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ABSTRACT. The central signaling pathway in many bacterial regulatory systems involves phosphotransfer
between two conserved proteins, a histidine protein kinase, and a response regulator. The occurrence of
two-component signaling systems in thermophilic bacteria raises questions of how both the proteins and
the labile acyl phosphate of the response regulator are adapted to function at elevated temperatures.
Thermotoga maritim&lpkA is a transmembrane histidine kinase, and DrrA is its cognate response regulator.
Both DrrA and the cytoplasmic region of HpkA (HpkA57) have been expressdesamerichia coli

purified, and characterized. HpkA57 and DrrA have appargigof 75 and 9C°C, respectively. HpkA57
exhibits ATP-dependent autophosphorylation activity similar to that of histidine kinases from mesophiles,
with maximum activity at 70C. DrrA catalyzes transfer of phosphoryl groups from HpkA57 and exhibits
Mg2t-dependent autophosphatase activity, with maximum activity at approximateRC80At this
temperature, the half-life for phospho-DrrA is approximately 3 min. In the absence %f, kg half-life

is 26 min, significantly greater than the half-life of a typical acyl phosphate &C80In the absence of

Mg?", at all temperatures examined, phospho-DrrA exhibits much greater stability than acetyl phosphate.
This suggests that the active site of this hyperthermophilic response regulator is designed to protect the
phospho-aspartyl residue from hydrolysis.

Stimulus-response coupling in prokaryotes commonly important point of regulation in the two-component signaling
proceeds through a phosphotransfer pathway involving apathways is the lifetime of the phosphorylated state of the
histidine protein kinase and a response regulator protein (forresponse regulator protein. In different systems, the lifetime
reviews see ret). In the numerous systems that have been is determined by the intrinsic autophosphatase activity of
characterized to date, there are many variations on the basithe response regulator itself, phosphatase activity of the
pathway. There are differences in the arrangement of histidine protein kinase, dephosphorylating activity of aux-
histidine protein kinase and response regulator domains, andliary proteins, or a combination of these factors. Half-lives
in the way these conserved components are integrated anaf phosphorylated response regulators, determined in vitro
utilized within different signaling systems. However, the in the absence of auxiliary proteins, vary from secorf)s (
basic biochemical activities of the two protein components to minutes 8, 4), to hours ). The lifetimes observed for
are conserved. The histidine protein kinase is phosphorylateddifferent response regulators span a range of approximately
at a conserved histidine residue in a trans-phosphorylation4 orders of magnitude, and the relatively long or short
reaction between monomers of a dimer. The responselifetimes can be rationalized in terms of the nature of the
regulator protein catalyzes transfer of the phosphoryl group system controlled by the response regulator.
from the phospho-histidine of the protein kinase to an aspartic  5.eg encoding histidine protein kinases and response

_acid residue in_ its own regulatory domain. _Phosphorylation regulators have been cloned frofhermotoga maritimaa
IS tho.ught to |.nduce structural changgs n Fhe _regulatory hyperthermophilic bacterium that has an optimal growth
domallnttzat}fmtmc()jst cases, result in activation of an temperature of 80C (6—8). T. maritimaHpKA is a 48.0
as_ls_ﬁua € Ietec Oc; omain. b idered to be ph kDa transmembrane histidine protein kinase and DrrA is a
€ regulatory domains can be considered 10 be pnos-57 g yng response regulator protein belonging to the OmpR/
phorylation-activated switches that control the activities of PhoB subfamily of DNA-binding proteins8). HpkA and
either attached domains or other proteins. Thus a major andDrrA are encoded in a single operon and presumably function
R _ _ __together to regulate gene expression. The pair exhibits
This work was supported by United States Public Health Service

Grant GM47958 and National Science Foundation Grant MCB9258673. _h'gheSt _Sequence S'mllarlty_ tQ two—co_mp_onen_t proteins
*To whom correspondence should be addressed. Telephone: (732)involved in phosphate assimilatiokgcherichia coliPhoR/

23?:'1844.dFﬁ|X: g732|2/|2§_5-5|2|89._E-mai|1 stock@mbcl.rutgers.edu.  PhoB and Bacillus subtilis PhoR/PhoP), but the genes
oward Hughes Medical Institute.

SRutgers University. Current address: Department of Health, reQUIat.e.d by HpkA and DrrA are .prese'ntly unknown. The
Taiwan, R. O. C. T. maritimatwo-component proteins might be expected to

' University of Medicine and Dentistry of New Jersey. exhibit both similarities and differences when compared with

S0006-2960(98)00869-1 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/25/1998




14576 Biochemistry, Vol. 37, No. 41, 1998 Goudreau et al.

their mesophilic homologues. To the extent that the proteins tionation, cellulose phosphate P-11, DE52 anion-exchange
are similar, thel. maritimaproteins may be used as model cellulose, and Bio-Gel HT hydroxyl apatite (Bio-Rad)
proteins whose enhanced stability may offer advantages forchromatography using modifications of previously described
biophysical and structural studies. Conversely, the differ- proceduresy). All other materials were reagent grade from
ences may provide insight into adaptation of the ubiquitous standard commercial sources. Liquid scintillation counting
two-component phosphotransfer signaling system for func- was performed with a Beckman scintillation spectrometer
tion at elevated temperatures. (model LS650), phosphoimaging was performed with a
To address these issues, we have usedTthearitima Molecular Dynamics system, and densitometry was per-
two-component proteins for biophysical and biochemical formed using a Bio-Rad densitometer (model GS-679) and
studies. The cytoplasmic region of the histidine protein the associated Molecular Analyst Software (Bio-Rad). Ul-
kinase HpkA and the intact response regulator DrrA have traviolet and visible spectroscopy was done on a Beckman
been expressed iE. coli and purified to homogeneity.  spectrophotometer (model DU 650), and CD data were
Phosphorylation and dephosphorylation activities were ex- collected on an Aviv spectropolarimeter (model 60DS).
amined in vitro. HpkA57, a soluble form of HpkA lacking Purification of Recombinant T. maritima HpkA57 and
the N-terminal 57 residues, autophosphorylates at a histidineDrrA Expressed in E. coli. All purification steps were
residue with maximum activity at 7GC, just slightly below performed at 4°C, unless indicated otherwise. The heat-
its thermal denaturation point. DrrA exhibits both phos- treated cell lysate fim 3 L of cells, prepared as described
photransfer and autophosphatase activities with maximumpreviously 8), was brought to 75% saturation with am-
dephosphorylating activity at approximately 8D, close to monium sulfate by adding 47.5 g of ammonium sulfate/100
its denaturation point. In the absence of phosphatase activity,mL of solution. The solution was stirredifd h and then
the lifetime of the phospho-aspartyl residue in DrrA is centrifuged at 120apfor 30 min. The pellet was resus-
significantly greater than that of a typical acyl phosphate. pended in 50 mM Tris-HCI, 100 mM KCI, pH 8.0, and
Thus the lifetime of the phosphorylated state of DrrA, like dialyzed against 50 mM Tris-HCI, 100 mM KClI, pH 8.0,
those of mesophilic response regulators, appears to be highlyovernight with 2x 4 L of buffer. The dialyzed ammonium
regulated. In the case of the hyperthermophilic responsesulfate fraction was diluted with 2 volumes of 50 mM Tris-
regulator DrrA, the lifetime of the phosphorylated state HCI, pH 8.0, filtered through a 0.22m filter, and subjected
results from a combination of both stabilizing and destabiliz- to affinity chromatography on a 5-mL HiTrap-Blue column

ing influences of the protein. equilibrated with 50 mM Tris-HCI, pH 8.0. Bound proteins
were eluted with a linear gradient of-2.0 M KCl in the
EXPERIMENTAL PROCEDURES column equilibration buffer, and fractions containing

HpkA57 were identified by native polyacrylamide gel
electrophoresis and pooled. In the case of DrrA, the column
was washed with a linear gradient of-0.0 M KCI in the
column equilibration buffer followed by an isocratic elution
of DrrA with 1.0 M KCI. Fractions containing DrrA were

. . jdentified by SDS-PAGE analysis and pooled. The pooled
weight standards, electrophoresis reagents, and Bradfor ractions from the HiTrap-Blue column were then subjected

protein assay solution were from Bio-Rad. SBlyacryl- to size exclusion chromatography. Superdex 200 and

amide gels (15%) were run under reducing conditions using su :

- : _ perdex 75 (Hiload 26/60) were used for HpkA57 and
a Mini-PROTEAN |l system (Bio-Rad) and were stained DrrA, respectively. The chromatography was performed
with Coomassie blue. Native gels (10% Tris-glycine poly- with 50 mM Tris-HCI, 100 mM KCI, pH 8.0, and peak

acrylamide gels) obta_ined frqm Novex were run a_lccording fractions (assayed by absorbance at 280 nm) were pooled
to the manufacturer's instructions under nonreducing condi- 4" «tored at—20 °C. The DrrA-containing fractions

tipns with samples applied without prior 'heating. Im'mo- obtained from the Superdex 75 chromatography were diluted
bilon-P PVDF membranes were from Millipore, and nitro- with an equal volume of 10 mM Tris-HCI, pH 8.0, and
cellulose membranes were from Schieicher and Schuell.| -q4ed onto a 5-mL HiTrap-Q anion-exc,hange. éolumn
Medi-Prep size exclusion spin columns were from 5 Prime equilibrated in 25 mM Tris-HCI, 50 mM KCI, pH 8.0. The
—-ganrrIiellrl{_]c. FPLSC colt&mnis(S-m(lj_Is-llTrag-BIt;%bSJ.?L g protein was eluted with a linear gradient of-5800 mM

and 1-mL HiTrap-Q, Superdex 75, and Superdex 10ad 1 1 in column equilibration buffer, and fractions containing
26/60) were from Pharmacia and were run using a Pharmacian - \yere pooled and stored at20°C. Protein concentra-

FPL.C system. E. coli PhOR108.4' a soluble for_m of PhoR tions were estimated using the Bradford dye-binding method
lacking residues 183, was purified by ammonium sulfate

fractionation and chromatography on cellulose phosphate
P-11 (Whatman), Orange A dye-affinity agarose (Amicon), tr
and CM52 cation-exchange cellulose (Whatman) columns
using modifications of previously described procedurs (

E. coli PhoB was purified using ammonium sulfate frac-

Materials. Ammonium sulfate from ICN and Tris from
United States Biochemical were ultrapure grade-*P]-
ATP! (3000 Ci/mmol) was from Amersham Corp. Ecoscint
A scintillation fluid was from National Diagnostics, and
Biomax X-ray film was from Kodak. Low-range molecular

Far-UV Circular Dichroic Spectral Analysis.CD spec-
oscopy was conducted on degassed protein solutions in
1-mm-path-length quartz cuvettes. Spectra collected in the
far-UV region were acquired every 1 nm with a 1-nm band-
pass. Thermal denaturation data were monitored by observ-
ing changes in ellipticity acquired at 222 nm for HpkA57

* Abbreviations: ADP, adenosine-8iphosphate; ATP, adenosine  and 220 nm for DrrA. To demonstrate the reversibility of
5'-triphosphate; CD, circular dichroism; DTT, dithiothreitol; EDTA, thermal denaturation, a complete CD spectrum was obtained
ethylenediaminetetraacetic acid; FPLC, fast protein liquid chromatog- o ! .
raphy; PAGE, polyacrylamide gel electrophoresis; PVDF, poly- at25°C before heating. After the thermal denaturation was
(vinylidene difluoride); SDS, sodium dodecyl sulfate. carried out, the sample was cooled back t6@%nd another
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complete spectrum was collected. washed three times in 250 mL of buffer (100 mM Tris-HCI,
Preparation of Phospho-HpkA57 and Phospho-DrrA for pH 8.5), and then assayed for radioactivity using a scintil-
Determination of Chemical Stabilities.[3?P]Phospho- lation spectrometer. Initial rates of autophosphorylation of

HpkA57 was prepared by incubating 2¢M HpkA57 with HpkA57 were calculated from linear regression analysis of
0.1 mM [y-*P]ATP (5 Ci/mmol) in 1QuL of TKMED buffer plots of phospho-HpkA57 generated versus time.

(50 mM Tris-HCI, 50 mM KCI, 5 mM MgC}, 0.5 mM Temperature Dependence of Phosphotransfer between
EDTA, 0.1 mM DTT, pH 8.5) for 15 min at 50C. Free  pkA57 and DrrA. [32P]Phospho-HpkA57 free of ATP was
ATP was removed using a size exclusion spin column. Two- prepared as described above. The phosphotransfer reaction
microliter aliquots of column eluate were apphed to 1°cm  \yas performed in TKMED buffer with each protein at a final
PVDF membranes that had been pre-wetted in methanol andconcentration of 1:M. Phosphotransfer reactions were
rinsed in water. ¥P]Phospho-DrrA was prepared by phos- jnitiated by mixing F2P]phospho-HpkA57 and DrrA that had
phoryl transfer from $P]phospho-HpkAS57, prepared by peen pre-equilibrated at the indicated temperatures. At
incubating 1QuM HpkAS7 with 1.0 mM [y-3%P]ATP (1 Ci/ indicated times, aliquots were removed from the reaction and
mmol) in 100xL of TKMED buffer for 30 min at 55°C. quenched in an equal volume of 2X SDS Laemmli sample
The 100uL [*?P]phospho-HpkAS57 reaction mixture was pgfer. Following electrophoresis on 15% SBgolyacry-
added to 30QuL of 24 M DrrA in 100 mM Tris-HCl, 110 |amide gels, gels were dried without staining and exposed
mM KClI, 17 mM MgCk, pH 7.5, and incubated for 15 min ;4 5 phosphoimager screen for 5 h. The amount#f]f

at 55°C. The mixture was appliedta 1 mL HiTrap-Q phospho-HpkA57 was determined by phosphoimaging.
anion-exchange column equilibrated in 25 mM Tris-HCI, pH Stability of the Acyl Phosphate in Phospho-DrrAative

8.0. DrrA was eluted using a 5-mL linear gradient ef4D0 _ )
mM KCI in Tris-HCI buffer. Fractions containing®JP]- phospho-DrrA, isolated from HpkAS7 and ATP by ion-

phospho-DrrA were identified by SBSPAGE followed by exchange chromatography, was prepared as described above
autoradiography and were then pooled. Five-microliter for the determination of chemical stabilities. Hydrolysis of
aliquots of f2P]phospho-DITA (approximately 5000 cpm) phospho-DrrA was assayed in the presence of 20 mM MgCl
were applied to prewetted 1 &RVDF membranes. 03"220 mM EDTA. The reaction mixtures contained 2M
Determination of Phospho-Amino Acid Chemical Stabili- [*Plphospho-DrrA £-3000 cpm/pmol) in 25 mM Tris-HCI,

- 100 mM KCI, pH 8.0. A 10uL aliqguot was removed and
ties. [¥?P]Phospho-HpkA57 and®¥P]phospho-DrrA were . :

prepared and applied to 1 éVDF membranes as described appllgd ba 1 cnt PVDF membrane, pre-wettgd n me_thanol,
above. Membranes were dried, incubated in 12.5 mM and rinsed in water, to serve as the zero time point. The
sodium phosphate, 200 mM NaCl, 0.1% Triton X-100, pH reaction mixtures were then incubated at the indicated
7.5, for 10 min, and then rinsed successively with 50 mnv €mPperatures and, at appropriate intervalsulLOaliquots

Tris-HCI, pH 7.0, and then deionized water. Membranes were removed and applied to pre-wetted £ &WDF filters.
were then incubated in 0.6 mL of different hydrolysis The filters were dried, washed three times in 50 mM Tris-

solutions (0.1 N HCI, pH 1; 0.2 M sodium citrate, pH 2.4; HCl, _pH 8.0, at 4°C, tr.ansfe.rrt.ed to scihtillation vials
0.2 M sodium citrate, pH 7.5; 0.1 M pyridine, pH 8.9; and containing 2 mL of E_coscmt §c!nt|l!at|on fluid, and assayed
2 N NaOH, pH 14). Incubations in pyridine were performed for raQ|oact|V|ty by I|qu!d scmullgt_lon spectrometry. Hy-

at 25°C: all other incubations for HpkA57 and DrrA were dro_IyS|s under de.natunng conditions was assayed as de-
performed at 40 and 4%, respectively. At 10, 30, 60, 90, scribed above by incubating phospho-DrrA in the presence

and 120 min, single PVDF membranes were transferred of _1% _SDS and 20 mM EDTA' A correct_ion_for the
successively to fresh solutions, 2 mL of Ecoscint scintillation "adioactive decay of® was applied to determinations at 4

fluid was added to each incubation solution, and radioactivity 'C- E@ch value represents the average of two independent
was determined by liquid scintillation spectrometry. Total €XPeriments inwhich a minimum of 8 time points were taken
radioactivity was calculated as the sum of radioactivity &t @Ppropriate intervals during a time period that extended
released at each timepoint and that remaining on the fOr at least one half-life, except where noted.
membrane after 120 min of incubation. The phospho-protein ~ Stability of Acetyl Phosphate A modification of the
remaining at each time was calculated as the difference spectrophotometric method of Lipmann and Tutfl&)(was
between total and released radioactivity (the sum of all used to quantitate acetyl phosphate. Solutions of 100 mM
measurements up to that time), and first-order rate constantsacetyl phosphate, 50 mM Tris-HCI, 100 mM KCI, pH 8.0,
were calculated from the linear region of semilogarithmic with either 20 mM MgC} or 20 mM EDTA as indicated,
plots. were preincubated at the designated temperatures for 2 min.
Autophosphorylation of HpkA57.All reactions were At intervals appropriate for the temperature, Al0aliquots
performed in TKMED buffer. The salt concentration, buffer, were removed, added to a 0.5-mL reaction mixture containing
pH, and temperature were varied as indicated. Autophos-0.2 mL of hydroxylamine solution (freshly prepared 14%
phorylation reactions were performed withu®1 HpkA57. hydroxylamine hydrochloride, 8% sodium hydroxide, pH
Samples were pre-equilibrated at the designated temperatures-6.4) and 0.3 mL of acetate buffer (67 mM sodium acetate,
for 2 min prior to initiating the reaction by addition of ATP  pH 5.4), and then incubated at 2& for 20 min. The
at a final concentration of 80M [y-32P]JATP (2.5 Ci/mmol). colorimetric reaction was developed by addition of 0.5 mL
At the indicated times, L aliquots were removed and the of 10% FeC{-6H,O in 0.7 N HCI. After a 5-min incubation
reactions were quenched by transfer to 215 of a stop at 25°C, the absorbance at 505 nm was measured relative
solution containing 250 mM NaOH, 125 mM EDTA. Five- to a control reaction without acetyl phosphate. Each rate is
microliter aliquots of the quenched reactions were applied calculated from a minimum of six measurements taken
to 1 cn? nitrocellulose filters. The filter squares were dried, during a time period that extended for at least one half-life.
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Effect of HpkA57 on the Stability of the Acyl Phosphate
in Phospho-DrrA. Native phospho-DrrA, isolated from
HpkA57 and ATP by ion-exchange chromatography, was

prepared as described above for the determination of chemi-

cal stabilities. Hydrolysis of phospho-DrrA was assayed at
55 °C. Reaction mixtures contained 1M [3?P]phospho-
DrrA (~1500 cpm/pmol) in 25 mM Tris-HCI, 10 mM
MgCl,, 100 mM KCI, pH 8.0. To determine their effects
on the stability of phospho-DrrA, either HpkA57 (M),
ATP (1 mM), or ADP (1 mM) was added to separate
reactions. During a 2-h time course, AD-aliquots were

removed from the reaction mixtures and were quenched by

the addition of 1QuL of 2X SDS Laemmli sample buffer.
Following electrophoresis in 15% Sb®olyacrylamide gels,
wet gels were exposed to film. The developed films were
quantified by densitometric analysis.

RESULTS

Purification of Histidine Protein Kinase HpkA57 and
Response Regulator DrrAThe differences in thermostability

between hyperthermophilic proteins and mesophilic expres-
sion host proteins have led to the utilization of heat treatment

as an efficient step in the purification of hyperthermophilic
proteins prior to the application of further purification steps
(12—14). The purification of thél'. maritimatwo-component

Goudreau et al.

-DrrA

proteins relied on the fact that heating caused denaturation

and insoluble aggregation of the majority of tBecoli host
proteins while HpkA57 and DrrA remained soluble.
HpkA57 was purified from the heat-treated cell lysate by
application of only two chromatographic steps, dye affinity
and size exclusion (Figure 1A). The mobility of HpkA57
during size-exclusion chromatography is consistent with a
dimeric state (data not shown), similar to that reported for
many other mesophilic histidine protein kinasds17).

An approach similar to that described for HpkA57 was used
for the purification of DrrA. After removal of precipitated
host proteins from heat-treated cell lysates, three chromato
graphic steps, dye affinity, size exclusion, and anion ex-
change, were utilized to obtain purified DrrA (Figure 1B).

Thermal Stabilities of HpkA57 and DrrA.Thermal
denaturation of HpkA57, monitored by far-UV circular

dichroism (CD) spectroscopy, was used to study the effect

of temperature on the folded state of HpkA57. A CD
spectrum (206300 nm) of HpkA57 at 25°C exhibits a
typical profile with a minimum at 212 nm (data not shown).
Far-UV circular dichroism at 222 nm was measured for
HpkA57 as a function of temperature (Figure 2A). A gradual
decrease in the magnitude of the negative ellipticity at 222
nm was observed with increasing temperature. A minor
thermal transition was observed between 30 anéClsand
this transition was found to be reversible (data not shown).

Ficure 1: Polyacrylamide gel electrophoretic analysis of the
purification of HpkA57 and DrrA. (A) Native polyacrylamide gel
electrophoresis of HpkA57. Samples from each of the purification
steps of HpkA57 were analyzed on a 10% native Tris-glycine
polyacrylamide gel and visualized by staining with Coomassie blue.
Approximately 5ug of total protein was loaded in each of the
following lanes: cell-free crude extract, lane 1; heat-treated cell
lysate, lane 2; ammonium sulfate-precipitated fraction, lane 3;
HiTrap-Blue pooled fractions, lane 4; and Superdex 200 pooled
fractions, lane 5. (B) SDSPAGE analysis of DrrA. Samples were
analyzed on a 15% SD%olyacrylamide gel and stained with
Coomassie blue. Approximately & of total protein from each of
the purification steps was loaded in the following lanes: molecular
weight standards with approximate masses indicated at the left, lane
1; cell-free crude extract, lane 2; heat-treated cell lysate, lane 3;
ammonium sulfate-precipitated fraction, lane 4; HiTrap-Blue pooled
fractions, lane 5; Superdex 75 pooled fractions, lane 6; and
HiTrap-Q pooled fractions, lane 7.

Like HpkA57, DrrA exhibited a typical CD spectrum
(200-300 nm) at 25°C, with a minimum at 212 nm (data
not shown). The thermal denaturation curve of DrrA (Figure
2B), monitored at 220 nm, exhibited a minor and reversible
transition from 40 to 65C and a major transition from 90
to above 100C, with an apparenty, at approximately 95
°C. The thermal transition of DrrA above 98C was
irreversible.

Chemical Stabilities of Phosphorylated Residues in

Within this lower temperature range, only small-scale HpkA57 and DrrA. It has been demonstrated that the
structural changes appear to be occurring. A large thermalphosphohistidine in mesophilic histidine protein kinases
transition was observed over a broad temperature rangeexhibits a characteristic instability under acidic conditions

between 65 and 88C with the midpoint of this temperature-
induced denaturationTf, ) at approximately 75C. The

but is stable in alkaline conditiond§, 19). We compared
the relative hydrolysis rates of denatured PVDF membrane-

thermal denaturation did not reach an end point, as seen bybound phospho-HpkA57 in buffers at various pH values to

incomplete leveling off of the curve above 100. Protein
denatured to this point could be reversibly refolded as
evidenced by reacquisition of negative ellipticity when
subjected to cooling (data not shown).

assess the stability of the phospho-amino acid. Hydrolysis
rates were obtained by linear regression analysis of semi-
logarithmic plots of the percentage of phospho-HpkA57

remaining on the membranes as a function of time. The first-
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: ] Ficure 3: Autophosphorylation of HpkA57. HpkA57 at a final
K10 ¢ R concentration of 2uM in TKMED buffer (see Experimental
g 1L - Procedures) both with®) and without ®) 20 mM EDTA was
S77 L . ] incubated with 80uM [y-32P]JATP (2.5 Ci/mmol) at 45°C.
N -4 9 Phospho-HpkA57 measured at the indicated times is expressed as
;é" 1 E . ] a fraction of the phospho-HpkA57 obtained at 60 min (ap-
g3 o S g proximately 0.9 mol of phosphate/mol of HpkA57).
£F 1) C
Ev 20 F : ] for hydrolysis of the phosphohistidine in Enzyme | of the
: 2 ] sugar transport syster@ and in other mesophilic histidine
22 / ] protein kinases4, 18, 19). These observations are consistent
N et Y WP W IV N S with phosphorylation at a histidine residue in phospho-
30 40 50 60 70 80 90 100 110 HpkA57.

It has been previously demonstrated that response regula-

Ficure 2: Circular dichroism analysis of the thermal denaturation tors from mesophiles are phosphorylated at aspartate side
of HpkAB? and DrrA. CD data were collected from samples Ch"’?‘”s 8. _21)' 'I_'he c_hem|cal stability Of. the phosphoryla_ted
containing 0.2 mg/mL protein in 50 mM Tris-HCI, 100 mM KCI, ~@mino acid residue in DrrA was examined by hydrolysis of
pH 8.0, at 1°C increments from 25 to 110C with a 1-min denatured¥P]phospho-DrrA at various pH conditions®?H]-
temperature equilibration time and a 30-s averaging time per dataPhospho-DrrA, immobilized on PVDF membranes, was

point. (A) Thermal denaturation df. maritimaHpkA57 monitored exposed to different pH conditions, and the subsequent
ﬁtmzzz nm. (B) Thermal denaturation of DrrA monitored at 220 hydrolysis was monitored. The first-order rate constants
exhibit a pattern of hydrolysis characteristic of an acyl
Table 1: Chemical Stability of Phosphorylated Two-Component phosphate, which is relatively unstable in both acid and
Proteing alkaline conditions (Table 1). This pattern is similar to that
reported for the mesophilic response regulator Ch23j. (
Additionally, a mutant DrrA protein, in which Asp54, the
residue corresponding to the phosphorylation site in other
pH1 0.016 0.025 response regulators, is substituted with cysteine, is incapable

Temperature (°C)

rate of hydrolysisk; (min™?)
conditio? HpkA57 CheA NtrB Enzymel DrrA CheY

SE §:4&7.5° 8'(;)0174 8'80201 880117 8'80285 88&98 g_'gllg of catalyzing phosphotransfer from phospho-HpkA57 (R.
pH 14 0.002 0.000 0.003 0.008 0.11>0.2 Saxl, and A. Stock, unpublished observations).
pyridine 0.009 0.009 0020 0.031 0009 0009  Auytophosphorylation of HpkA57.Phosphoryl transfer

2Values are compared to those previously obtained under similar signal transduction pathways that utilize a single histidine
E%f;dirtri]fénlsé%;tgefh?lsim?mzt(i:dri‘gi C(ig)tag'riﬂngL‘Zﬁ?ﬁf?’BpTB)“gﬁg‘ protein kinase and response regulator pair involve three
for t%e phospﬁoasggrtate containing prd&jmyphimuriunCheY @2). .thSphOUanSfer reactlon.s.' Theph.OSphoryl group in ATP
b Incubations at pH 2.4, 6:57.5, and 14 were at 4% for CheA, NtrB, is first transferred to a histidine side chain of the histidine
and CheY and at 46C for Enzyme I. Other conditions were as protein kinase. The phosphoryl group is then transferred
described for HpkA57 and DrrA.The values for Enzyme | were  from the histidine residue to an aspartate side chain of the
determined in 50 mM potassium ph_osphate, pH 6.5, and_ the values forresponse regulator. Finally, the phosphoryl group is trans-
gthr‘?ﬁ’;\fg?’ and CheY were determined in 50 mM potassium phosphate ¢ oy from the phosphoaspartate residue to water. The
kinetics of each reaction can be specifically characterized
o by measurement of the rates of formation or hydrolysis of
order rate constants (Table 1) were similar to those obtainedihe two phosphorylated intermediates, phospho-histidine
for mesophilic histidine protein kinases. protein kinase and phospho-response regulator. The auto-
The phosphoryl group of denatured phospho-HpkA57 was phosphorylation activity of HpkA57 was examined by
relatively stable to hydrolysis at neutral and alkaline pH but measuring the initial rate of formation of phospho-HpkA57.
rather unstable at acidic pH. The relative rates of hydrolysis The rate of autophosphorylation exhibited simple exponential
in the presence of pyridine also resemble the values obtainedbehavior (Figure 3). An initial rate of 0.1 mol of phosphate/
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Ficure 4: Temperature dependence of the initial rate of HpkA57
autophosphorylation. Initial rates of autophosphorylation g2
HpkA57 were determined at the indicated temperatures in the
presence of 8QuM [y-3?P]JATP as described in Experimental

Procedures. The inset shows an Arrhenius plot of the same data.

mol of HpkA57/min was observed at 4&. The incorpora-
tion of phosphate from ATP into HpkA57 reached a
maximum of 0.9 mol of phosphate/mol of HpkA57.

Addition of EDTA to the reaction solution abolished
autophosphorylation, demonstrating the requirement of di-
valent cations for the autophosphorylation activity of
HpkA57. The initial rate of autophosphorylation of HpkA57
did not exhibit any significant change over the range from
pH 7.0 to 9.0 (data not shown). The effect of ionic strength
on the initial rate of autophosphorylation of HpkA57 was
examined by varying the concentration of KCH500 mM)
in the reaction buffer. No significant changes were observed
over a wide range of KCI concentrations above 25 mM. As
a result of these studies, further characterization of HpkA57
was carried out in solutions containing 50 mM Tris-HCI, 50
mM KCI, 5 mM MgCl,, pH 8.5.

Effect of Temperature on HpkA57 Autophosphorylation.
Autophosphorylation activity of HpkA57 was examined at
temperatures ranging from 25 to 86. Over this temper-
ature range the pH of the reaction solution varied from
approximately 9 to 7, a pH range throughout which HpkA57
autophosphorylation activity was found to be constant. The
autophosphorylation of HpkA57 was strongly temperature-
dependent (Figure 4). The initial rate showed a rather rapid
increase at temperatures above*@and dropped abruptly
beyond 70°C. The maximal autophosphorylation activity
of HpkA57, observed at 70C, was approximately 50-fold
greater than that observed at 30.

An Arrhenius plot (Figure 4, inset) of the autophospho-
rylation reaction exhibits two regions of linearity, with a
break occurring at approximately 3&. The calculated
values of the corresponding activation energies for the protein
are 10.4 kcal/mol for the lower temperature range (from 25
to 36°C) and 6.5 kcal/mol for the upper temperature range
(from 36 to 65°C).

Phosphotransfer between HpkA57 and DrrA and between
T. maritima and Mesophilic Two-Component Proteihske
all other activities of HpkA57 and DrrA, phosphotransfer

Goudreau et al.
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Ficure 5: Phosphotransfer between thermophilic and mesophilic
histidine protein kinases and response regulators. Histidine protein
kinases (2uM) were incubated in 2L of 100 mM Tris-HCI,

100 mM KCI, 10 mM MgC}, 1.0 mM EDTA, 0.3 mM DTT, 0.1
mM [y-32P]JATP (5 Ci/mmol), pH 8.5, for 30 min at 3%C for E.

coli PhoR1084 and 50C for T. maritimaHpkA57. To initiate the
reactions, 2Q:L aliquots of E. coli PhoB (15uM in 50 mM
potassium phosphate, pH 7.2), maritimaDrrA (15 uM in 25

mM Tris-HCI, 250 mM KCI, pH 8.0), or TKMED buffer were
added to the kinase mixtures as indicated. After 1- and 5-min
incubation of the reaction mixtures at 36, 10«L aliquots were
removed, added to an equal volume of 2X SDS Laemmli sample
buffer, and analyzed by SBDS?AGE on 15% polyacrylamide gels.
Autoradiographs of the gels are shown. (A) Phosphotransfer from
E. coliPhoR1084. (B) Phosphotransfer frdmmaritimaHpkA57.

of 4—70 °C, with the highest rates of transfer at @ (data

not shown). As has been observed for other two-component
proteins, the phosphotransfer required a divalent cation. At
55 °C in the presence of EDTA, phosphotransfer was
undetected (data not shown).

Phosphotransfer has been observed in vitro between
mesophilic histidine protein kinases and response regulators
of different two-component systemsy 23—26). However,
there is significant selectivity. Different pairs show different
efficiencies of phosphotransfer, possibly reflecting different
degrees of similarity and differences in tertiary structure.
Phosphoryl transfer betwed@nmaritimaand mesophilic two-
component proteins was examined usthgoli PhoR/PhoB
proteins, a pair of two-component proteins that exhibit the
highest sequence similarity to HpkA/DrrA8); In consid-
eration of the stability of the mesophilic proteins, the
phosphotransfer reactions were examined at°G@5 To
eliminate complications resulting from different autophos-
phatase activities of the response regulators, phosphotransfer
was assessed by following depletion GPF]phosphoryl
groups from the phospho-histidine protein kinases. Using
phospho-PhoR as the phosphoryl donor, transfer was ob-
served with PhoB and to a lesser extent with DrrA (Figure
5A). Using phospho-HpkA57 as the phosphoryl donor,

was observed to be temperature-dependent within the rangdransfer was observed with DrrA and to a lesser extent with
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Table 2: Stabilities of Acyl Phosphates in Phospho-DrrA and Acetyl Phosphate

DrrA-P half-life acetyl phosphate half-life
temp €C) +MgCl; +EDTA denatured in 1% SDS +MgCl, +EDTA
4 >15 day$ >15 day$8 144 1.4 days 11 days 14 days
25 24+ 0.4h 7.1+ 0.4 days 1#2.1h 17 h 21h
37 47+0.2h 1.8+ 0.2 days 3.2£0.1h 2.7h 3.2h
55 37+ 8.1 min 5.0£0.2h 30+ 10 min 23 min 24 min
70 9.1+ 1.0 min 1.7+0.1h 4.2+ 0.9 min 4.5 min 5.0 min
80 3.0+ 0.1 min 29+ 3.8 min 2.3+ 0.3 min 2.1 min 2.8 min

a Half-lives were determined from semilogarithmic plots of phospho-DrrA or acetyl phosphate remaining versus time, assayed as described in
Experimental Procedures. Each value represents the average of two independent expérkhéhits time >90% of phospho-DrrA remained.
¢The 4°C determinations were performed in the presence of 0.5% SDS.

PhoB (Figure 5B). It is worth noting that these reactions Mg?" have minimal effects on the nonenzymatic hydrolysis
were examined at a temperature close to the optimum for of acetyl phosphate.

the mesophilic response regulators, but significantly below  Effect of HpkA on Phospho-DrrA Dephosphorylation.
the optimal temperature for DrrA phosphotransfer activity. pephosphorylation of response regulators can be mediated
Effect of Temperature on the Rate of Dephosphorylation by their intrinsic phosphatase activity or by the phosphatase
of Phospho-DrrA. Mesophilic response regulators exhibit activity of their corresponding histidine protein kinase or
varying degrees of divalent cation-dependent autophos-other auxiliary proteins. To examine the phosphatase activity
phatase activity that result in phospho-response regulatorof the histidine protein kinase, HpkA57 was added to purified
half-lives ranging from seconds to hougs5). Hydrolysis ~ phospho-DrrA at 55°C under nondenaturing conditions.
of phospho-DrrA was examined at a variety of temperatures When substoichiometric amounts of HpkA57 were added to
and conditions. The intrinsic hydrolysis rates of phospho- phospho-DrrA a small increase in the rate of dephosphory-
DrrA-exhibited first-order kinetics and half-lives were cal- lation of the response regulator was observed (Figure 6). The
culated from semilogarithmic plots. In the presence ofi\lg  half-life of phospho-DrrA decreased approximately 1.5-fold
dephosphorylation exhibited temperature dependence, within the presence of HpkA57. The magnitude of the increase
the half-life of phospho-DrrA ranging from 3 min at 8C in the rate of dephosphorylation observed with HpkA57 is
to >15 days at £C (Table 2). Itis intriguing that the half- much less than that reported for other histidine kinases
life of phospho-DrrA at 80°C, the growth temperature for containing well-defined phosphatase activities, for which
T. maritima is similar to the half-life ofE. coli phospho- ~ dephosphorylation rate enhancements @b-fold are typi-
PhoB at 37°C (4). In the presence of EDTA, dephospho- cally observed 30—33). To examine whether reversal of
rylation of DrrA was significantly slower, with half-lives ~ the phosphotransfer reaction was contributing to the slight
approximately 10-fold greater at each temperature for which acceleration of phospho-DrrA dephosphorylation in the

values were determined. Thus, DrrA exhibits Mglepend- ~ Presence of HpkAS57, the effects of nucleotides were
ent autophosphatase activity as has been observed for othepxamined. Whereas no significant changes in the dephos-
response regulator@l, 27). phorylation rates of phospho-DrrA occurred upon addition

of either ATP or ADP in the absence of HpkA57, addition
is substantially greater than that of a typical acyl phosphate of ADP in the presence of HpkA57 resulted in an increased
Y9 yp y! PRosp rate of phospho-DrrA dephosphorylation (Figure 6). Since

(28, 29), suggesting that the folded protein stabilizes the . . i
phosphoaspartate. To further pursue this hypothesis, the half-t he complete reverse reaction requires ADP to dephospho

lives of acyl phosphates in denatured phospho-DrrA protein rylate phospho-HpkAS7 by regeneration of ATP, these data

and in the small molecule, acetyl phosphate, were determine uggest that reversal of the phosphotransfer reaction con-
at temperatures from 4 t(,) ST in the prese’nce of 20 MM rlbu_tes to the enha}nced rate of phospho-DrrA dephospho-
EDTA or 20 mM M&* (Table 2). Denatured phospho-DrtA rylatlon obser\(ed in the_ presence of HpkA57. Furth_er
as prepared by the addition (')f 1% SDS. and the unfolded evidence forthls_mechanlsm comes from direct observation
was prep v itior 0 O U of transfer of radiolabeled phosphoryl groups from phospho-
state of thg protein under this condition was confirmed by DrrA to HpkA57 when stoichiometric amounts of the two
CD analysis at 23C (data not shpv_vn). Denatur_ed phospho- proteins are incubated in the absence of ADP (data not
DrrA and acetyl phosphate exhibited decreasing stability at shown)
increasing temperatures, and throughout the temperature '
range, the denatured protein and small molecule acyl pigcussioN
phosphates had comparable half-lives. These half-lives were
similar to those observed in native phospho-DrrA in the  Thermostability of HpkA57 and DrrA Protein®urifica-
presence of MY, but significantly shorter than those found  tion procedures for DrrA and the cytoplasmic region of HpkA
in native phospho-DrrA in the absence of divalent cations. were developed exploiting the thermostability of these
In contrast, only minor differences in the stability of acetyl proteins relative to the heat denaturable mesophilic host
phosphate were observed in the presence of 20 mM"Mg proteins. Migration of the proteins during gel-filtration
or 20 mM EDTA. This is consistent with the previously chromatography at the end of the purification procedures was
reported observation that Migcatalyzed hydrolysis of acetyl — consistent with the expected monomeric state of DrrA and
phosphate proceeds independently of the uncatalyzed reactiom dimeric state for HpkA57. In cell lysates and at early steps
and is first-order in Mg" (28); thus low concentrations of  in purification, HpkA57 migrated aberrantly in SBS

The stability of phospho-DrrA in the presence of EDTA
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Ficure 6: Effect of HpkA57 and nucleotides on the dephosphorylation rate of phospho-B#APhospho-DrrA (1&:M) was incubated
in a final volume of 10QuL of 25 mM Tris-HCI, 10 mM MgC}, 100 mM KCI, pH 8.0, at 55C containing 1uM HpkA57, 1 mM ATP,

or 1 mM ADP as indicated. Reactions were initiated by the addition of HpkA57 in the case of those reactions in which the influence of the

histidine kinase was assayed, and either ATP, ADP, or buffer. At the indicated timgk, d@uots were removed from the reactions and
guenched by the addition of 20 of 2X SDS Laemmli sample buffer. Samples were analyzed as described in Experimental Procedures.
(A) Phospho-DrrA stability in the absence of HpkA57: no nucleoti@® (ATP (@), and ADP @). (B) Phospho-DrrA stability in the
presence of HpkA57: no nucleotid®), ATP ([Od), and ADP (). For assays in the absence of nucleotide, vertical bars show the range of
values obtained in two independent experiments.

polyacrylamide gels. Native polyacrylamide gels were the conserved residues, including the phosphorylation sites,
successfully used to monitor HpkA57 until purified to characteristic of histidine protein kinases and response
homogeneity, at which point it exhibited normal mobility regulator proteins8). Thus it was expected that phospho-
during SDS gel electrophoresis. rylation would occur at a histidine residue in HpkA57 and
A central issue in the adaptation of proteins to extreme at an aspartic acid residue in DrrA. The rates of phosphate
environmental conditions is the conservation of a functional hydrolysis determined for denatured phospho-HpkA57 and
state optimized with respect to enzyme activity and confor- phospho-DrrA under different chemical conditions were
mational flexibility. For both DrrA and HpkA57, unfolding  indeed consistent with this assumption. Phospho-HpkA57
occurs at relatively high temperatures. The thermal dena-was unstable in acidic conditions but stable in alkaline
turation of DrrA was observed to be irreversible, perhaps solutions similar to the stabilities reported for many phos-
attributable to the multidomain structure of the protein. The phorylated mesophilic histidine protein kinasds 18, 19,
apparenfT,, of 95 °C is in the range expected for proteins 36—38) and for phospho-Enzyme | of the bacterial phos-
from T. maritimg which grows at 5690 °C. HpkA57 photransferase syster®(). Phospho-DrrA was unstable in
exhibited a reversible thermally induced transition af@5 both acidic and alkaline conditions, resembling the stability
The lower temperature may reflect a destabilization of the observed for acyl phosphate22( 28, 39, 40). Mutation of
protein caused by removal of the 57 N-terminal amino acid Asp54 to Cys resulted in a DrrA protein incapable of
residues containing the transmembrane domain and flankingtransferring phosphate from HpkA57. Furthermore, HpkA57
sequence. In both proteins, the temperatures of the transi-was able to serve as a phosphodonor for&heoli response
tions corresponded closely with the temperatures at which regulator PhoB, and DrrA could transfer phosphate from the
maximum rates of enzymatic activities, autophosphorylation E. coli histidine protein kinase PhoR. This exhibition of
of HpkA57 and autodephosphorylation of DrrA, were cross-talk between homologous proteins isolated from dis-
observed. similar organisms suggests that very similar chemistries are
Smaller structural transitions were also observed for both used in both the mesophilic and thermophilic two-component
proteins at approximately 3%, presumably representing a Phosphotransfer systems.
reorganization within the folded protein. These structural  Dephosphorylation of Phospho-DrrAThe lifetimes of the
perturbations apparently influence function as evidenced by phosphorylated states of previously characterized mesophilic
breaks at similar temperatures in the Arrhenius plots of response regulators vary significantly, with half-lives ranging
enzymatic rate constants. Significantly higher activation from seconds to hour2¢5). In these proteins, intrinsic
energies are associated with the phosphorylation/dephos-autophosphatase activities together with dephosphorylating
phorylation reactions at ambient temperatures as comparedactivities of auxiliary proteins determine the lifetimes of the
to reactions at elevated temperatures. Similar structural andphosphorylated response regulators in vivo. At QD
functional transitions at ambient temperatures have previ- phospho-DrrA has a half-life of a few minutes, similar to
ously been observed for other enzymes from thermophilesthat of many mesophilic response regulators. Like other two-
(34, 35). component systems that function to regulate gene expression,
Chemistries of Autophosphorylation and Phosphotransfer. and in which the phosphorylated response regulators have
The primary sequences of HpkA and DrrA contain all of half-lives in the range of minutes, the cognate kinase,
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HpkA57, has no significant phosphatase activity against the REFERENCES

response regulator, DrrAdQ).

In thermophilic response regulators, the stability of the
relatively labile acyl phosphate might be expected to pose
special problems. The stability of a representative acyl
phosphate, acetyl phosphate, was found to decrease substan-
tially with increasing temperature, with acetyl phosphate
having a half-life of only a couple of minutes at 8C.
Throughout the temperature range from 4 to°8) native
phospho-DrrA, in the presence of Ffg has half-lives just
slightly greater than those of acetyl phosphate or SDS-
denatured phospho-DrrA. Thus it appears that the overall
effect of the folded protein is to stabilize the phospho-
aspartate.

This slight stabilization actually reflects a balance between
significant opposing influences. Like most previously
characterized mesophilic response regulator proteins, DrrA
exhibits autophosphatase activity that can be affected by the
removal of divalent metal ions with EDTA. Under such
conditions, the half-life of phospho-DrrA was found to be
approximately 12-fold greater than the half-lives of acetyl
phosphate or SDS-denatured phospho-DrrA. DrrA itself
seems to be acting to protect the labile acyl phosphate from
hydrolysis. The 1.5-fold stabilization of native phospho-
DrrA relative to an isolated acyl phosphate can thus be
considered to result from a 12-fold stabilization by the folded
protein coupled with an 8-fold destabilization resulting from
the divalent cation-dependent autophosphatase activity. Why
relatively large opposing effects are used to achieve a minor
alteration in stability is an intriguing question. The most
obvious explanation is that such a strategy provides greater
potential for regulation. It is also conceivable that the

intrinsic destabilization may be an obligatory consequence 1g.

of the presence of a divalent cation, perhaps required for

other purposes such as phosphotransfer or restructuring of 19.

the active site in the presence of the phosphoryl group.
Alternatively, the mechanism may simply reflect a logical
evolutionary path from other response regulators.

The mechanism of protection of the phospho-aspartate

from hydrolysis can be readily envisioned as a shielding of 21

the phosphorylated residue from water, the proposed nu-
cleophile of the hydrolytic reaction. Homology modeling

of DrrA based on the known three-dimensional structures
of other regulatory domains failed to reveal any unusual

features surrounding the active site region. Sequestering of 23:

24.

positioning of residues in the active site region to allow ¢ Fisher S. L. Jiang, W., Wanner, B. L., and Walsh, C. T.

the phospho-aspartate most likely results from specific

limited solvent accessibility to the labile phospho-anhydride

bond. The enhanced stability of the protein and the long 26.

lifetime of the phosphorylated state at low temperatures raise
the possibility that this issue as well as others regarding the
phosphorylated state may eventually be addressed by bio-
physical and structural characterization of the phosphorylated
response regulator protein.
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