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As a step towards studying representative members of the two-component family of signal transduction
proteins, we have cloned genes encoding a histidine protein kinase and a response regulator from the
hyperthermophilic bacterium Thermotoga maritima. The genes have been designated hpkA and drrA, respec-
tively. The deduced HpkA sequence contains all five characteristic histidine protein kinase motifs with the
same relative order and spacing found in the mesophilic bacterial proteins. A hydropathy profile indicates that
HpkA possesses only one membrane-spanning segment located at the extreme N terminus. The N-terminal
region of DrrA exhibits all of the characteristics of the conserved domains of mesophilic bacterial response
regulators, and the C-terminal region shows high similarity to the OmpR-PhoB subfamily of DNA-binding
proteins. Recombinant T. maritima proteins, truncated HpkA lacking the putative membrane-spanning N-
terminal amino acids and DrrA, were expressed in Escherichia coli. Partial purification of T. maritima proteins
was achieved by heat denaturation of E. coli host proteins. In an in vitro assay, truncated HpkA protein was
autophosphorylated in the presence of ATP. Thus, the N-terminal hydrophobic region is not required for
kinase activity. Phosphotransfer between truncated HpkA and DrrA was demonstrated in vitro with the
partially purified proteins. The phosphorylation reactions were strongly temperature dependent. The results
indicate that the recombinant T. maritima two-component proteins overexpressed in E. coli are stable as well
as enzymatically active at elevated temperatures.

Bacteria live in an environment in which they encounter
rapid and unexpected changes. In order to effectively compete
and survive, they continuously monitor external conditions and
respond accordingly. Many bacterial regulatory systems that
mediate such adaptive responses utilize a conserved signaling
strategy involving histidine protein kinases and response reg-
ulator proteins, commonly referred to as two-component sys-
tems (for reviews, see references 15 and 26). In these signaling
pathways, the histidine protein kinase autophosphorylates at a
specific histidine residue, creating a high-energy phosphoryl
group that is transferred to an aspartic acid residue of the
response regulator protein. Phosphorylation of the response
regulator, in most cases, creates an active form of the protein,
capable of eliciting the output response. There is much varia-
tion in the specific arrangements of conserved domains within
the proteins and further variation in the way the protein com-
ponents are organized into specific signaling pathways, often
interacting with numerous and diverse auxiliary proteins. Still,
structural and functional studies of the conserved domains,
such as the response regulator domain represented by CheY,
have elucidated general features applicable to most members
of the family (25, 32). At the present time, structural informa-
tion has not been obtained for either the conserved histidine
protein kinase domain or an intact multidomain response reg-
ulator protein.
Thermophilic bacteria, such as Thermotoga maritima, which

inhabits an extreme environment and has an optimal growth

temperature of 808C (5), are potential sources for proteins of
unusually high thermostability. The inherent stability of pro-
teins from thermophiles provides advantages for structural
analysis (17). Despite necessary adaptations to allow function
at elevated temperatures, many proteins from thermophiles
have high sequence similarity with homologs from mesophiles
(1). The existence of histidine protein kinases and response
regulator proteins in thermophilic bacteria (6, 30) is not unex-
pected, given the widespread occurrence of two-component
systems throughout the bacterial kingdom and in eukaryotes as
well (29). In order to further structure-function analyses of
these proteins, a search was conducted for a representative
member of the histidine protein kinase family encoded by T.
maritima genomic DNA. PCR amplification using degenerate
oligonucleotides with sequences derived from conserved re-
gions of the histidine protein kinase family produced a frag-
ment with sequence similarity to a region of the histidine
protein kinases. This PCR fragment was used in hybridization
studies to identify a clone containing a histidine protein kinase
gene and surrounding sequences encoding a response regula-
tor protein and the N-terminal region of a thymidine-pyrimi-
dine nucleoside phosphorylase homolog.
The products of the T. maritima genes showed significant

sequence similarity to a number of histidine protein kinase-
response regulator pairs, with greatest similarity to members of
the phosphate assimilation pathway (PhoR-PhoB) (11, 12), the
vancomycin resistance regulators (VanS-VanR) (2), and the
regulators of aerobic and anaerobic respiration gene expres-
sion (ResE-ResD) (23, 28). The T. maritima genes have been
designated hpkA and drrA, encoding a histidine protein kinase
and DNA-binding response regulator, respectively. Sequence
analysis of HpkA indicated a histidine protein kinase with a
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single membrane-spanning region. DrrA was found to contain
a characteristic N-terminal regulatory domain and a C-termi-
nal effector domain belonging to the OmpR-PhoB subfamily of
transcriptional regulators (24). The HpkA and DrrA proteins,
expressed in Escherichia coli and partially purified from heat-
denatured cell lysates, exhibited autophosphorylation and
phosphotransfer activities consistent with their putative roles
in two-component signal transduction.

MATERIALS AND METHODS

DNA manipulation and sequence analyses. Molecular cloning and manipula-
tion of plasmid DNA were done by standard methods (18). Restriction, ligation,
and other DNA modification enzymes were purchased from New England Bio-
labs and Boehringer Mannheim. DNA sequencing was performed by the dideoxy
chain termination method (19) with Sequenase 2.0 as recommended by the
manufacturer, United States Biochemical. The sequence reported in Fig. 1B was
determined on both strands with nucleotide mixtures containing dGTP and
7-deaza-dGTP in separate sequencing reactions to eliminate compression arti-
facts. DNA and protein sequences were analyzed and manipulated by using
programs in the University of Wisconsin Genetics Computer Group software
suite (3).
Bacterial strains and growth conditions. E. coli DH5a, used as host for

plasmids, was grown overnight at 378C in Luria-Bertani (LB) broth or on LB agar
containing 100 mg of ampicillin per ml. For expression of T. maritima proteins,
E507 (27), which contains a T7 RNA polymerase gene under control of an
isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible lacUV5 promoter, served
as host for plasmids derived from pJES307 (31), with the genes of interest
inserted downstream of the T7 promoter. E507 cells containing pJES307 deriv-
atives were grown to an A600 of 0.5 in 1.5 liters of LB broth with 100 mg of
ampicillin per ml, and protein expression was induced by addition of IPTG to a
final concentration of 0.5 mM. After 2 h of induction, cells were harvested.
PCR. From the best alignment of mesophilic histidine protein kinase se-

quences, a pair of degenerate oligonucleotides was designed and used for PCR
primers, 59-TC(A/T)CA(T/C)GA(A/G)AT(T/C/A)AA(A/G)AA(T/C)CC-39 and
59-GG(A/G)AT(A/T)CC(A/T)GG(A/T)CC(A/G)T(T/C)(A/G)TC-39, corre-
sponding to coding and anticoding strands, respectively. The oligonucleotides
were synthesized (UMDNJ Biochemistry Department Oligonucleotide Synthesis
Facility) with two different restriction sites, HindIII at the 59 end of the coding
strand and EcoRI at the 59 end of the anticoding strand. PCR, using these two
oligonucleotides (100 pmol) as primers and T. maritima genomic DNA (0.5 mg),
obtained from Janet Westpheling, University of Georgia, as template, was per-
formed in a 30-cycle reaction in an MJ Research Minicycler with native Pfu
polymerase (Stratagene) in its supplied reaction buffer. The initial annealing
temperature of 408C in PCR was shifted after the fifth cycle to 508C and was
maintained for the remaining 25 cycles. Following visualization on ethidium
bromide-stained agarose gels, the PCR products corresponding to fragments of
approximately 460 bp were excised. The purified PCR fragments were digested
with HindIII and EcoRI and separated on a preparative agarose gel. The frag-
ments were excised, purified, and ligated to HindIII-EcoRI-digested pBluescript
II KS(2) vectors (Stratagene). The resulting plasmids were transformed into
competent DH5a cells. Plasmid DNA was isolated and sequenced.
Southern blot analysis. T. maritima genomic DNA was digested with appro-

priate restriction enzymes. The digests were separated on a 1% agarose gel and
blotted onto a Nytran nylon membrane via the alkaline transfer method in a
Transblotter system according to the manufacturer’s recommendations (Schlei-
cher & Schuell). Hybridization was performed with a Rad-Free probe labeling
and detection system (Schleicher & Schuell). Positive clones were selected by
hybridization with a biotin-labeled probe generated from a PCR fragment of 460
bp containing sequences homologous to the mesophilic histidine protein kinase
genes.
Library construction and colony hybridization. The first minilibrary was con-

structed from BamHI-HindIII fragments generated by digestion of T. maritima
genomic DNA. Fragments ranging from 2.5 to 6 kb were purified from an
agarose gel and ligated to BamHI-HindIII-digested, dephosphorylated pBlue-
script II KS(2) vectors. This library was used to transform E. coli DH5a cells.
Ampicillin-resistant colonies present after 18 h of growth on LB agar were
transferred to Nytran nylon membranes. Hybridization was performed as de-
scribed for Southern blot analysis. A similar approach was used for the second
minilibrary, which was constructed from 0.5- to 2-kb EcoRI genomic DNA
fragments.
Construction of plasmids expressing HpkA and DrrA. PCR was used to

amplify regions encoding the T. maritima hpkA and drrA genes with NdeI and
HindIII sites added at the 59 ends of the coding and anticoding strands, respec-
tively. After digestion with appropriate enzymes, PCR fragments were ligated to
NdeI-HindIII-digested pJES307 vectors. The resulting plasmids, pJL9B contain-
ing full-length drrA and pJL26R containing full-length hpkA, expressing the
genes from T7 promoters, were transformed into E. coli DH5a and later into
E507.
Four plasmids were constructed for expression of truncated HpkA proteins

lacking 22, 47, 57, and 65 N-terminal amino acids. PCR amplification with
appropriately designed oligonucleotides was used to generate hpkA coding re-
gions with NdeI and HindIII sites added at the 59 ends of the coding and
anticoding strands, respectively. The fragments were ligated to
NdeI-HindIII-digested pJES307 vectors to generate pJLR22, pJLR47, pJLR57,
and pJLR65, and the resulting plasmids were transformed into E. coli DH5a.
Following selection, the vector inserts were confirmed by DNA sequencing and
the plasmids were transformed into E. coli E507.
Partial purification of HpkA and DrrA. Following growth, cells were harvested

by centrifugation at 4,000 3 g for 10 min at 48C. The cell pellet was resuspended
at 5 ml/g (wet weight) of cells in 25 mM Tris-HCl–50 mM KCl (pH 8.0), and cells
were lysed by sonication. The cell lysate was centrifuged at 15,000 3 g for 30 min
at 48C. The soluble fraction was diluted to approximately 20 mg of total protein
per ml (estimated by absorbance, assuming that 1 mg of protein per ml has A280
5 1.0) and was heated for 10 min at 708C. The majority of host proteins
precipitated and were removed by centrifugation at 15,0003 g for 30 min at 48C.
The levels of expression and purification of the T. maritima proteins were ana-
lyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE), and the concentrations of HpkA and DrrA proteins were estimated by
the intensity of Coomassie blue stain with a bovine serum albumin standard of
known concentration.
Phosphorylation activities of HpkA and DrrA. Heat-treated lysates were in-

cubated with [g-32P]ATP (3,000 Ci/mmol, Amersham) in a total volume of 10 ml
of TKME buffer (50 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, 0.5 mM EDTA
[pH 8.0]) containing 0.1 mM dithiothreitol and 0.1 mM [g-32P]ATP at a final
specific activity of 5 Ci/mmol. After incubation for the indicated times at the
indicated temperatures, reactions were stopped by addition of 10 ml of concen-
trated Laemmli SDS loading buffer (0.125 M Tris-HCl, 4% SDS, 20% glycerol,
0.004% bromophenol blue, 2.5% b-mercaptoethanol [pH 6.8]). The reaction
products were applied without heating to 15% polyacrylamide gels. Following
electrophoresis, the undried gels were exposed to Biomax film (Kodak) with an
intensifying screen for approximately 4 h at 2708C.
Nucleotide sequence accession numbers. Nucleic acid sequences for the genes

recorded herein were submitted to GenBank and given accession numbers
U67196.

RESULTS AND DISCUSSION

Cloning of hpkA and drrA from T. maritima. Degenerate
oligonucleotides designed from conserved regions of histidine
protein kinases were used as primers for PCR amplification to
identify putative genes encoding histidine protein kinase ho-
mologs in the hyperthermophilic bacterium T. maritima. The
conserved histidine protein kinase domain can be considered
to consist of two subdomains (15, 24). The first subdomain
contains a conserved sequence motif, termed H box, that con-
tains the site of histidine phosphorylation and is generally
located N proximal to the second subdomain. Among several
highly conserved sequences within the second subdomain, a
region designated G1 box contains a conserved DXGXGmotif
thought to comprise a nucleotide binding site. The design of
the degenerate oligonucleotides for PCR-mediated cloning
was based on these two conserved regions in the histidine
protein kinase family. The degree of degeneracy was decreased
by eliminating some codons on the basis of the infrequency of
codon usage in T. maritima (6). The degenerate primers were
used in PCR amplification of T. maritima genomic DNA. The
annealing temperature was reduced in the first five cycles to
allow some mismatch within homologous sequences. DNA se-
quences were determined for the PCR amplification products
with lengths of approximately 460 bp, the expected size for the
product from a histidine protein kinase gene. The FASTA
program (16) was used to search for similarity of these trans-
lated sequences with a library of histidine protein kinase se-
quences as well as the rest of the protein database. The protein
sequence predicted from one of the PCR fragments showed
similarity to a region in the histidine protein kinases with
highest similarity (32 to 37% identity) to PhoR protein se-
quences (10, 12, 22). Other PCR fragments had sequence sim-
ilarity with some transporters or DNA-binding proteins that
were presumably amplified because of the DXGXG motif
which is commonly found in such proteins. To obtain a clone of
the complete histidine protein kinase gene, the PCR fragment
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containing a partial sequence of the putative T. maritima his-
tidine protein kinase was used as a probe for Southern blot
analysis of several different restriction digests of T. maritima
genomic DNA and a restriction map was constructed. With the
expectation that the positioning of the response regulator and
histidine protein kinase genes in an operon as observed in
mesophilic bacteria might be conserved in T. maritima, a 4-kb
BamHI-HindIII fragment which extends mostly to the 59 side
of the region identified by PCR was targeted for cloning. An
additional 1.1-kb EcoRI fragment which extends to the 39 side
of the region identified by PCR was also targeted for cloning.
Two minilibraries each containing fragments of the desired
sizes were constructed separately. The first minilibrary was
constructed by ligating the BamHI-HindIII-digested genomic
DNA fragments in the size range of 2.5 to 6 kb to a pBluescript
II KS(2) vector as described in Materials and Methods. A
positive clone was isolated by colony hybridization using the
460-bp PCR fragment as a probe. Restriction mapping dem-
onstrated that the insert consisted of approximately 2.3 kb of
DNA. Subsequent analysis by restriction mapping and DNA
sequence determination revealed preservation of the HindIII
site at the 39 cloning junction, but lack of the expected BamHI
site at the 59 cloning end. The shorter fragment and loss of the
BamHI site may have resulted from additional cleavage within
the genomic DNA prior to isolation or by processing within the
E. coli host subsequent to transformation. To confirm that this
2.3-kb fragment represented a contiguous region of T. mari-
tima genomic DNA, a pair of oligonucleotides with sequences
corresponding to the 59 and 39 ends of this 2.3-kb fragment
were used as primers for PCR amplification of T. maritima
genomic DNA. No differences were observed between the size
or restriction maps of the PCR product and those of the 2.3-kb
fragment identified in the positive clone. Furthermore, the
nucleotide sequences of the 59 and 39 regions of the PCR
product were identical to those found in the positive clone. A
second minilibrary was constructed by cloning the 0.5- to 2-kb
EcoRI fragments into pBluescript II KS(2) vectors (see Ma-
terials and Methods). Sequence determination of the plasmid
of a positive clone identified by a colony hybridization screen
identified the 39 end of the histidine protein kinase gene and its
flanking sequence (Fig. 1).
The complete sequence determination of the isolated 2.3-kb

fragment and the overlapping 1.1-kb EcoRI fragment revealed
two complete open reading frames (ORFs) separated by 3
nucleotides and a partial ORF which was 5 nucleotides from
the second complete ORF (Fig. 1A). Potential Shine-Dalgarno
ribosome binding sequences (7) were identified at appropriate
distances upstream of the putative initiation codons of all three
ORFs (Fig. 1B). Two protein sequences were deduced from
the two complete ORFs, each with a putative translational
initiation codon (ATG) and a termination codon (TGA). A
search of databases with FASTA revealed significant sequence
similarity between the two deduced protein sequences and the
members of the histidine protein kinase and response regula-
tor families. The genes encoding the putative T. maritima two-
component proteins were designated hpkA and drrA. A
polypeptide of 137 amino acids is predicted from the sequence
of the partial ORF with a putative start codon, GTG. A data-
base search showed that the deduced polypeptide sequence
had significant similarity to the N terminus of the thymidine-
pyrimidine nucleoside phosphorylase family. Over the N-ter-
minal 137 amino acids encoded by the ORF, the T. maritima
protein is 54% identical to Bacillus subtilis pyrimidine nucleo-
side phosphorylase (20) and 49% identical to E. coli thymidine
phosphorylase (33).

Similarity between T. maritima and mesophilic two-compo-
nent proteins. The T. maritima hpkA gene encodes a protein of
412 amino acids with a calculated molecular mass of 48.0 kDa.
This protein has a high content of charged residues and a
calculated isoelectric point (pI) of 5. The deduced T. maritima
histidine protein kinase sequence showed greatest similarity to
a number of mesophilic PhoR proteins (36 to 38% identity)
(10, 12, 22) (Fig. 2). Slightly lower levels of similarity were
observed for Caulobacter crescentus PleC (34) and B. subtilis
ResE (23) (30% identity).
The deduced HpkA sequence contains all features charac-

teristic of the histidine protein kinase family. HpkA, like other
histidine protein kinases, has a conserved histidine, presum-
ably the site of phosphorylation, that precedes a conserved
asparagine by approximately 100 residues. The kinase domain
of T. maritima HpkA also contains four other highly conserved
sequences termed the N, G1, F, and G2 boxes. Presumably,
these motifs form a nucleotide binding surface within the ac-
tive site. The hydrophobicity profile (8) of T. maritima HpkA
suggests that amino acids 1 to 20 form a hydrophobic region
sufficiently long to span the membrane once whereas most of
the mesophilic membrane-associated histidine protein kinases
possess two transmembrane regions.
The T. maritima drrA gene encodes a protein of 239 amino

acids with a calculated molecular mass of 27.6 kDa and a
calculated pI of 6. The predicted T. maritima response regu-
lator sequence showed significant similarity to numerous me-
sophilic response regulator proteins. B. subtilis PhoP (9, 21)
and YycF (14) showed the highest similarity, with 52% identity
over their entire lengths (Fig. 3). Another 30 response regula-
tor proteins showed 35 to 45% identity over the length of the
T. maritima response regulator protein.
The response regulator superfamily is characterized by a

conserved N-terminal regulatory domain of approximately 125
amino acids usually attached via a linker sequence to a C-
terminal effector domain of variable size. Predictions of re-
sponse regulator structure are based on the known three-di-
mensional structure of the chemotaxis response regulator,
CheY, which consists of five parallel b strands surrounded by
five amphipathic a helices. The protein sequence of T. mari-
tima DrrA can be aligned with this secondary structure on the
basis of residues that correspond to the hydrophobic core.
Additionally, within the regulatory domain, the aspartates that
form the active site and the nearby lysine are present in the T.
maritima DrrA sequence. Response regulator sequences have
been divided into five subfamilies according to homologies in
their effector domains (24, 32). B. subtilis PhoP (9, 21), which
showed the highest identity to T. maritima DrrA, belongs to
the OmpR-PhoB subfamily. The C-terminal effector domain of
T. maritima DrrA sequence exhibits most of the conserved
residues present in the DNA-binding domain of OmpR-PhoB
subfamily response regulators.
It is intriguing that sequence comparisons revealed three

pairs of two-component systems in which both components
exhibited high sequence similarity to the T. maritima proteins.
One pair was the B. subtilis PhoR-PhoB proteins that regulate
expression of genes involved in phosphate assimilation (11,
12). Another pair was the Enterococcus faecium VanS-VanR
proteins that activate the expression of genes responsible for
vancomycin resistance (2). The similarity between the Van and
Pho proteins has been previously noted, and PhoB is the only
response regulator aside from VanR that has been found to
transfer phosphoryl groups from VanS, the histidine protein
kinase (4). The third pair was the B. subtilis ResE-ResD pro-
teins that are essential for aerobic and anaerobic respiration
and are thought to have an indirect role in phosphate regula-
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FIG. 1. Cloning and sequence determination of the region of T. maritima drrA and hpkA genes. (A) A schematic drawing indicates the location and orientation of
drrA and hpkA. Sequences were determined on both strands for two overlapping restriction fragments, identified by colony hybridization in two minilibraries,
represented by hatched rectangles. Numbers refer to base pair positions in the sequence below; R and H indicate the positions of EcoRI and HindIII restriction sites,
respectively. (B) The nucleotide sequence of the drrA-hpkA region is shown with the deduced amino acids of ORFs encoding DrrA, HpkA, and part of a pyrimidine
nucleoside phosphorylase (Pdp) homolog indicated below the DNA sequence. Asterisks mark the translation termination codons in the ORFs. Potential Shine-
Dalgarno motifs are underlined.
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tion (13, 28). Whether the high sequence similarity of T. ma-
ritima HpkA and DrrA to these pairs reflects functional simi-
larity can only be definitively addressed by in vivo studies in T.
maritima.
Expression and purification of T. maritima two-component

proteins. For expression of DrrA, the plasmid pJL9B was con-
structed with the complete drrA coding region expressed from

a T7 promoter under control of an IPTG-inducible gene for T7
RNA polymerase. E. coli E507 containing pJL9B was analyzed
for DrrA expression by SDS-PAGE. Upon IPTG induction, a
protein which migrated on SDS-PAGE with approximately the
mobility expected for the T. maritima drrA product (27.6 kDa)
was detected in the soluble fraction of cell lysates from E. coli
E507(pJL9B) but not from E507 carrying the parent vector
pJES307 (Fig. 4, lanes 2 and 4). Partial purification was
achieved by heating the soluble fraction of cell lysates at 708C.
The majority of the host proteins precipitated and could be
removed by centrifugation (Fig. 4, lanes 3 and 5).
The plasmid pJL26R, a derivative of pJES307, contains the

full-length T. maritima hpkA gene (see Materials and Meth-
ods). No overexpressed protein was visible in cell lysates of E.
coli E507(pJL26R) upon IPTG induction (data not shown).
This was not unexpected since high-level expression of trans-
membrane proteins in E. coli is not commonly achieved.
Therefore, we constructed vectors encoding four truncated
HpkA proteins each lacking a segment of N-terminal amino
acid sequences including the putative transmembrane domain.
Plasmids pJLR22, pJLR47, pJLR57, and pJLR65 were con-
structed for expression of HpkA22, HpkA47, HpkA57, and
HpkA65 proteins lacking 22, 47, 57, and 65 N-terminal amino
acids, respectively. In all cases, HpkA proteins of approxi-
mately the expected sizes were found in the soluble fractions
after lysis of cells induced with IPTG (data not shown).
HpkA57 was expressed in E. coli E507 at a slightly higher level
than the other three constructs. Therefore, HpkA57, which
migrated with a mobility corresponding to a protein of approx-
imately 45 kDa, was used for subsequent experiments. A sim-
ilar approach was taken to partially purify HpkA57 by heat
denaturation at 708C followed by centrifugation (Fig. 4, lanes 6
and 7). The success of heat denaturation as an efficient step to
obtain partially purified T. maritima proteins demonstrates the
intrinsic thermostability of the recombinant two-component
proteins expressed in E. coli.
Phosphorylation activities of recombinant T. maritima

HpkA and DrrA. Autophosphorylation and phosphotransfer
activities of mesophilic two-component proteins can be assayed
in vitro with [g-32P]ATP. Incubation of partially purified T.
maritima HpkA57 with [g-32P]ATP in the presence of Mg21

produced a single labeled species that migrated in SDS-PAGE
with a mobility corresponding to that of HpkA57 (Fig. 5, lanes
2 and 5). This phosphorylated product was identified as

FIG. 2. Amino acid sequence alignment of T. maritima (T.m.) HpkA with E.
coli (E.c.) PhoR (12) and B. subtilis (B.s.) PhoR (22). Residues that are strictly
conserved in these three proteins are indicated in boldface. Hydrophobic se-
quences that may form membrane-spanning regions are underlined. Conserved
motifs present in the histidine protein kinase family, designated H, N, G1, F, and
G2, are indicated by lines above the corresponding sequences. Numbers are
indicated for amino acid positions in T. maritima HpkA.

FIG. 3. Amino acid sequence alignment of T. maritima (T.m.) DrrA with E.
coli (E.c.) PhoB (11) and B. subtilis (B.s.) PhoP (9, 21) and YycF (14). Residues
that are strictly conserved in all four proteins are indicated in boldface, and
Asp-54, presumed to be the site of phosphorylation, is underlined. Numbers are
indicated for amino acid positions in T. maritima DrrA.

FIG. 4. Expression of T. maritima drrA and hpkA57 in E. coli analyzed by
SDS-PAGE. Cell lysates (lanes 2, 4, and 6) were compared with heat-treated cell
lysates prepared by incubation at 708C for 10 min followed by centrifugation to
remove precipitated proteins (lanes 3, 5, and 7). Lane 1, molecular mass stan-
dards; lanes 2 and 3, E. coli E507(pJES307); lanes 4 and 5, E. coli E507(pJL9B);
lanes 6 and 7, E. coli E507(pJLR57).
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HpkA57 since similar extracts prepared from E507 containing
the parent vector pJES307 lacked this phosphorylated species
(Fig. 5, lane 1). Autophosphorylation was observed with all
four partially purified HpkA constructs (data not shown). As is
the case for several mesophilic histidine protein kinases, the
N-terminal hydrophobic region is not required for kinase ac-
tivity of T. maritima HpkA. Inclusion of EDTA abolished
phosphorylation, indicating that phosphorylation requires a
divalent cation, such as Mg21 (Fig. 5, lane 7). In preparations
without heat treatment, a faintly labeled band was observed
migrating at approximately 32 kDa, slightly more slowly than
DrrA. This additional band was also observed in unheated cell
lysates of E507 with parent vector pJES307 only, suggesting
that this phosphorylated species corresponded to a host strain-
or vector-encoded protein.
The phosphotransfer activity of T. maritima proteins was

investigated by incubating [g-32P]ATP with partially purified
HpkA57 and DrrA. In addition to 32P-labeled HpkA57, a sec-
ond labeled species was observed migrating with a mobility
corresponding to DrrA (Fig. 5, lanes 3 and 6). In the absence
of HpkA57, no phosphorylation of DrrA was observed (Fig. 5,
lane 4). The results demonstrate the transfer of a phosphoryl
group between HpkA57 and DrrA and provide biochemical
evidence for two-component signaling in T. maritima. Phos-
phoryl transfer was further examined by adding DrrA to the
reaction mixture after approaching a steady-state level of
HpkA57 phosphorylation by incubation of HpkA57 with
[g-32P]ATP for 10 min (Fig. 6). Upon addition of DrrA, the
level of phosphorylation of HpkA57 immediately decreased
and DrrA was phosphorylated. Thus, under the conditions of
the assay, phosphoryl transfer to DrrA proceeded more rapidly
than autophosphorylation of HpkA57. At later times, the level
of HpkA57 phosphorylation increased, suggesting that dephos-
phorylation of phospho-DrrA had become the rate-limiting
step of the phosphoryl transfer reaction or, alternatively, pro-
viding evidence for back-transfer of phosphoryl groups from
phospho-DrrA to HpkA57.
Temperature dependence. Recombinant thermophilic pro-

teins commonly show increased activity with increasing tem-
peratures (1). The autophosphorylation of HpkA57 and the
phosphoryl transfer to DrrA were examined by incubating
HpkA57 alone (Fig. 7, lanes 1 to 4) or together with DrrA (Fig.

7, lanes 5 to 8) with [g-32P]ATP for 10 min at temperatures
ranging from 4 to 708C. Increased levels of HpkA57 phosphor-
ylation were observed at the higher temperatures. Similarly,
both HpkA57 and DrrA showed increased levels of phosphor-
ylation when incubated with ATP at 37 and 708C. The level of
phosphorylation is influenced by the rates of autophosphory-
lation and phosphoryl transfer, but also by the intrinsic or
catalytically influenced instability of the phosphorylated resi-
dues, presumably phosphohistidine in HpkA57 and phos-
phoaspartate in DrrA. Further analysis is required to deter-
mine the specific effects of temperature on each of these
reactions.
Conclusions. The presence of T. maritima genes encoding

histidine protein kinases and response regulators, homologous
to those in E. coli and other mesophilic bacteria (reference 30
and this study), underscores the universality of the phospho-
transfer signal transduction system. The T. maritima histidine
protein kinases and response regulators are likely to share
many features with their mesophilic homologs but may also
exhibit certain adaptations that allow function at elevated tem-
peratures. For instance, the aspartyl phosphates of the re-
sponse regulator proteins are susceptible to hydrolysis and in

FIG. 5. Phosphorylation of HpkA57 and DrrA. Partially purified T. maritima
proteins from heat-treated cell lysates were incubated in the presence of
[g-32P]ATP for 10 min at 458C, separated by SDS-PAGE, and subjected to
autoradiography as described in Materials and Methods. The variable compo-
nents in the reaction mixtures are indicated above each lane. Numbers on the left
indicate the molecular sizes of prestained molecular mass standards.

FIG. 6. Autophosphorylation of HpkA and phosphoryl transfer to DrrA.
Partially purified HpkA57 (final concentration, approximately 2 pmol/ml) from
heat-treated cell lysates was incubated in the presence of [g-32P]ATP at 458C as
described in Materials and Methods. At the indicated times, 10-ml aliquots were
removed and the reactions were quenched. At 10.3 min, partially purified DrrA
from heat-treated cell lysates was added to a final concentration of approximately
3 pmol/ml, with less than 5% dilution of the reaction mixture. Subsequently,
10-ml aliquots were removed and the reactions were quenched. An autoradio-
graph of an SDS gel electrophoretogram is shown. The positions of molecular
mass standards are indicated on the left.

FIG. 7. Temperature dependence of autophosphorylation of HpkA and
phosphotransfer between phospho-HpkA and DrrA. Partially purified HpkA57
from heat-treated cell lysates (lanes 1 to 4) or partially purified HpkA57 and
DrrA from heat-treated cell lysates (lanes 5 to 8) were incubated in the presence
of [g-32P]ATP for 10 min at the indicated temperatures as described in Materials
and Methods. The reactions contained approximately 20 pmol of HpkA57 and 30
pmol of DrrA in a total volume of 10 ml. An autoradiograph of an SDS gel
electrophoretogram is shown with numbers at the left indicating the molecular
mass of prestained standards.
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E. coli proteins have half-lives ranging from seconds to hours at
ambient temperatures. It might be expected that significant
adaptations of the active site would have to be made to achieve
similar half-lives in a protein at 808C, the optimal growth
temperature for T. maritima. Intriguing differences such as
this, together with the overall similarity that allows the proteins
to be used as models for their mesophilic homologs, make
these T. maritima proteins of interest for further study. The
thermostability of these proteins and their expected rigidity at
ambient temperatures may also provide advantages for struc-
tural analysis.
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