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The predicted polypeptide product of open reading frame sso2387 from the archaeon Sulfolobus solfataricus,
SsoPK2, displayed several of the sequence features conserved among the members of the “eukaryotic” protein
kinase superfamily. sso2387 was cloned, and its polypeptide product was expressed in Escherichia coli. The
recombinant protein, rSsoPK2, was recovered in insoluble aggregates that could be dispersed by using high
concentrations (5 M) of urea. The solubilized polypeptide displayed the ability to phosphorylate itself as well
as several exogenous proteins, including mixed histones, casein, bovine serum albumin, and reduced carboxy-
amidomethylated and maleylated lysozyme, on serine residues. The source of this activity resided in that por-
tion of the protein displaying homology to the catalytic domain of eukaryotic protein kinases. By use of mass
spectrometry, the sites of autophosphorylation were found to be located in two areas, one immediately N ter-
minal to the region corresponding to subdomain I of eukaryotic protein kinases, and the second N terminal to
the presumed activation loop located between subdomains VII and VIII. Autophosphorylation of rSsoPK2
could be uncoupled from the phosphorylation of exogenous proteins by manipulation of the temperature or
mutagenic alteration of the enzyme. Autophosphorylation was detected only at temperatures >60°C, whereas
phosphorylation of exogenous proteins was detectable at 37°C. Similarly, replacement of one of the potential
sites of autophosphorylation, Ser548, with alanine blocked autophosphorylation but not phosphorylation of an
exogenous protein, casein.

The reversible alteration of the functional properties of stra-
tegically selected proteins by phosphorylation-dephosphoryla-
tion represents one of nature’s most widely employed means
for controlling cellular processes (reviewed in reference 30).
The scientific literature provides numerous examples of the
prominent role played by this versatile regulatory mechanism
in members of the Eucarya (reviewed in references 17, 18, and
24) and the Bacteria (reviewed in references 2, 7, and 22). By
contrast, we know very little concerning the chemical nature,
enzymatic catalysts, or physiological roles of the protein phos-
phorylation-dephosphorylation events that take place in mem-
bers of the so-called third domain of life, the Archaea. Such
knowledge is important not only for understanding how these
biologically diverse organisms adapt to the extreme environ-
ments in which they typically reside but also for tracing the
origins and evolution of a fundamentally important regulatory
mechanism.

The available evidence suggests that protein phosphoryla-
tion is a fairly general phenomenon among the Archaea. Phos-
phorylated proteins have been detected in several halophilic,
methanogenic, and thermophilic archaeons (11, 26, 48, 62, 63,
65, 66, 68, 69), and in several cases the observed patterns of
protein phosphorylation exhibited the type of environmentally
sensitive changes suggestive of regulatory control (48, 62, 68,
69). A CheA-like two-component cascade responsible for mod-
ulating chemo- and phototaxis has been characterized for the
halophilic archaeon Halobacterium halobium (52, 53), while

protein-serine/threonine phosphatases belonging to the PPP
family of enzymes first discovered in the Eucarya have been
described for the archaeons Sulfolobus solfataricus (32, 37),
Methanosarcina thermophila TM-1 (49, 67), and Pyrodictium
abyssi TAG11 (41). More recently, a dual-specificity protein-
tyrosine phosphatase was described for Thermococcus koda-
karaensis KOD1 (26).

Many basic questions concerning the phosphorylation-de-
phosphorylation of archaeal proteins remain unanswered. For
example, how do members of the Archaea catalyze the phos-
phorylation of proteins on the hydroxyl amino acids serine,
threonine, and tyrosine? The so-called “eukaryotic” protein ki-
nase family represents the dominant source of protein-serine/
threonine/tyrosine kinase activity in the Eucarya and is pres-
ent in many members of the Bacteria as well (38, 59). While
the genomes of most archaeons contain open reading frames
(ORFs) whose potential protein products exhibit some of the
characteristic features of the eukaryotic protein kinase super-
family (30, 38, 50, 59, 64), the level of overall sequence identity
was extremely low. More importantly, it has yet to be deter-
mined whether any of these deduced protein kinases possess
the catalytic capabilities inferred from their primary sequence.
In this study we report that the recombinantly produced pro-
tein product of one such ORF, sso2387, from the extreme
acidothermophilic archaeon S. solfataricus exhibited the ability
to phosphorylate itself as well as exogenous proteins.

MATERIALS AND METHODS

Materials. Purchased materials included [�-32P]ATP and [�-32P]GTP from
NEN Research Products (Boston, Mass.), protein assay reagent and prestained
standards for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Bio-Rad, Richmond, Calif.), chelating Sepharose (Pharmacia Biotech,
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Piscataway, N.J.), sequencing grade modified trypsin (Promega, Madison, Wis.),
genomic DNA from S. solfataricus P2 (American Type Culture Collection, Rock-
ville, Md.), and anti-Xpress antibody and TOPO TA cloning kit (Invitrogen,
Carlsbad, Calif.). Tamoxifen and other inhibitors, poly-L-lysine, poly-L-arginine,
spermine, spermidine, poly(Glu:Tyr), and poly(Glu4:Tyr) were from Sigma-Al-
drich (St. Louis, Mo.). Oligonucleotide primers were synthesized by Life Tech-
nologies Inc. (Gaithersburg, Md.). General laboratory reagents and culture me-
dia were from Fisher (Pittsburgh, Pa.) or Sigma-Aldrich.

Routine procedures. Protein concentrations were determined as described by
Bradford (8) by using premixed reagent and a standardized solution of bovine
serum albumin (BSA). SDS-PAGE was performed as described by Laemmli
(35). Polyacrylamide gels were stained with Coomassie brilliant blue as described
by Fairbanks et al. (16). Electronic autoradiography was performed by using a
Packard (Meriden, Conn.) Instantimager. Oligonucleotide primers were de-
signed with the aid of the WWW Primer Picker 3 program from the Whitehead
Institute (Cambridge, Mass.). Reduced, carboxyamidomethylated and maley-
lated lysozyme (RCM-lysozyme) was prepared as described by Tonks et al. (73).

Cloning of ORF sso2387. ORF sso2387 was cloned by using the materials
provided in the TOPO TA cloning kit (Invitrogen) according to the manufac-
turer’s protocols. Briefly, sso2387 was amplified by PCR using genomic DNA
(0.55 �g) from S. solfataricus as a template and 6 pmol each of a forward and a
reverse oligonucleotide primer. The sequences of the forward and reverse prim-
ers were, respectively, 5�ATGGGGGAGTGGTATATAATGA-3� and 5�-TTAT
TCTTGCGATAATGGCATA-3�. The resulting �1.8-kbp PCR product was then
ligated into vector pCR T7/NT TOPO, which added oligonucleotides encoding
an N-terminal extension that contains a hexahistidine sequence and a recognition
epitope for the anti-Xpress antibody. The resulting protein product was desig-
nated rSsoPK2, which stands for recombinant S. solfataricus protein kinase 2. The
resulting plasmid was used to transform Escherichia coli strain TOPO 10 F�. The
transformed cells were cultured overnight on Luria-Bertani media containing 0.1
mg of ampicillin/ml and the plasmid isolated therefrom. DNA sequence analysis
of the cloned DNA was performed to verify the fidelity of PCR amplification.

Site-directed mutagenesis of the cloned ORF for sso2387 was performed by
using Promega’s Gene Editor in vitro site-directed mutagenesis system according
to the manufacturer’s instructions. DNA encoding a truncated form of rSsoPK2,
spanning residues 314 to 583, was amplified by PCR as described above by using
20 ng of the plasmid containing sso2387 as a template. The sequence of the
forward primer was 5�-ATGGATCTGAGAATGAGTGTC-3�, while the reverse
primer was identical to that described above.

Recombinant expression of rSsoPK2. Recombinant expression of rSsoPK2, as
well as mutagenically altered or truncated forms thereof, was carried out by using
E. coli strain BL21(DE3)LysS. Briefly, E. coli isolates were transformed with the
expression plasmids described above, and expression of recombinant protein was
induced by using standard procedures (58). Cells were harvested by centrifuga-
tion and stored at �20°C until needed. The cell pellet from a 200-ml culture was
thawed, resuspended in 4 ml of 50 mM MOPS (morpholinepropanesulfonic acid)
(pH 7.0) containing 0.1 mg of lysozyme/ml, 5 g of RNase A/ml, 2 U of DNase
I/ml, and 1 mM phenylmethylsulfonyl fluoride, and incubated on ice for 10 min.
The cells were then lysed by sonication with three bursts of 30 s each at 30%
power of a Heat Systems-Ultrasonics Model W140 Sonifier Cell Disruptor
equipped with a microprobe. The lysate was centrifuged for 15 min at 3,000 � g
at a temperature of 4°C, and the supernatant liquid was discarded.

The pellet was resuspended in 50 mM MOPS (pH 7.0) containing 5 M urea by
passing the mixture several times through a pipette, and then it was centrifuged
for 15 min at 3,000 � g at 4°C. The supernatant liquid was purified by metal
chelate chromatography by following established procedures (58), with the ex-
ception that 5 M urea was included in all solutions.

Assay of protein kinase activity. Protein kinase activity was routinely assayed
in solution by the filter paper method (12). Briefly, rSsoPK2 (5- to 35-�g portions
of the urea-solubilized pellet or 0.05- to 0.10-�g portions of metal chelate-
purified protein) was incubated at 37°C in 100 �l of 50 mM MOPS (pH 7.0)
containing 50 �M ATP (300 mCi of [�-32P]ATP/ml), 5 mM MnCl2, 2 mM
dithiothreitol, 5 M urea, and a phosphoacceptor substrate such as casein at a
concentration of 1.0 mg/ml unless otherwise indicated. Inhibitors such as tamox-
ifen and trifluoperazine that do not readily dissolve in water were delivered as
10-fold-concentrated solutions in ethanol (ethanol alone had no effect on enzyme
activity). Reactions were initiated by the addition of ATP. Following incubation
at 37°C for periods of 15 to 60 min, reactions were terminated by spotting a 30-�l
portion of the reaction mixture onto a 2- by 2-cm square of Whatman 3MM
paper and immediately immersing the paper in a solution of 10% (wt/vol)
trichloroacetic acid containing 4% (wt/vol) sodium pyrophosphate. After gently
stirring for 20 min, filter papers were transferred to a solution of 5% (wt/vol)
trichloroacetic acid containing 2% (wt/vol) sodium pyrophosphate and stirred for

an additional 20 min. After repeating the last step three times more, the filter
paper squares were air dried and the quantity of [32P]phosphate bound with the
proteins precipitated on the filter was determined by liquid scintillation counting
in 1 ml of ScintiSafe Plus 50% (Fisher) by use of a Beckman model LS 6500
liquid scintillation counter.

Radiolabeling of rSsoPK2 by autophosphorylation using [�-32P]ATP. For
radiolabeling by autophosphorylation with [�-32P]ATP, rSsoPK2 (5 to 35 �g of
either urea-solubilized pellet or metal chelate-purified protein) was incubated as
described above for the assay of protein kinase activity, except that no exogenous
phosphoacceptor substrate was present and the temperature was increased to
65°C.

Phosphoamino acid analysis. Phosphoamino acid analysis was performed es-
sentially as described by Kamps and Sefton (29). Radiolabeled proteins were
isolated by SDS-PAGE and transferred to an Immobilon P membrane. The
portion of the membrane containing the radiolabeled protein was incubated for
1 h in 6 N HCl at 95°C, and the supernatant fluid was concentrated by using a
Speed Vac. The hydrolysate was then applied to a 10- by 10-cm silica gel
thin-layer chromatographic plate, along with a mixture of phosphoserine, phos-
phothreonine, and phosphotyrosine standards. The plate was subjected to two-
dimensional thin-layer electrophoresis. The pH of the buffer used for the first
dimension was 1.9, and that for the second dimension was 3.5. Standards were
visualized by ninhydrin staining, and radiolabeled species were located by elec-
tronic autoradiography.

Mass spectroscopy. The section of a Coomassie brilliant blue-stained gel
containing the protein of interest was excised by using a clean razor blade and
chopped into pieces approximately 1 mm3 in size, and the pieces were placed in
a 1.5-ml Eppendorf tube. One hundred microliters of 25 mM ammonium bicar-
bonate (pH 8.0) containing 50% (vol/vol) acetonitrile was added, and the mixture
was agitated for 10 min by using a Vortex mixer. The supernatant liquid was
removed, and the process was repeated three more times. Next, a sufficient
amount of 25 mM ammonium bicarbonate (pH 8.0) containing 10 mM dithio-
threitol was added to cover the gel fragments, and the mixture was incubated for
1 h at 56°C. The mixture was cooled to room temperature, and the supernatant
liquid was removed and replaced by an equal volume of 25 mM ammonium
bicarbonate (pH 8.0) containing 55 mM iodoacetamide. The mixture was kept at
room temperature, protected from light, and occasionally agitated with a Vortex
mixer. After 45 min, the supernatant liquid was removed, replaced with 100 �l of
25 mM ammonium bicarbonate (pH 8.0), and agitated for 10 min with a Vortex
mixer. The supernatant liquid was removed and replaced with 100 �l of ammo-
nium bicarbonate (pH 8.0) containing 50% (vol/vol) acetonitrile. Following con-
tinuous mixing for 10 min, the supernatant liquid was removed and replaced with
100 �l of 25 mM ammonium bicarbonate (pH 8.0), and then the entire process
was repeated.

The gel fragments were dried for 30 min in a Speed Vac, and then an equiv-
alent volume of 25 mM ammonium bicarbonate (pH 8.0) containing 0.1 mg of
trypsin/ml was added. Following initial agitation for 5 min with a Vortex mixer,
the mixture was incubated for 12 to 16 h at 37°C. Next, 2 volumes of distilled
water were added, the mixture was agitated for 5 min with a Vortex mixer, and the
supernatant liquid, which contained the tryptic peptides, was removed and trans-
ferred to a fresh Eppendorf tube. The gel slices were washed twice by adding 2
volumes of 50% (vol/vol) acetonitrile containing 5% (vol/vol) trifluoroacetic acid
(TFA), agitating the mixture for 5 min on a Vortex mixer, and removing the super-
natant liquid. The supernatant liquids were pooled, reduced in volume to �10 �l
by using a Speed Vac, and then brought up to a volume of �25 �l by the addition
of 50% (vol/vol) acetonitrile containing 0.1% (vol/vol) TFA and stored at �20°C.

For mass spectral analysis, 0.5-�l portions of the tryptic peptide mixture were
mixed with 0.5 �l of a saturated solution of �-hydroxycinnamic acid in 0.1% (vol/
vol) TFA containing 50% (vol/vol) acetonitrile. Mass spectral determination of
peptide masses was performed with a Kompact Seq matrix-assisted laser desorp-
tion ionization–time of flight mass spectrometer equipped with a nitrogen UV la-
ser from Kratos Analytical (Chestnut Ridge, N.Y.). Gel slices from regions con-
taining no visible proteins were used as controls to identify peaks arising from
autoproteolysis of trypsin and other nonspecific sources. Peptide mass profiles
were matched to potential protein sources by using the web-based ProFound Soft-
ware package available from Rockefeller University (http://www.proteometrics
.com [75]) assuming that all peptides bore a charge of �1.

RESULTS

The members of the eukaryotic protein kinase family are
characterized by a catalytic core domain roughly 280 amino
acids in length containing 12 conserved sequence motifs, each
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ranging from 4 to 20 residues in length, referred to as subdo-
mains I to V, VIa, VIb, and VII to XI (20, 72). These subdo-
mains can be grouped into three structural units: an N-termi-
nal nucleotide binding domain containing subdomains I to IV,
a C-terminal phosphotransfer and protein substrate binding
domain containing subdomains VIa to XI, and an intervening
linker containing subdomain V. Only a few of the amino acid
residues comprising these subdomains are universally con-
served among the members of this extraordinarily large protein
superfamily. Not surprisingly, the majority of these are found
within those regions of the protein most directly involved in
executing the core functions common to all members of the
superfamily, i.e., binding of their shared nucleotide substrate
(subdomains I to III), catalysis of phosphotransfer (subdomain
VIb), or interaction with their metal ion cofactor, usually Mg2�

(subdomain VII) (20, 72).
Since subdomains I to III, VIa, and VII embodied the core

functions universal to the eukaryotic protein kinase paradigm,
they were selected as templates against which to search the
recently released genome sequence of S. solfataricus P2 (57).
Six ORFs potentially encoding plausible candidates for nucle-
otide-dependent phosphotransferases were identified (Table
1). The protein product of one of the ORFs listed in Table 1,
sso2387 (Fig. 1), was selected for further study because (i) it
was encoded by one of the first portions of the S. solfataricus P2
genome to be made publicly accessible and hence was one of
the earliest of the six to be identified, and (ii) its calculated
molecular mass, 66.5 kDa, closely matched the molecular mass
of a polypeptide of undetermined sequence previously dem-
onstrated to exhibit protein kinase activity (39).

ORF sso2387 was cloned into vector pCR T7/NT TOPO,
and its protein product was expressed as an N-terminally His-
tagged fusion protein in E. coli. The expressed fusion protein,
rSsoPK2, was recovered in inclusion bodies under all condi-
tions during which recombinant gene expression was induced.
The inclusion bodies could be dispersed in buffers containing 5
M urea and subsequently purified to near-electrophoretic ho-
mogeneity (Fig. 2, left side) by metal chelate chromatography.
The removal of urea resulted in drastic losses of enzyme ac-
tivity (see below) that could not be mitigated by the addition of
nonionic detergents such as Triton X-100 or octyl glucoside.
Consequently, all experiments used 5 M urea. This behavior is
somewhat analogous to that of the NAD-dependent glutamate

dehydrogenase from the hyperthermophilic archaeon Pyrobac-
ulum islandium, whose catalytic activity was stimulated sever-
alfold by denaturants such as guanidine hydrochloride, aceto-
nitrile, and tetrahydrofuran (33), as well as malic enzyme from
S. solfataricus, whose activity was stimulated severalfold by
water-miscible organic solvents in vitro (19).

As no endogenous phosphoproteins from S. solfataricus or
other thermophilic archaeons were available for use as test
substrates, rSsoPK2 was challenged with a variety of meso-
philic phosphoproteins, several of which could be phosphory-
lated by the membrane-associated protein kinase (39). As seen
from the data in Table 2, rSsoPK2 catalyzed the phosphoryla-
tion of several exogenous proteins with [�-32P]ATP as a phos-
phodonor substrate. However, it did not phosphorylate the
tyrosine-rich polymers poly(Glu:Tyr) or poly(Glu4:Tyr). Mn2�

was the most effective divalent metal ion cofactor with regard
to phosphotransfer to exogenous proteins (Fig. 3). Phospho-
amino acid analysis indicated that each of the exogenous pro-
tein substrates tested was phosphorylated exclusively on serine
residues (Fig. 4). Little or no phosphorylation took place when
[�-32P]GTP was substituted for [�-32P]ATP (data not shown).
These observations indicated that ORF sso2387 did not encode
the membrane-associated protein kinase described in earlier
studies, since the latter enzyme displayed a strong preference
for phosphorylating threonine residues and was capable of
utilizing a variety of purine nucleotides as phosphodonor sub-
strates in vitro (39). Also, we recently determined that our
initial estimate of the molecular mass of the membrane-asso-
ciated protein kinase was high—a consequence of the presence
of covalently bound carbohydrate (40).

It was next asked whether the predicted catalytic domain of
rSsoPK2 was in fact the source of the protein kinase activity
detected. As predicted, mutagenic alteration of Asp496, which
corresponds to the catalytically essential aspartate found in the
catalytic loop of eukaryotic protein kinases (Table 1), pro-
duced an inactive protein product. Perhaps more significantly,
a truncated form of rSsoPK2 consisting only of the putative
catalytic domain (Fig. 1), residues 314 to 583, phosphorylated
exogenous proteins at rates comparable to that of rSsoPK2,
although some differences in relative substrate preferences were
observed (Table 2). As was the case with full-length rSsoPK2,
the truncated form of the enzyme required the presence of

TABLE 1. Salient features of ORFs potentially encoding eukaryotic protein kinases from S. solfataricus

ORF Length
(amino acids)

Sequencea for subdomain:

I II III VIb VII

Consensus ogxG52 xogxv oaoK72 xo E91 xxoo oohrD166ok�xNooo oko�D184fgo�
sso0197 287 IGiG103keslv IiVK122fh E141kksW ItHgD227LsPyNVLI pyLiD245wpqA
sso0433 223 IkrG10 aesni rikK33 sY E52 akII IaHgD125LtTnNLIL IfIiD144FGLS
sso2291 554 IaiG253gssyI YAMK271ip E297finL YVHlD392VKPqNIYF VKLGD426lGsA
sso2387 583 MsiG324vtGag esMK346iV E355irLA dpksD496afTiNLdA nrIeE514aGLn
sso2605 486 Lssa113sLGqV VAIK131vn E187afYL YFHaD262phPgNIAV LvLyD280FGMS
sso3182 537 IGvG247gtsyi YALK265ip E281sskL YVHcD378VKPqNVLF VKLAD412LGsA
sso3207 669 LGnG375gMGyV YAMK393vM E407vakM YtHcD498IKpsNILF pKLSD531lGssv

a Consensus sequence as described by Hanks and Hunter (20). Symbols in the consensus sequence: uppercase letter, universally conserved amino acid residue;
lowercase letter, highly conserved amino acid residue; o, position conserving nonpolar residue; �, position conserving small residue with near neutral polarity. Residue
position within a prototypical catalytic domain was indicated by using the sequence of the C� subunit of murine cAMP-dependent protein kinase. Shown below the
consensus sequence for each subdomain are postulated homologous sequences from the deduced proteins encoded by the indicated ORFs. Residues that match the
consensus are in uppercase letters; all others are in lowercase letters.
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molar concentrations of urea to maintain it in an active state
after being solubilized from inclusion bodies.

Compounds known to inhibit several well-characterized
members of the eukaryotic protein kinase superfamily were
tested for their ability to block the catalytic activity of rSsoPK2.
Staurosporine, a broad-specificity inhibitor of eukaryotic pro-
tein kinases that targets the binding site for the nucleotide
substrate (43), had no effect on rSsoPK2 when present at con-
centrations in considerable excess over those at which it acts on
its established targets (Table 3). Several other compounds that
display various degrees of selectivity for the ATP binding sites
of protein kinases (i.e., genistein [3], ML-9 [47], and H-7 [47])
as well as PKI-peptide (9, 55), which targets the protein sub-
strate binding site of the cAMP-dependent protein kinase, also
failed to inhibit the enzyme (Table 3). However, tamoxifen
inhibited both the autophosphorylation of rSsoPK2 and the
phosphorylation of an exogenous protein substrate, casein,
with a 50% inhibitory concentration of roughly 250 �M (Fig.
5). This result was somewhat surprising, as tamoxifen acts by
antagonizing the activation of protein kinase C by phospholip-
ids or phorbol esters (46, 71) and of calmodulin-dependent

protein kinases (71) and phosphodiesterases (36) by calmod-
ulin.

To assess the specificity with which tamoxifen acted on
rSsoPK2, another hydrophobic compound known to antago-
nize the ability of calmodulin to activate its target enzymes, tri-
fluoperazine (51), was tested. At concentrations at which ta-
moxifen inhibited the activity of rSsoPK2 by 50% or more,
250 to 500 �M, trifluoperazine had no discernible effect on the
phosphorylation of the exogenous substrate protein casein
(Table 3). Polylysine, but not acidic glutamate-rich polymers or
other polybasic compounds such as polyarginine, spermine, or
spermidine, stimulated the activity of rSsoPK2 toward itself as
well as exogenous protein substrates roughly twofold (data not
shown).

rSsoPK2 underwent autophosphorylation when incubated
with [�-32P]ATP (Fig. 2, right side). As was the case for the
phosphorylation of exogenous substrates, autophosphorylation
took place on serine residues (Fig. 4). However, autophosphor-
ylation occurred only at temperatures of 60°C or more. Mn2�

was the preferred cofactor for autophosphorylation (Fig. 3),
but Mg2� also proved moderately effective. It is unclear wheth-

FIG. 1. The predicted protein product of ORF sso2387 contains sequence features characteristic of eukaryotic protein kinases. Shown is the
DNA-derived amino acid sequence of SsoPK2, the predicted protein product of ORF sso2387 from the genome of S. solfataricus (57) (GenBank
accession no. AE006641). The positions of plausible candidates for the conserved sequence motifs, called subdomains, characteristic of members
of the eukaryotic superfamily of protein kinases are indicated, with key residues highlighted in bold type (see Table 1, footnote a). The first residue
of the truncated catalytic domain construct utilized in these studies is indicated by an asterisk underneath. The regions corresponding to the
putative phosphopeptides identified by mass spectrometry (see Table 3) are underlined.
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er the greater efficacy of Mg2� with regard to autophosphor-
ylation reflected differences in the mechanisms by which self-
phosphorylation and the phosphorylation of exogenous proteins
proceed or whether it was an effect of the higher temperature

at which the former process was assayed, 65 versus 37°C, on the
conformation of the protein. Assessment of the phosphoryla-
tion of exogenous proteins at 65°C was precluded by the lack of
a thermostable protein or peptide substrate. The truncated cat-
alytic domain of rSsoPK2 also phosphorylated itself on serine
residues, indicating that both the necessary catalytic machinery
and the site(s) (or at least a portion of the sites) at which it
becomes autophosphorylated were contained within this do-
main.

In an effort to map the site(s) of autophosphorylation,
rSsoPK2 was incubated with ATP, isolated by SDS-PAGE, and
digested with trypsin, and the resulting tryptic peptides were
analyzed by matrix-assisted laser desorption–time of flight mass
spectrometry. Three peptides whose masses corresponded to
those of predicted tryptic peptides containing one or more
80-atomic-mass-unit phosphoryl groups were detected (Table
4). These phosphopeptides originated from two distinct re-
gions of the protein spanning residues 266 to 285 and 524 to
553 (Fig. 1). The first region lies outside the N-terminal bound-
ary of the catalytic domain, while the second corresponds to
the predicted activation or T loop that resides between subdo-
mains VII and VIII of prototypical eukaryotic protein kinases
(reviewed in references 1, 25, and 27). Intriguingly, the activa-
tion loop is a frequent target of phosphorylation in many es-
tablished members of the eukaryotic kinase family, either via
autophosphorylation or the intervention of an exogenous pro-
tein kinase.

FIG. 2. rSsoPK2 phosphorylates itself when incubated with [�-32P]
ATP in vitro. Metal chelate-purified rSsoPK2 (2 �g) was incubated for
60 min at 65°C with [�-32P]ATP as described in Materials and Meth-
ods. The incubation mixture was then subjected to SDS-PAGE. Shown
at left is the Coomassie blue-stained gel with the positions and relative
molecular masses of the protein standards indicated at left. Shown on
the right is an electronic autoradiogram of the same gel.

FIG. 3. Metal ion preference of rSsoPK2. The metal ion preference
of rSsoPK2 for autophosphorylation (hatched bars) was assessed by
incubating 35 �g of urea-solubilized pellet at 65°C for 60 min with 50
�M [�-32P]ATP and the indicated metal ions, each at a concentration
of 5 mM. The autophosphorylated protein was isolated by SDS-PAGE,
and the quantity of [32P]phosphate incorporated was measured by
electronic autoradiography. For determination of the metal ion pref-
erence of rSsoPK2 for phosphorylation of an exogenous protein sub-
strate (open bars), 0.06 �g of metal chelate-purified rSsoPK2 was
incubated with 1 mg of BSA/ml as a phosphoacceptor substrate for 60
min at 37°C in the presence of 50 �M [�-32P]ATP and the indicated
metal ions, each at a concentration of 5 mM. For further details, see
Materials and Methods. Shown are the averages 	 standard errors of
duplicate determinations.

TABLE 2. Phosphorylation of exogenous proteins and peptides by
rSsoPK2 and its putative catalytic domain in vitro

Substrate
Avg activity 	 SE (pmol of 32P/min � mg)a

rSsoPK2 Putative catalytic domain

BSA 578 	 27 2,000 	 40
Casein 372 	 17 142 	 7
Mixed histones 1,932 	 216 145 	 16
RCM-lysozyme 664 	 22 132 	 18
Poly(Glu:Tyr) NDb ND
Poly(Glu4:Tyr) ND ND

a From triplicate determinations.
b ND, not detectable (
1.0 pmol of 32P/min � mg).
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In many instances, phosphorylation of the activation loop is
necessary to render a protein kinase competent to phosphor-
ylate exogenous substrates (reviewed in references 1, 25, and
27). However, preincubation with ATP at a temperature per-
missive for autophosphorylation (65°C) showed no significant
effect when the activity of rSsoPK2 toward exogenous protein
substrates was subsequently assayed at 37°C (data not shown).
Mutagenic alteration of one of the serine residues in the pu-
tative activation loop of SsoPK2, Ser548, to a nonphosphory-
latable alanine residue resulted in the complete loss of auto-
phosphorylation (Table 5). Despite the loss of the ability to
autophosphorylate, a variant of rSsoPK2 in which Ser548 had

been altered to alanine was unimpaired in its ability to phos-
phorylate casein. Forms of rSsoPK2 in which the serine resi-
dues immediately N or C terminal to Ser548, i.e., Ser538, Ser539,
Ser554, or Ser560, were mutagenically altered to serine residues
all retained the ability to autophosphorylate as well as to phos-
phorylate casein at rates comparable to that of the unmodified
enzyme (Table 5).

DISCUSSION

The genome of the extreme acidothermophilic archaeon S.
solfataricus contained at least six ORFs whose predicted prod-

FIG. 4. rSsoPK2 phosphorylates serine residues in vitro. Metal chelate-purified rSsoPK2 was incubated with [�-32P]ATP with either no added
proteins (A), casein (B), BSA (C), or mixed histones (D). The polypeptides within each reaction mixture were separated by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane, and the section of the membrane containing the phosphoprotein of interest was incubated
with 6 N HCl for 1 h at 95°C. The phosphoamino acids within the acid hydrolysate were then separated by two-dimensional thin-layer
electrophoresis. Shown are electronic autoradiograms of the thin-layer chromatographic plates, with the positions of the following phosphoamino
acid standards, which were visualized by staining with ninhydrin (circled): P-Ser, phosphoserine; P-Thr, phosphothreonine; and P-Tyr, phospho-
tyrosine. The quantities of rSsoPK2 utilized were 5 �g in the absence of exogenous protein substrates and 0.05 �g in their presence. For further
details, see Materials and Methods.

TABLE 3. General properties of several known inhibitors of eukaryotic protein kinases and
the highest concentrations tested against rSsoPK2a

Inhibitor Known targets Mode of action IC50 or Ki Maximum concn

Staurosporine Broad specificity ATP binding site 1 nM–3 �M 20 �M
Genistein PTKs ATP binding site 1–30 �M 2 mM
ML-9 cAPK, PKC, MLCK ATP binding site 4–54 �M 80 �M
H-7 Broad specificity ATP binding site 3–780 �M 2 mM
PKI-peptide cAPK-specific Peptide binding site 2.3 nM 0.9 �M
Tamoxifen PKC, CaM kinases Antagonizes activators 2–100 �M 2.5 mM
Trifluoperazine CaM kinases Antagonizes CaM �30 �M 0.5 mM

a Abbreviations: cAPK, cAMP-dependent protein kinase; PKC, protein kinase C; PTK, protein-tyrosine kinase; CaM kinase, calmodulin-dependent protein kinases;
MLCK, myosin light chain kinase; IC50, 50% inhibitory concentration.
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ucts display sequence features faintly reminiscent of the eu-
karyotic protein kinase paradigm. The lack of discernible rep-
resentatives of the other well-characterized protein kinase
families, i.e., the histidine kinases, HPr kinases, isocitrate de-
hydrogenase kinase/phosphatases, myosin heavy-chain/elonga-
tion factor 2 kinases (57), suggests that the eukaryotic protein
kinase paradigm constitutes a predominant, and perhaps the
sole, source of protein-serine/threonine/tyrosine kinase activity
in this archaeon. In order to ascertain whether any of these
hypothetical protein kinases possessed the catalytic potential
inferred from sequence comparisons, the recombinant protein
product of ORF sso2387, rSsoPK2, was expressed in E. coli.
rSsoPK2 phosphorylated itself, as well as a variety of exoge-
nous proteins, on serine residues in vitro—firmly establishing
that it possessed phosphotransferase activity. A truncated form
of rSsoPK2 encompassing only the presumed catalytic domain
proved to be as effective a protein kinase as rSsoPK2 itself,
while alteration of an aspartate residue predicted from se-
quence comparisons to be essential for protein kinase activity

produced an inactive protein product. These observations cor-
roborated the perceived structural and functional relationship
between this archaeal enzyme and prototypical eukaryotic pro-
tein kinases.

As is typical of many eukaryotic protein kinases, rSsoPK2
can undergo self- or autophosphorylation. Mass peptide pro-
filing, coupled with phosphoamino acid analysis, mapped at
least a portion of the sites of autophosphorylation to two areas,
one closely preceding the predicted N-terminal boundary of
the catalytic domain and a second spanning the region between
predicted subdomains VII and VIII. The latter region corre-
sponds to the activation loop of prototypical eukaryotic protein
kinases, whose phosphorylation via either an autocatalytic pro-
cess or, in other cases, by an exogenous protein kinase, is
oftentimes necessary for realization of full catalytic efficiency
(reviewed in references 1, 25, and 27). Many bacterial mem-
bers of the eukaryotic protein kinase superfamily also catalyze
their self-phosphorylation (reviewed in reference 30). How-
ever, in no instance has either the identity of the site(s) of
phosphorylation or the effect of autophosphorylation, if any,
upon activity been reported.

The rate at which rSsoPK2 phosphorylated the most effica-
cious protein substrate tested, mixed histones, was 1.9 nmol/
min � mg at 37°C—a temperature dictated by the necessity of
using eukaryotic phosphoproteins as potential substrates. At
the normal growth temperature of S. solfataricus, 75 	 10°C
(mean 	 standard error), this projected to a reaction rate of
roughly 30.4 nmol/min � mg or, for an �67-kDa protein, 2.0
min�1 assuming simple Arrhenius behavior. This figure falls at
the lower end of the 1,000-fold range of kcat values, 4.3 to 3,100
min�1, reported to date for established members of the eu-
karyotic protein kinase superfamily (14). It should be noted
that rSsoPK2 was roughly 1,000-fold more efficient at phos-
phorylating exogenous proteins in vitro than were members of
the extended eukaryotic protein kinase superfamily that phos-
phorylate aminoglycoside antibiotics in vivo (13). Nor does
SsoPK2 contain motif III, a conserved sequence element found
in antibiotic kinases but not eukaryotic protein kinases (56).

For several reasons, we believe that this comparison under-
estimates, perhaps to a very large degree, the full catalytic
potential of rSsoPK2 as a protein kinase. First, we are com-
paring a specific activity that was measured by using an arbi-
trary concentration of a completely nonphysiologic eukaryotic
phosphoprotein to kcat values that represent theoretical max-
imum velocities extrapolated from measurements performed
by using physiological phosphoprotein substrates or synthetic
peptides of optimized sequence. Second, enzymes from ther-
mophilic organisms oftentimes exhibit biphasic temperature
behavior, transitioning to a more catalytically efficient confor-

FIG. 5. rSsoPK2 is inhibited by tamoxifen. Metal chelate-purified
rSsoPK2 was assayed for its ability to phosphorylate itself (open bars)
or an exogenous protein substrate, casein (hatched bars), under stan-
dard conditions as described in Materials and Methods, with the ex-
ception that tamoxifen was included at the indicated concentrations.
Shown are the averages 	 standard errors (from duplicate assays)
reported as the percentage of [32P]phosphate transferred to rSsoPK2
or casein relative to control incubations from which tamoxifen had
been omitted. The quantities of rSsoPK2 present in the assays for
autophosphorylation and casein phosphorylation were 2.5 and 2.1 �g,
respectively.

TABLE 4. Identification of possible autophosphorylation sites in rSsoPK2 by mass spectrometry

Peptidea Residues
Mass (Da) Phosphoryl groups

(calculated)Observed Predicted Difference

VAATFRREVSASGSSVVIRR 266–285 2,308 2,148 160 2
LLASSREIIQNEESYKLVK 535–553 2,300 2,200 80 1
REMERRALFLKLLASSR 523–540 2,236 2,076 160 2

a Potential phosphoacceptor serine residues are underlined.
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mation as the temperature approaches that of their natural
environment (reviewed in reference 74). Examples include
�-amylase from Pyrococcus furiosus (34), the P-type ATPase
from Methanococcus jannaschii (44), an iron hydrogenase from
Thermotoga maritima (28), and the pyruvate dehydrogenases
from S. solfataricus (74) and P. furiosus (5). Several enzymes
from mesophilic organisms also have been demonstrated to
undergo similar thermal activation and cold inactivation, in-
cluding ribulose-1,5-bisphosphate carboxylase-oxygenase from
tobacco (10), tyrosine aminotransferase from chick liver (60),
and sialic acid synthase from E. coli (42), Lastly, our measure-
ments cannot account for the influence of second messengers
or other ligands, covalent modification, or heterologous pro-
tein-protein interactions that so commonly activate protein
kinases of all types in vitro and in vivo.

The ability to uncouple the phosphorylation of exogenous
protein substrates from the autophosphorylation of rSsoPK2
with either variations in temperature or mutagenic alteration
of the enzyme further suggests that the rates of histone phos-
phorylation reported herein may significantly underestimate
the true catalytic potential of the enzyme. While phosphoryla-
tion of exogenous substrates proceeded at appreciable rates up
to the limits imposed by the thermal stability of the eukaryotic
proteins utilized, autophosphorylation was detected only at
temperatures of 60°C or higher. Similarly, while substitution
of Ser548 abolished autophosphorylation altogether, phospho-
transfer to exogenous proteins proceeded unimpaired. This
pattern of behavior, along with the broadening of metal ion
specificity with increased temperature, suggests that rSsoPK2
underwent a conformational transition between 37 and 60°C.

Since autophosphorylation of eukaryotic protein kinases is
associated with their activation, it is possible that the putative
high-temperature conformer would be much more active to-
ward exogenous protein substrates than was indicated by
steady-state assays performed at lower temperatures. The fail-
ure of preincubation with ATP at 65°C to stimulate activity
toward exogenous proteins at 37°C was not surprising. De-
tailed studies of the effects of phosphorylation upon the ther-
mal stability of proteins indicate that the transition tempera-
ture generally is shifted less than 10°C (6, 54, 70). Hence, it is
unlikely that the ability of autophosphorylation to promote
adoption of the putative activated conformation by rSsoPK2
was sufficient to overcome the countervailing effects of the
�30°C difference in the temperatures at which the respective
measurements on protein conformation were performed.

The conclusion that proteins constitute the physiological
target of SsoPK2’s phosphotransferase activity still must be
viewed with caution, however. Covalent modification by auto-
phosphorylation is not an exclusive property of protein kinases;
for example, nucleoside diphosphate kinase (45) and the mul-
tifunctional enzyme CAD, which contains carbamoyl phos-

phatase, aspartate transcarbamoylase, and dihydrooratase (61),
both catalyze self-phosphorylation events in vitro. Moreover,
the eukaryotic protein kinase superfamily itself has recently
been determined to include kinases that target nonprotein
substrates (23). It also should be noted that the deduced amino
acid sequence of SsoPK2 displayed significant deviations from
the eukaryotic protein kinase consensus. For example, SsoPK2
does not contain a basic residue between the conserved aspar-
tate and asparagine residues in subdomain VIb.

In most eukaryotic protein kinases, the presence of a lysine
residue of subdomain VIb, i.e., Asp-Xaa-Lys-Xaa-Xaa-Asn, is
diagnostic of a protein-serine/threonine kinase, while the pres-
ence of an arginine, i.e., Asp-Xaa-Arg-Xaa-Xaa-Asn or Asp-
Xaa-Xaa-Xaa-Arg-Asn, is indicative of a protein-tyrosine
kinase (21). However, the lack of an arginine or lysine in
subdomain VIb does not preclude the possibility that SsoPK2
is a protein kinase. To date, at least three protein kinases that
lack either lysine or arginine in subdomain VIb, Rio1p (4) and
PID261/BUD32 (15) from yeast and Pkn6 from the bacterium
Myxococcus xanthus (76), have been characterized. It also
should be noted that only three of the potential protein kinase
ORFs in S. solfataricus contain a lysine or arginine in subdo-
main VIb, i.e., sso2291, sso3182, and sso3207, while all of the
potential protein kinase ORFs identified in other archaeal
genomes also lack this feature (31, 38, 59).

Potentially more-significant deviations are evident in that
portion of SsoPK2 corresponding to the C-terminal half of the
predicted catalytic/protein substrate binding lobe. Specifically,
the distance between subdomain VIb, the catalytic loop, and
the carboxyl terminus of SsoPK2 is �25 to 30 residues shorter
than is the corresponding region in the eukaryotic protein
kinase consensus. The subdomain assignments presented in
Fig. 1, which align Pro-Glu564 of SsoPK2 with the conserved
Pro-Glu sequence of subdomain VIII, do so at the expense of
completely omitting subdomains X and XI. On the other hand,
if one assumes that the sole arginine residue present in the
final C-terminal 43 amino acids of SsoPK2, Arg575, corre-
sponds to the conserved arginine of subdomain XI in eukary-
otic protein kinases, there exists neither sufficient space to
accommodate subdomains VIII, IX, and X nor obvious se-
quence matches thereto. Thus, while the alignment presented
in Fig. 1 may ultimately prove flawed in some respects, it seems
clear that the fold in this region of SsoPK2 must deviate sig-
nificantly from that of prototypical eukaryotic protein kinases.
As was the case with the conserved basic residue in subdomain
VIb, apparent C-terminal truncations and other deviations are
a common feature of many potential archaeal protein kinases,
suggesting that they belong to subgroups that had diverged
from the line of development from which the majority of the
eukaryotic protein kinases found in eucaryal and bacterial or-
ganisms emerged (38). A definitive determination of the phys-

TABLE 5. Effects of mutagenic alteration of serine residues in the putative activation loop on the activity of rSsoPK2a

Mutational alteration(s) Mutagenic oligonucleotide Casein phosphorylation Autophosphorylation

Ser538Ala, Ser539Ala 5�-CTAAAGTTGTTAGCGGCTGCCAGAGAGATA-3� � �
Ser548Ala 5�-CAAAATGAGGAGGCTTATAAGCTTGTGAAG-3� � �
Ser554Ala 5�-GAGTTATAAGCTTGTGAAGGCCTATATAATAAAATACAGC-3� � �
Ser560Ala 5�-GTGAAGAGCTATATAATAAAATACGCCTTAAAACCCGAAG-3� � �

a �, phosphorylation observed; �, phosphorylation not observed.
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iologic function of SsoPK2 and other potential archaeal pro-
tein kinases must therefore await the identification of their
natural substrates.
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