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The third domain of life, the Archaea (formerly Archaebacte-
ria), is populated by a physiologically diverse set of microorgan-
isms, many of which reside at the ecological extremes of our
global environment. Although ostensibly prokaryotic in mor-
phology, the Archaea share much closer evolutionary ties with
the Eukarya than with the superficially more similar Bacteria.
Initial genomic, proteomic, and biochemical analyses have
revealed the presence of “eukaryotic” protein kinases and phos-
phatases and an intriguing set of serine-, threonine-, and tyro-
sine-phosphorylated proteins in the Archaea that may offer new
insights into this important regulatory mechanism.

A Maturing Evolutionary Perspective on Protein
(De)phosphorylation

For several decades, the phosphorylation of proteins on ser-
ine and threonine residues was generally regarded as exclu-
sively eukaryotic in origin and distribution, an adaptation to the
coordination and communication requirements of a more
complex compartmentalized cell form (1). In this scenario,
tyrosine phosphorylation emerged to meet the expanded signal
transduction needs of “higher” eukaryotes composed of multi-
ple differentiated cells. The persistence and pervasiveness of
this viewpoint are manifested by the continued use of the des-
ignator “eukaryotic protein kinase” (ePK)> when referring to
homologs of the prototype for this superfamily, the catalytic
subunit of the cAMP-dependent protein kinase.

As the 1990s dawned, occasional reports surfaced indicating
the presence of eukaryotic protein kinases and protein phos-
phatases in bacteria and viruses (1, 2). However, their close
association with pathogenic organisms, tendency to target pro-
teins endogenous to their eukaryotic hosts, and frequent coding
by mobile elements such as plasmids were consistent with
acquisition from the Eukarya by lateral gene transfer. It was not
until genomics fueled a quantum leap in our understanding of
the macromolecular populations within living organisms that it
became apparent that many ostensibly eukaryotic protein
kinases and protein phosphatases were in fact indigenous to
some prokaryotes as well (3, 4).

* This is the third article in the Thematic Minireview Series “Protein Serine/
Threonine and Tyrosine Phosphorylation in Prokaryotes.”
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2The abbreviations used are: ePK, eukaryotic protein kinase; PTP, protein-
tyrosine phosphatase; PPP, family of protein-serine/threonine phospha-
tases thatinclude eukaryotic PP1, PP2A, and PP2B; cPTP, conventional PTP;
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Early Studies on Protein Phosphorylation in the Archaea

In the late 1970s, the Archaea emerged as a new player in the
exploitation of phylogenetic diversity for tracing the evolution
of biological macromolecules (5). Although morphologically
prokaryotic, the rRNA sequences of the Archaea were more
closely related to those of the Eukarya than to the superficially
similar Bacteria, indicating that the first divergence from the
last universal common ancestor separated the bacterial line of
descent from a conjoint eukaryal/archaeal one.

The first indication that archaeal proteins were subject to
regulation via covalent phosphorylation was reported by Spu-
dich and Stoeckenius (6), who detected multiple radiolabeled
polypeptides in extracts from cultures of the extreme halophile
Halobacterium halobium that were grown in media containing
32P-labeled inorganic phosphate. The radiolabel remained
associated with the polypeptides following exposure to either
acid or hydroxylamine, indicating that the phosphoryl moieties
were bound via phosphoester linkages. The apparent degree of
phosphorylation of several polypeptides visibly decreased upon
exposure to light, a phenomenon dependent on the presence of
retinal (6). Skérko (7) employed a similar in vivo labeling
approach to elucidate the presence of serine- and threonine-
phosphorylated polypeptides in membrane fractions from the
extreme acidothermophile Sulfolobus acidocaldarius.

A new twist was added when it was reported that multiple
polypeptides from three diverse archaea (Haloferax volcanii,
Methanosarcina thermophila TM-1, and Sulfolobus solfatari-
cus P1) tested positive on Western blots probed with antibodies
against phosphotyrosine (8). Immunoreactivity could be elim-
inated by prior treatment with alkaline phosphatase. This
wholly unexpected finding was buttressed by the subsequent
isolation of three phosphotyrosine-containing proteins from
Thermococcus kodakaraensis KOD1 using a substrate-trapping
version of an endogenous protein-tyrosine phosphatase (TkPTP):
phenylalanyl-tRNA synthetase, an RNA terminal phosphate
cyclase, and phosphomannomutase (9). Although highly sugges-
tive of the existence of archaeal protein-tyrosine kinases, these
findings were insufficient to rule out potential alternative explana-
tions such as the hydrolytic breakdown of nucleotidylated tyrosine
residues (10), trapping of phosphoenzyme intermediates (11), or
adventitious autophosphorylation (12).

Protein-serine/threonine/tyrosine Kinases and
Phosphatases: Demise of the “Eukaryotic” Paradigm

The first example of apparent domain trespass by a eukary-
otic protein kinase or phosphatase in the Archaea was PP1-
archl, a PPP family protein-serine/threonine phosphatase.
First detected by incubating soluble extracts of S. solfataricus
P1 with 3*P-phosphoproteins (13), subsequent purification and
cloning of its gene revealed a monomeric enzyme sharing ~30%
identity with the catalytic domains of PP1 and PP2A from the
Eukarya (14). Subsequently, genes encoding two additional
archaeal PPPs, PP1-arch2 from M. thermophila TM-1 (15) and
PyPP1 from Pyrodictium abyssi TAG11 (16), were cloned, and
their recombinant protein products were demonstrated to pos-
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FIGURE 1. PPP tree. Shown is a dendrogram constructed using the sequences
of assorted eukaryal (blue) and bacterial (green) PPP family protein phospha-
tases along with the three verified PPP family protein-serine/threonine phos-
phatases (red): PP1-arch1 from S. solfataricus (S. solf.) (14), PP1-arch2 from
M. thermophila (M. therm.) TM-1 (15), and PyPP1 from P. abyssi TAG11 (16). PP,
protein phosphatase; M. aerug., Microcystis aeruginosa.

sess protein-serine/threonine phosphatase activity. All three
archaeal PPPs preferred Mn>" as cofactor; little activity was
detected in the presence of Mg?>*. A dendrogram constructed
using established PPP family protein phosphatases from the
Archaea, Bacteria, and Eukarya mirrors the Woesian tree (Fig.
1), indicating that archaeal PPPs were inherited from the last
universal common ancestor (17), not acquired by lateral gene
transfer. Intriguingly, PP1-arch2 was inhibited by micromolar
concentrations of okadaic acid, a classic diagnostic agent for
PP1 and PP2A in eukaryotes (15). The primordial origins of this
important family of signal transduction enzymes offered the
first hint that protein (de)phosphorylation emerged at an ear-
lier point in evolution than previously suspected.

Capitalizing on the initial wave of genome sequencing, Smith
and King (18) reported the presence of ORFs encoding deduced
ePK homologs in three methanogenic archaea: Methanococcus
vannielii, Methanococcus voltae, and Methanobacterium ther-
moautotrophicum. As genome sequences continued to accu-
mulate, it became increasingly apparent that virtually every mem-
ber of the Archaea possessed an ORF encoding an ePK homolog (4,
19). However, although ubiquitous, the number of ePKs present in
archaeal genomes was generally small, generally one to four (20).
Perhaps more significantly, those ePKs previously stereotyped in
the Eukarya as being “atypical” (21) dominated archaeal kinomes,
often to the exclusion of typical ePKs (3, 22).

The distribution of protein-serine/threonine/tyrosine phos-
phatase homologs among the Archaea exhibits a strikingly
mosaic pattern wherein no superfamily predominates (Table
1). Little correlation is evident between the number of deduced
protein phosphatases in a given archaeal genome and the quan-
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tity of prospective ePKs. Even in those archaea wherein the
number of deduced ePKs reached 10 or more, the number of
deduced protein phosphatases rarely exceeded two (20). How-
ever, roughly three-quarters possess a conventional PTP
(cPTP) and/or a low molecular weight (LMW) PTP (19, 23).
Indeed, the deduced complement of protein-serine/threonine/
tyrosine phosphatases for one-third of archaea listed in Table 1
consists exclusively of one or more PTPs. No representatives of
the Cdc25 family of dual-specificity protein phosphatases have
been detected in the Archaea, notwithstanding the presence of
the Cdc25 evolutionary precursor rhodanese (24).

Two archaeal cPTPs have been characterized to date: TkPTP
from T. kodakaraensis (9) and SsoPTP from S. solfataricus (25).
Both proteins exhibited tyrosine phosphatase activity in vitro.
In addition, TkPTP hydrolyzed free phosphoserine at rates
comparable to free phosphotyrosine (9). X-ray crystallography
of SsoPTP revealed considerable structural homology to VH1
family PTPs. The depth of its active site pocket suggests that
SsoPTP is tyrosine-specific (25).

Of the two major protein-serine/threonine phosphatase
families encountered in eukaryotic organisms (26), the PPP
superfamily predominates over the PPM superfamily by a ratio
of 3:1 (Table 1). The only archaeal PPM characterized to date,
TvnPPM from Thermoplasma volcanium, exhibited both pro-
tein-tyrosine and protein-serine/threonine phosphatase activ-
ities in vitro, a property it shares with a handful of bacterial PPM
homologs (27). The protein-tyrosine phosphatase activity of
TvnPPM may be physiologically significant, as T. volcanium
lacks deduced LMW PTPs or cPTPs.

Whence Eukaryotic Protein Kinases and Phosphatases?

What can the Archaea tell us about the origins and evolution
of the protein kinases and protein phosphatases that lie at the
core of the signal transduction networks in the Eukarya? The
universal presence of specific families of atypical ePKs in both
the Archaea and Eukarya, but not the Bacteria (3, 22, 28), indi-
cates that the first recognizable member of the ePK superfamily
appeared after the divergence of the combined archaeal/eu-
karyal line of descent from the bacterial but prior to the diver-
gence of the Archaea from the Eukarya (3). The nearly universal
presence of piD261/Bud32 and right open reading frame (RIO)
protein kinases among the Archaea and Eukarya further sug-
gests that these atypical ePKs most closely echo the archetypic
ePK (22, 29, 30). Typical ePKs appear to have first emerged in
the Eukarya (3), where they proliferated to an extent that far
outstripped their older atypical siblings (21). From the Eukarya,
typical ePKs spread to the Bacteria and, presumably, the
Archaea via lateral gene transfer (4).

The two major families of eukaryotic protein-serine/threo-
nine phosphatases offer a study in contrasts. The PPP family has
along evolutionary history dating to the last universal common
ancestor (4, 31). PPPs appear to have spread throughout the
three extant phylogenetic domains primarily via direct inheri-
tance. In contrast, the PPM family emerged much later, in the
Eukarya, and later spread to the Bacteria by lateral gene transfer
(4, 32). It appears likely that the handful of archaeal PPMs were
acquired “secondhand” from the Bacteria.
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TABLE 1

Distribution of eukaryotic protein-serine/threonine/tyrosine kinase/phosphatase superfamilies in the Archaea

Listed below are archaeal organisms whose genomes have been annotated by the Comprehensive Microbial Resource (J. Craig Venter Institute). “Yes” indicates that the
genome in question contains one or more ORFs encoding a potential ePK, PPP family protein phosphatase, PPM family protein phosphatase, cPTP, or LMW PTP.

Archaeon ePK PPP PPM cPTP LMW PTP
Aeropyrum pernix K1 Yes Yes
Archaeoglobus fulgidus DSM4303 Yes Yes Yes
Caldivirga maquilingensis 1C-167 Yes Yes Yes
Candidatus Korarchaeum cryptofilum OPF8 Yes Yes Yes Yes
Candidatus Methanoregula boonei 6A8 Yes Yes Yes
Haloacrula marismortui ATCC 43049 Yes Yes Yes
Halobacterium NRC-1 Yes Yes
Halobacterium salinarium R1 Yes Yes
Halomicrobium mukohataei DSM12286 Yes Yes Yes Yes
Haloquadratum walsbyi DSM16790 Yes Yes
Ignicoccus hospitalis KIN4/1 Yes Yes
Metallosphaera sedula DSM5348 Yes Yes Yes
Methanobacterium thermoautotrophicus Delta H Yes Yes Yes
Methanococcoides burtonii DSM6242 Yes
Methanococcus aeolicus Nankai-3 Yes Yes
Methanococcus jannaschii DSM2661 Yes Yes
Methanococcus maripaludis C5 Yes Yes
Methanococcus maripaludis C6 Yes Yes
Methanococcus maripaludis C7 Yes Yes
Methanococcus maripaludis S2 Yes Yes
Methanocorpusculum labreanum Z, Yes Yes
Methanoculleus marisnigri JR1 Yes Yes
Methanopyrus kandleri AV19 Yes
Methanosaeta thermophila PT Yes Yes
Methanosarcina acetivorans C2A Yes Yes Yes
Methanosarcina barkeri Fusaro Yes Yes
Methanosarcina mazei Goel Yes Yes Yes
Methanosphaera stadtmanae DSM3091 Yes
Methanospirillum hungatei JE-1 Yes Yes Yes
Nanoarchaeum equitans KIN4-M Yes
Natronomonas pharaonis sp. Yes Yes
Picrophilus torridus DSM9790 Yes Yes
Pyrobaculum aerophilum IM2 Yes Yes Yes
Pyrobaculum arsenaticum DSM13514 Yes Yes Yes
Pyrobaculum islandicum DSM4184 Yes Yes Yes
Pyrococcus abyssi GE5 Yes Yes
Pyrococcus furiosus DSM3638 Yes Yes Yes
Pyrococcus horikoshii Shinkaj OT3 Yes Yes
Staphylothermus marinus F1 Yes Yes
Sulfolobus acidocaldarius DSM639 Yes Yes Yes
Sulfolobus solfataricus P2 Yes Yes Yes
Sulfolobus tokodaii strain 7 Yes Yes Yes
Thermococcus kodakaraensis KOD1 Yes Yes Yes
Thermofilum pendens Hrk5 Yes Yes
Thermoplasma acidophylum DSM1728 Yes
Thermoplasma volcanium GSS1 Yes Yes Yes
Uncultured methanogenic archaeon RC-1 Yes Yes

The widespread phylogenetic dispersal of the cPTPs and
LMW PTPs is indicative of ancient origins that likely date back
to the last universal common ancestor (33-35). Although rho-
danese, the progenitor of the Cdc25 dual-specificity protein
phosphatases, is pervasive among prokaryotic organisms,
Cdc25 appears to be exclusively eukaryal in residence and, by
extension, origin (24). The seemingly random distribution of
these ancient protein phosphatases likely reflects the impact of
reductive evolution (36, 37). Presumably the PPP, cPTP, and
LMW PTP families were each represented in the original
archaeal phosphatase suite. However, as they segregated to
environmentally extreme but relatively monotonous habitats,
many archaea downsized their sensor-response capabilities.

The Sulfolobales Kinome

Much of what we currently know concerning protein
(de)phosphorylation in the Archaea has been generated from
investigations of the members of the order Sulfolobales, in par-
ticular S. solfataricus. The S. solfataricus genome contains 10
OREFs encoding prospective ePKs, two of which exhibit recog-
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nizable transmembrane domains (Fig. 2). By eukaryal stan-
dards, ePKs account for only a minute portion (0.34%) of the
S. solfataricus genome (38). However, relative to most other
archaea, S. solfataricus is protein kinase-rich, with a kinome
that even includes both typical and atypical ePKs. In contrast,
like most archaea, its suite of recognizable protein phospha-
tases is relatively sparse, consisting of a single PPP family pro-
tein-serine/threonine phosphatase, PP1-archl (14), and a sin-
gle cPTP (25). Of the 10 prospective ePKs from S. solfataricus,
three have been studied in the laboratory: SsoPK2, SsoPK3, and
SsoPK5 (Fig. 2). (The designator SsoPK1 was reserved for
an ~62-kDa membrane-associated glycoprotein with protein-
serine/threonine kinase activity, possibly the product of ORF
5502291 (39, 40).)

SsoPK2 is the protein product of ORF s502387. It is an atyp-
ical ePK that does not appear to group with any of the “major”
atypical subfamilies. It also has been annotated as a secretory

3 B. H. Lower and P. J. Kennelly, unpublished data.
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FIGURE 2. Known and deuced ePKs encoded by the genome of S. solfataricus P2. Shown are schematic diagrams of the known and deduced ePKs encoded
by the genome of S. solfataricus (38). The identity of the ORF is given on the right along with the protein name, if any. The name of the most closely related
protein kinase subfamily, as deduced from the sequence of the putative catalytic domains, is shown in parentheses using the classification scheme of Leonard
et al. (3). The predicted catalytic, transmembrane, (TM), and tetratricopeptide repeat (TPR) domains are colored green, blue, and yellow, respectively. Other
prospective features include winged helix-turn-helix (WHTH; red), leucine zipper (orange), methyltransferase-like (MTS; purple), and heavy metal-associated

(HMA) domains.

ATPase (41). The catalytic domain of SsoPK2 occupies the
C-terminal half of a projected 583-residue polypeptide. Analy-
sis of the sequence of the N-terminal region revealed no obvi-
ous ligand-binding sites, protein-protein interaction sites, or
transmembrane domains, suggesting that anchoring occurs via
association with a second, membrane-bound protein (41).
Expression of the mRNA encoding SsoPK2 could be detected
only in cells grown on rich media (41).

Recombinant SsoPK2 phosphorylated itself in vitro (41, 42),
as well as exogenous proteins of grossly basic (histones and
bovine serum albumin) and acidic (casein and reduced car-
boxyamidomethylated and maleylated lysozyme) character
(42). Phosphorylation occurred exclusively on serine residues.
No activity was detected using the classic tyrosine kinase sub-
strates poly(Glu,Tyr) and poly(Glu,, Tyr) or using GTP as the
phosphodonor substrate (42). SsoPK2 exhibited ATPase activ-
ity at high temperatures (41). Both the protein kinase and
ATPase activities of SsoPK2 exhibited a preference for Mn>"
over Mg®™" as cofactor (41, 42). Although autophosphorylation
takes place on multiple serine residues, substitution of one of
these, Ser®*®, which resides in the predicted T loop located
between subdomains VII and VIII of the catalytic domain, by
alanine resulted in complete abolition of autophosphorylation
in vitro (42). Phosphorylation of an exogenous substrate
(casein) was not affected, however.

SsoPK3, the polypeptide product of ORF ss00469, was first
identified as one of the phosphoproteins produced when
membrane extracts of S.solfataricus were incubated with
[y-**P]ATP (43). SsoPK3 belongs to the ATPase-like subfamily
of atypical ePKs. Like SsoPK2, its catalytic domain occupies the
C-terminal portion of the polypeptide. Although membrane-
associated, it exhibits no obvious transmembrane domain, sug-
gesting that anchoring occurs via some other structural motif.
Recombinant SsoPK3 autophosphorylated itself on threonine
and exogenous substrates such as casein, bovine serum albu-
min, and histone H4 on serine and, to a lesser degree, threonine
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(43). No activity was detected toward poly(Glu,Tyr) or
poly(Glu,, Tyr). Like SsoPK2, Mn*" was preferred as cofactor
(43).

SsoPKS5, the product of ORF ss00433, is among the smallest
ePKs yet encountered. It is a member of the most ancient extant
family of ePKs, the piD261/Bud32 protein kinases, whose sole
mammalian homolog is the p53-related protein kinase (30). A
candidate for the direct lineal descendant of the primordial
ePK, homologs of piD261/Bud32 are found throughout the
Archaea and Eukarya but are absent from the Bacteria (34).
Disruption of the gene for piD261/Bud32 in Saccharomyces
cerevisiae confers a severe slow growth phenotype that can be
partially rescued by the p53-related ePK (44). Despite its essen-
tial nature and significant evolutionary head start over virtually
every other family of ePKs, the piD261/Bud32 family has under-
gone no detectable expansion over the eons (29).

In archaeal genomes, the sequences encoding piD261/Bud32
homologs are generally located adjacent to or fused with the
gene encoding Kael (kinase-associated endopeptidase 1),
which is universally present in the members of all three phylo-
genetic domains (45). Structural analyses (46, 47) have revealed
that piD261/Bud32 and Kael are components of a larger multi-
protein complex dubbed the EKC/KEOPS complex, which
stands for endopeptidase-like kinase chromatin-associated/
kinase, endopeptidase, and other proteins of small size (45). It
has been suggested that, in yeast, the complex plays a dual role
involving regulation of transcription and maintenance of
telomere integrity (46 —48). More recently, it has been discov-
ered that the EKC/KEOPS complex catalyzes the formation of
NP®-threonylcarbamoyl adenosine, a universal modification of
tRNAs recognizing codons that begin with an adenine nucleo-
tide (49). Within the context of this complex, piD261/Bud32
has been observed to display switchable protein kinase and
P-loop ATPase activity (50).

When SsoPK5, the homolog of piD261/Bud32 from S. solfa-
taricus, was expressed in Escherichia coli, the recombinant pro-
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tein exhibited detectable but relatively sluggish protein-serine/
threonine kinase activity toward acidic proteins such as casein
and reduced carboxyamidomethylated and maleylated lysozyme
(51). No activity was detected toward two basic proteins: his-
tones and myelin basic protein. SsoPK5 also phosphorylated
itself on serine and threonine. Substitution of Thr'*?, a pre-
dicted site of autophosphorylation, by alanine resulted in a 50%
decrease in self-phosphorylation and loss of activity toward
exogenous protein substrates (51). Intriguingly, ADP-ribose,
the breakdown product of the poly(ADP-ribose) chains that
covalently modify many eukaryal proteins, particularly those
found in chromatin, markedly stabilized SsoPK5, an effect that
could be enhanced by millimolar levels of 5'-AMP. Enhance-
ment was highly specific to 5'-AMP and independent of auto-
phosphorylation (51).

Three ORFs in the S. solfataricus genome code for poten-
tial homologs of the typical ePKs, specifically the protein
kinases that phosphorylate elF2a in the Eukarya: ss02291,
5503182, and ss03207 (Fig. 2). Phosphorylation of elF2a by
eukaryal elF2«a protein kinases inhibits global polypeptide
synthesis in response to a variety of cellular stresses (52). An
elF2a protein kinase homolog from the hyperthermophilic
archaeon Pyrococcus horikoshii OT3 (Ph0512p) phosphory-
lates the archaeal homolog of elF2a (alF2a) in vitro (53).
Phosphorylation occurred on Ser”®, which aligns with the
site of regulatory protein phosphorylation in eIF2a (Ser®?).
This serine residue is conserved in deduced alF2«a proteins
in the archaea Methanococcus jannaschii, M. thermoau-
totrophicum, and Archaeoglobus fulgidus (53), as well as
S. solfataricus (38).

Like S. solfataricus, Sulfolobus tokodaii is relatively rich in
ORFs encoding deduced ePKs. Moreover, at least one of the
eight potential ePKs identified, the protein product of st1565,
resembles the typical ePKs that predominate in eukaryotes (54).
Using two-hybrid screens and pulldown assays, it was deter-
mined that the ST1565 protein kinase complexes with the
protein product of st0829, a forkhead-associated (FHA)
domain-containing transcription factor that interacts with the
promoter region of a gene cluster encoding flagella-like pro-
teins (55). Moreover, phosphorylation of the FHA domain-con-
taining protein by the ST1565 protein kinase abrogated the
former’s DNA-binding capacity in vitro (55).

ORFs ss00197 and ss02374 from S. solfataricus encode
potential RIO ePKs. The RIOs constitute the primary rival of
piD261/Bud32 for the title of most ancient extant ePK family (3,
28). The RIO ePKs were first encountered in yeast, where they
have been implicated in ribosome biogenesis, cell cycle pro-
gression, and genome integrity (56). Although the S. solfatari-
cus RIO ePKs remain uncharacterized, the crystal structure for
Rio2 from A. fulgidus has been determined (57), and a second
archaeal RIO ePK from H. volcanii has been shown to phos-
phorylate the « subunit of the 20 S proteasome on serine and
threonine in vitro (58). For more on the RIO ePKs, see the
accompanying minireview by LaRonde (71).

The Sulfolobales Phosphoproteome

Recent mass spectrometric analysis of the proteins from
S. solfataricus resulted in the identification of 1318 different
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sites of covalent phosphorylation distributed among 540 differ-
ent proteins (59). Modification by phosphorylation appeared to
be both physically and functionally pervasive, as the phospho-
proteins identified included members of 21 of the 26 archaeal
clusters of orthologous groups (60) represented in the S. solfa-
taricus genome (59). In addition to a broad spectrum of pro-
teins that participate in core metabolic processes, the S. solfa-
taricus phosphoproteome also includes a number of deduced
transcription factors; many ribosomal proteins; a large number
of aminoacyl-tRNA synthetases; a predicted adenylate cyclase;
DNA helicases, gyrases, primases, topoisomerases, trans-
posases, and polymerases; ATPases; translation initiation and
elongation factors; assorted permeases and transporters; ePKs;
and a large number of unidentified proteins.

Perhaps even more unexpected than the unanticipated sur-
feit of phosphoproteins was the abundance of phosphorylated
tyrosine residues in the phosphoproteins from S. solfataricus
(59). In fact, the number of sites of tyrosine phosphorylation
marginally exceeded the number of combined sites of serine
and threonine phosphorylation. By contrast, the only other
reported archaeal phosphoproteome, that of the extreme halo-
phile Halobacterium salinarium, encompassed only 81 sites of
phosphorylation on 69 proteins, only one of which was identi-
fied, albeit tentatively, as tyrosine (61).

It has yet to be determined what proportion of these archaeal
phosphoproteins are the product of regulatory phosphoryla-
tion events. The fact the S. solfataricus phosphoproteome
exhibited marked shifts when the organism’s carbon source was
switched from glucose to Tryptone is suggestive of the dyna-
mism characteristic of regulatory events (59). However, data
affirming that covalent phosphorylation plays a regulatory role
in the Archaea have emerged for only a handful of proteins to
date, such as D-gluconate dehydratase (62) and phosphohexo-
mutase from S. solfataricus (63), an FHA domain-containing
protein from S. tokodaii (55), and the proteasome from H. vol-
canii (58).

The phosphorylation of bD-gluconate dehydratase was
detected by growing S.solfataricus in the presence of
[*2P]phosphate (62). Subsequent incubation of the phospho-
protein with broad-spectrum acid phosphatases resulted in a
loss of catalytic activity, implicating phosphorylation as an
essential prerequisite for function. The S. solfataricus phospho-
hexomutase was identified via mass peptide profiling of cellular
proteins. Although formation of a covalent phosphoenzyme
intermediate constitutes an integral step in the enzyme’s cata-
lytic mechanism, the catalytic serine (Ser®”) was distinct from
the site of phosphorylation identified by mass spectrometry
(Ser®®®). Modeling the S. solfataricus protein using the x-ray
structure of a homolog predicted that Ser®* resided near the
mouth of the active site, suggesting that phosphorylation of this
residue would inhibit binding of phosphohexose substrates by
an electrosteric mechanism similar to that by which phos-
phorylation inhibits the isocitrate dehydrogenases of enteric
bacteria (64). Substitution of Ser®*® by aspartate reduced V.,
by 20-fold, indicating that phosphorylation at that site is inhib-
itory (63).

The FHA domain-containing protein was initially implicated
by its capacity to bind to and to physically interact with a typical
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ePK, the product of ORF st1565 from S. tokodaii (54). Subse-
quent analysis quickly revealed that the FHA domain-contain-
ing protein was phosphorylated by the ST1565 ePK in vitro,
although the identity and location of the amino acid residue
modified were not determined. Subsequent studies revealed
that phosphorylation of the FHA domain-containing protein
adversely impacted its ability to bind DNA (55). Analysis of the
20S proteasome from H.volcanii by mass spectrometry
revealed numerous covalent modifications, including phos-
phorylation of the a1, a2, and 8 subunits on serine and/or thre-
onine (58). Blocking phosphorylation of serine and threonine
al subunits by substituting alanine produced variants that were
unable to restore pigment production or salt tolerance to al
knock-out strains (65).

Open Questions

Studies to date on the protein phosphorylation networks res-
ident in the members of the domain Archaea have raised some
intriguing questions regarding the origins and development of
this highly versatile molecular regulatory mechanism (66). For
example, typical ePKs appear to be absent from the Euryar-
chaea, one of the two major subgroups within the domain
Archaea. Moreover, certain of the typical ePKs within the other
subgroup, the Crenarchaea, are homologs of a specific subset of
typical ePKs, the elF2a protein kinases (4), suggesting that
these crenarchaea acquired them by horizontal gene transfer
from the Eukarya. Dissecting the circumstances under which
such a transfer may have occurred may reveal much about the
elusively complex evolutionary events that generated the
mosaic of unique, Bacteria-like, and Eukarya-like features that
characterize archaeal genomes (67).

Another looming question is how to reconcile the apparent
existence of protein tyrosine phosphorylation in the Archaea
with its skewed distribution within the Eukarya (68). For years,
bona fide rather than dual-specificity tyrosine phosphorylation
has been described as a late-emerging process that evolved spe-
cifically to meet the demands of multicellular specialization in
higher eukaryotes (35, 69). If archaeal protein tyrosine phos-
phorylation is ancient in origin, why was it not passed on to all
members of the Eukarya? Did fungi and other protists somehow
lose this capability along the way, and if so, what evolutionary
pressures promoted its retention among many of the Archaea?
Did phosphotyrosine’s immunity from $-elimination render it
better suited for hyperthermophiles? Does it necessarily follow,
however, that loss of thermophily is sufficient to explain its
putative disappearance? If the pervasiveness of PTPs among the
Archaea indicates that the cPTPs and LMW PTPs predate pro-
tein tyrosine phosphorylation, what purpose did they serve in
primordial organisms? Might they still be serving these roles
today? Ample evidence exists for the catalytic adaptability of
both PTP scaffolds in the form of homologs that hydrolyze
phosphoinositides (70), dephosphorylate serine and threonine
residues (34), and reduce arsenate to arsenite (19). Does the
seeming imbalance between the handful of ePKs and protein
phosphatases in an archaeon like S. solfataricus and its massive
phosphoproteome indicate that the Archaea harbor some as
yet unrecognized types of protein-serine/threonine/tyrosine
kinases and/or phosphatases?
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