och hittills enda identifierade, histidinfosfataset från däggdjur,
PHPT1, upptäcktes och isolerades år 2002. Fortfarande saknas mycket kunskap för att få en fullständig uppfattning om dess fysiologiska roll.
I vårt arbete har vi identifierat den aktiva ytan hos PHPT1 och framställt
en mutant av enzymet där utbyte av en aminosyra, histidin53 mot alanin, gav
upphov till ett muterat protein utan fosfatasaktivitet. Den inaktiva mutanten
har använts av andra för att studera hur PHPT1 fungerar. Vi har även använt
immunhistokemiska metoder för att undersöka i vilka organ och celltyper
PHPT1 förekommer. För detta syfte har vi låtit framställa en antikropp som
reagerar på den aminsyrasekvens som finns i den aktiva ytan av PHPT1 i
flera olika djurarter. Sedan har vi med hjälp av denna gjort immunhistokemiska färgningar av mikroskopiska snitt av organ från mus, och kunnat se
var PHPT1 före kommer i större eller mindre mängd. Vår antikropp har också använts av andra forskare för att studera förekomst av PHPT1 hos människa. I många avseenden överensstämde förekomsten i mus med den i människa. Det visade sig att PHPT1 uttrycktes i hög grad i flera epitelceller och
vissa andra celltyper som har relativt snabb omsättning. PHPT1 visade sig
också ha högt uttryck hos barn med en form av lymfatisk leukemi. I en annan studie visades vid försök på möss att överuttryck av PHPT1 ökade metastasering och infiltration av en viss cancertyp. Detta tyder på att PHPT1
kan ha en viktig roll vid celltillväxt eller celldelning.
På grund av att fosfoamidatbindningen är så labil, har det krävts tidsödande och omständiga metoder för studier av histidinfosforylering. Vi har
utvecklat en enkel och snabb metod för analys av aktivitet av fosfohistidinfosfatas. Endast mikromängder av prov, substrat och reagens behöver användas. Principen för metoden är att positivt laddat substrat i form av fosforylerad peptid eller protein inkuberas med provet i vilket enzymaktiviteten
ska bestämmas. Inkuberingen avbryts med centrifugering genom en anjonbytare i mikroformat. Anjonbytaren binder det fosfat som frigjorts genom defosforylering via PHPT1, medan ofosforylerat liksom fosforylerat protein
passerar igenom. Eluatet inkuberas sedan med malakitgröntreagens, vilket
frigör det fosfat som fortfarande är bundet till protein, och absorbansen av
malakit-fosfatkomplexet mäts. Ju mer aktivt PHPT1 har varit, dess mindre
mängd fosfat detekteras i eluatet. Metoden tar bara någon timme att utföra
och har god känslighet.
Det är vår förhoppning att detta arbete kan ge bidrag till fortsatt utveckling av forskningen om PHPT1 och histidinfosforylering. Resultaten kan i
förlängningen förhoppningsvis även bidra till att nya metoder och produkter
tas fram, som kan användas exempelvis vid utveckling av analysmetoder för
biologiska toxiner eller vid utveckling av nya läkemedel.
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