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Crystal Structures of Two Cyanobacterial Response Regulators in
Apo- and Phosphorylated Form Reveal a Novel Dimerization Motif
of Phytochrome-Associated Response Regulators
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ABSTRACT The structures of two response regulators (RRs) from the cyanobacterium Calothrix PCC7601, RcpA and RepB,
were solved to 1.9- and 1.75-A resolution, respectively. RcpA was found in phosphorylated and RcpB in nonphosphorylated
form. Both RRs are members of phytochrome-associated, light-sensing two-component signal transduction pathways, based on
histidine kinase-mediated receptor autophosphorylation and phosphorelay to a RR. Despite the overall folding similarity to
CheY-type RRs ((B/a)s-motif), RcpA and RcpB form homodimers, irrespective of their phosphorylation state, giving insight into
a signal transduction putatively different from that of other known RRs. Dimerization is accomplished by a C-terminal extension
of the RR polypeptide chain, and the surface formed by H4, 85, and H5, which constitute a hydrophobic contact area with
distinct interactions between residues of either subunit. Sequence alignments reveal that the identified dimerization motif is
archetypal for phytochrome-associated RRs, making them a novel subgroup of CheY-type RRs. The protein structures of RcpA

and RcpB are compared to the recently presented protein structure of Rcp1 from Synechocystis.

INTRODUCTION

Many bacterial signal transduction systems are based on
a central phosphoryl-transfer mechanism involving a mini-
mum of two essential components, a receptor histidine
kinase and a response regulator (RR) protein. The fact that
also the sensing of light in bacteria employs such a two-
component system has only recently been shown through the
identification of a now rapidly growing family of photo-
receptors in photosynthetic (Hughes et al., 1997; Jiang et al.,
1999; Herdman et al., 2000) and nonphotosynthetic (Davis
et al.,, 1999) prokaryotes with structural and functional
similarity to the phytochrome photoreceptors of plants. A
similar system, involving kinase activity and response
regulators of CheY-type, has been identified in the sensory
rhodopsins of halobacteria (Hoff et al., 1997). However, the
halobacterial light sensor lacks the kinase activity, but
instead activates a halobacterial transducer (HTr) that carries
a histidine kinase domain via direct protein-protein inter-
actions. HTr then activates CheY-like response regulators
with various output functions. The bacterial phytochromes
interact directly with response regulators of the well
characterized CheY type from the bacterial two-component
system, as was shown in in vitro experiments (Yeh et al.,
1997; Hiibschmann et al., 2001b). This finding, for the first
time, links directly the sensing of light to a well characterized
signal transduction mechanism. In the cyanobacterium
Calothrix PCC7601 we identified two genes encoding for
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photoreceptors (CphA and CphB) with the phytochrome-
specific binding motif in their N-terminal part, and carrying
a histidine kinase domain in their C-terminal half. Each of
the two genes is followed by an ORF encoding a response
regulator, rcpA and repB (Jorissen et al., 2002), respectively.
Both chromoproteins show red/far red light-dependent
photochemistry, undergo light-dependent autophosphoryla-
tion, and perform transphosphorylation in an absolutely
selective manner upon incubation with their cognate re-
sponse regulators (RcpA and RcpB) (Hiibschmann et al.,
2001b). Although the general features of the two-component
signal transduction have been identified (e.g., by mutageniz-
ing the key amino acids in the closely related cyanobac-
terium Synechocystis PCC6803 (Yeh et al., 1997)), the
phosphorylated form of cyanobacterial RRs is remarkably
stable, in contrast to many other CheY-like proteins. This
property is independent of the process of phosphorylation,
accomplished either via the cognate photoreceptor or upon
direct treatment with small phosphate donors, e.g., acetyl-
phosphate (Hiibschmann et al., 2001b). Although cyano-
bacterial photoreceptors can be homologously expressed and
studied (Hiibschmann et al., 2001a; B. Quest, N., Tandeau de
Marsdac, and W. Gaertner, unpublished), physiological (i.e.,
in vivo) investigation of the signal transduction (e.g., pro-
tein-protein interactions) appears remarkably difficult due to
the low concentrations of these molecules per cell (between
10 and 100; T. Lamparter, University of Berlin, personal
communication). Analysis of the RRs and of their cognate
photoreceptors has revealed not only an extended stability of
the phosphorylated forms in contrast to other RRs (Hiibsch-
mann et al., 2001b), but also has demonstrated the presence
of remarkably stable homodimers (studies on the dynamic
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behavior of RR-homodimers, including the determination of
binding constants, are currently under investigation).

We here present the three-dimensional structures of both
response regulators from Calothrix with resolution of 1.9 A
and 1.75 A, respectively, one (RcpA) in activated, phos-
phorylated and the other (RcpB) in unphosphorylated form.
These two proteins are the first members of the photorecep-
tor-linked subgroup of CheY proteins that exhibit a specific
homodimerization, which is not found in their up-to-now
structurally determined eubacterial homologs. We show that
contact regions in the formed homodimers of these phyto-
chrome-related RRs are formed by sequence motifs not
present in other types of response regulators.

The structure of RcpB (Fig. 1 a, Table 1) has been solved
by multiple anomalous wavelength dispersion and that of
RcpA by molecular replacement methods using RepB (53%
homology) as a search model. Interestingly, although both
response regulators were cloned and expressed in E. coli
following the same protocol, RcpA crystallized in phos-
phorylated and RcpB in unphosphorylated form. A partial
phosphorylation of these proteins by the expression host has
already been observed during recent phosphorylation studies
(Hiibschmann et al., 2001b). The high degree of similarity
between both proteins thus allows the comparison of both
states—active and inactive—of this type of two-component
response regulator. Also the recently presented crystal
structure of a homologous response regulator from another
cyanobacterium, Rcpl from Syrnechocystis PCC6803 (Im
et al., 2002), reveals the strong sequential and structural
homology to the here-presented RRs from Calothrix and
indicates the presence of a new subgroup of CheY-type RRs
present in cyanobacteria. RcpA and RcpB monomers share
the same (B/a)s architecture with other structurally charac-
terized members of the RR family, e.g, CheY (Stock et al.,
1989), as can be deduced from sequence alignments (Figs. 1
a and 2), but they possess extended loop regions and a
prolonged C-terminus. The alternating segments of B-strands
and a-helices fold into a five-stranded, parallel, B-pleated
sheet surrounded by five a-helices.

Both proteins carry the conserved phosphate-binding
aspartate and the binding-supporting aspartate, glutamate,
and lysine residues forming a conserved surface depression
that is similar to the active site of phosphorylation in CheY
and homologs.

MATERIALS AND METHODS
Protein expression and purification

The coding sequences of the response regulators RcpA (GenBank accession
number AF309559) and RcpB (AF309560) from Calothrix sp. PCC7601
were amplified by polymerase chain reaction from genomic DNA and
subcloned into the vectors RcpB: pET28(a) (Novagen, Madison, WI)
between the Ndel and Xhol restriction sites and RcpA: pMEX8 (Medag,
Hamburg) between EcoRI and Sall (Jorissen et al., 2002), placing a HIS6 tag
at the amino (pET28(a) or carboxy terminus (pMEXS8) of the proteins. The
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plasmids were transformed into the E. coli strain BI21(DE3) Gold (Novagen)
by electroporation of competent cells and transformed cells were selected on
Luria-Bertani agar plates containing 50 ug/ml Kanamycin. Expression was
performed in Terrific Broth medium within 6 h at 30°C and with vigorous
shaking. For the expression of selenomethionine (SeMet) containing RcpB
the E. coli methionine-auxotroph strain B§34(DE3) (Novagen) was used.
After induction with 0.4 mM isopropylthio-3-galactoside, expression was
allowed for 16 h at 30°C in a minimal medium containing 30 mg/l
L-selenomethionine (Sigma, St. Louis, MO). In both cases, ~20-30 mg of
recombinant protein was obtained from a 1-L culture. All purification steps
were performed below 4-6°C. RcpA was purified in two steps: upon
sonication of the cells in a buffer containing 300 mM NaCl, 100 mM Tris-HCl
(pH 8.0), 5% (v/v) glycerol, and 10 mM 2-mercaptoethanol, the lysate was
clarified by ultracentrifugation (150,000 X g, 40 min, 4°C), and applied to
Nickel-NTA resin (Qiagen, Venlo, The Netherlands). Eluent fractions were
pooled and purified to homogeneity by gel filtration (150 mM NaCl, 10 mM
Tris-HCl, (pH 8.0)) on a Superdex 75 column (Pharmacia, Freiburg,
Germany). RcpB and SeMet-RcpB were additionally incubated with
thrombin (Pharmacia; overnight, 18°C) and again purified by Nickel-NTA
followed by gel filtration. Proteins were concentrated to 2-5 mg/ml by
centrifugation with an Amicon centriprep 10 concentrator (Houston, TX) in
150 mM NaCl, 10 mM Tris-HCI (pH 8.0). To protect SeMet-RcpB from
oxidation, all aqueous solutions were degassed and contained up to 10 mM
2-mercaptoethanol. Quality and purity of the final samples were monitored by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrospray
ionization mass spectrometry (ESI MS). The incorporation of three SeMet
residues per RcpB monomer was verified by ESI MS.

Crystallization of RcpA

Crystals were obtained at room temperature with the hanging drop vapor
diffusion method using a well solution that contained 1.4 M sodium citrate,
150 mM sodium chloride, 10% (v/v) glycerol, and 100 mM HEPES (pH
7.0). The crystallization droplets contained the RcpA solution described
above mixed with an equal volume of the well solution. Crystals appeared
after 2 weeks and grew to a size of ~100 X 100 X 30 microns. RcpA
crystallized in space group P2,2,2 with unit-cell dimensions a = 44.1 A, b =
76.7 A, and ¢ = 85.2 A and two molecules in the asymmetric unit (AU) with
a solvent content of 50%.

Crystallization of RcpB and SeMet-RcpB

Crystals were grown at 4°C in hanging drops by vapor diffusion against
a reservoir of 3.75 M sodium formate, 5% (v/v) glycerol, and 1 mM
2-mercaptoethanol. The droplets contained equal volumes of reservoir
solution and protein solution containing 3—-5 mg/mL RcpB in 150 mM
sodium chloride, 10 mM Tris-HCI (8.0), 5% (v/v) glycerol, and 1 mM
2-mercaptoethanol. Crystals appeared within several days and reached a final
size of ~200 microns in each dimension after 1 week. Both RcpB and
SeMet-RepB formed crystals belonging to the space group P4,2,2 with the
unit-cell dimensions a = b =72.2 A, ¢ = 142.8 A and two molecules per AU
(solvent content 50%).

Data collection, structure determination,
and fefinement

RcpA and RcpB native data were collected to 1.9 A and 1.75 A,
respectively, at 100 K using a MAR CCD detector (MAR Research,
Hamburg, Germany) at the Max-Planck Beamline BW6 (DESY, Hamburg,
Germany). A three-wavelength, 1.6 A multiwavelength anomalous
dispersion (MAD) data set of the SeMet-RcpB derivative was collected
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FIGURE 1 Overall structure of phospho-RcpA. (a) Overlaid structures of
RcpA (dark gray), RcpB (gray), and CheY (light gray) illustrating the
overall structural homology and the differences in (/) loop H1/B2, (2) loop
B5/HS, and (3) loop H2/B3. In the structure of CheY, HS is tilted with
respect to HS in RepA and B. The extended C-termini of the cyanobacterial
RRs (4), not present in CheY, participate in the dimer interaction. (b and c)
For simplicity, the protein backbones are depicted as ribbons. The
illustration shows dimeric phospho-RcpA as viewed from the (b) side and
(c) top with the noncrystallographic twofold rotational axis. The active site
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TABLE 1 Data collection and refinement statistics

Crystal RcpA RepB

Space group P2,2,2 P4,2,2

Cell dimensions (a, b, ¢ (A)) 44.1,76.7, 852 722,722, 142.8
Resolution limit (A) 25.0-1.90 20.0-1.75

Wavelength (A) 1.050 1.009

Measured reflections (total/unique)  301367/22731 260719/39024

Completeness (overall; 96.9/94.6 98.2/98.8
last shell; %)

Rinerge™ (Overall; 3.7/30.2 3.9/12.2
last shell; %)

T/oT (overall; 25.2/3.1 27.4/12.2
last shell; %)

B-factor (Wilson/ 26.4/38.2 22.2/26.0
overall mean, (AZ)Yr

Final R-factor/Rye. (%) 23.3/27.7 19.9/24.3

RMS deviation from 0.005 0.005

ideal geometry

Bond (A) 1.3 1.3
Angles (deg) 22.7 229

Dihedrals (deg)

*The resolution range in the highest bin was 1.78—1.75 A for native RcpB
and 1.93-1.90 for RcpA.

TThe B-factor was estimated from a Wilson plot; for the native datasets over
the resolution range 3.9-1.75 A (RcpB) and 3.22-1.90 A (RcpA).

from a single cryocooled crystal at beamline BW6. Data were processed
using DENZO and SCALEPACK (Otwinowski and Minor, 1997).

RcpB

By treating MAD as a special case of MIR, five of the six selenium sites per
AU were identified from anomalous-difference Patterson maps of the SeMet-
modified crystals calculated with solvent-flattened experimental phases. After
phasing with MLPHARE and solvent correction by dodecyl maltoside (1994)
a partial model was automatically built into the resulting electron density map
using the program wARP (Perrakis et al., 1999). Manual model building in O
(Jones et al., 1991) and initial refinement in CNS (Crystallography & NMR
system, Briinger et al., 1998) gave a preliminary R-factor of 30.0% and an
Riree Of 31.4%. The obtained phases were then combined with the native-
RepB structure factor amplitudes to calculate an initial electron density map
from the native data. The native structure was completed by iterative cycles of
rebuilding and refinement against data from 20.0—1.75 A to a final R-factor
and Rge. of 20.0% and 24.1%, respectively. Water molecules were built
automatically in CNS as well as manually. Except for loop H2/83 and loop
B5/HS, which needed extensive manual building, the interpretation of the
electron density maps was straightforward. The final model comprises all
residues 1-149 in molecules A and B, with the initiating Met replaced by Ala.

RcpA

The initial phases for RcpA were determined for the native data set by
molecular replacement using the structure of SeMet-RcpB as a search
model. A two-molecule solution was found with AMoRe (Navaza, 1994)

in each subunit is drawn as ball and stick. The protein N- and C-termini are
labeled. Phospho-RcpA crystallized in space group P2,2,2 and diffracted to
1.9 A. The final model comprises residues 10-148; residues 1-9 and 149 are
not visible in the electron density, presumably due to disorder. Apo-RcpB
(not shown) formed crystals in space group P4,2,2 which diffracted to 1.6 A
(SeMet) and 1.75 A (wild-type). The phase information obtained from the
SeMet derivative was used to solve and refine the structure of wild-type apo-
RepB to 1.75 A.
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Rcpl 1 1 LLV
Rcph 1 1 FLV
FicoB 1 LLVY
ALR3158 1 [ FLV
ALLZB28 1 LLVI
DRADC49 1 LLLYV
DRADZ04 1 ILLT
DRA2420 1 I LLV
MTH445 1 | LLV
CABE2EE1 1 VYLLY
AF1473 1 LLLV
CheY 1 FLVY
SpolA 1 VC I A
Spo0F 1 | LV
Etri 1 VLV
Marl 1 JATRE
Fixd 1 Vil v
v
Repl 56 YHEN---SPRPNLILLBLNLP G VLAE |
Rcph 58 YAN---ASEPEIL|LLBLNLP a VL AR I
FRcpB 54 YCNPEI A PAVILLEBLNLPG TRIG VLQORE |
ALR3158 58 YTHM---APEPEIL | LLEBILNLP G VLARI
L2898 72 YLNLEMAPCPS| | LLMLNLPG TG VLAQI
DRADC4S 54 BTG - - -GPFPEIL I LLBLNMPEIVBIGFELLOAL
DRAD204 50 NGHE- - -LPTPEIVILLEBLNMPEILESGLIEL LI L
DRAZz420 56 ENAC . - - APEIPBIV I LMB I NMP NG LIEVL |
MTH245 52 YSFP.N PEEL | LLS LIV PR VE G viall |
caBezes1 56 MANE - - - APPBIL | LLBLNL P YBIGECO VL |
AF1473 - -----NEPVLILLBILELPEYVSGFEYLEWY
CheY B2 - e s waaa.. GFVISBWNMEN GLIEL LIRT |
Spold 48 - - - - - - PRI LLLI I - MPELBIGLAVL |
Spo0F AT im omomimomiai PBILVLLEBME| PG GIHEI|L M
Etrl B2 - e memae- VVFMBIVCMPG NYal ALMI
MNarl B2 - aesaaa PEEL | LL LNMPGMNGL'TL L
FixJ a7 NGVLVTELEMPEIMSG VIEL LIIN L
ok *
Rcpl 121 SENLESLFEMVOG IJES FWLIBTVTLPAA - - - - - -
Aoph 122 s@NLSQOLFC ] VG FWLSTATLPSH:- - - - - -
RepB 122 PLIEI LTIETVOTFIMYWLE I VVLPEEMG
aLRsiss 122 sEINLTOLFO | VG | FWLETVTLPPIR
Ll28g8 140 P IEIINEL VT I(BSFLTYWLE] VILPEAV
DRADC4S 118 PSTL FLQLI LTAYWFGTAAIPFQTY
DRADZ04 115 PVSIGEFVIEEVIMSLGNFWFSVAALFPSGP
DAAZ420 121 PVGFENFLOA IMAFIEBFWL TF VIEllF P PG
MTHéas 120 P VEF FISAVSTLGFYWMI| INOPPIE. - - . ...
caBE2ES1 121 P VEIL oFlAavql-FFvcvaP P
AF1473 107 P Vil F LinL THREMN | YWLILN PIEV -
CheY 110 PETAATL LN F LGM- -
SpalA 108 F'FIM N L IMCVYGEMT TPV
SpoDF 105 P F 1 | AV YLPL BN-+»<+++02020202+02++.
Etrl 114 PVSLEN I visELLEPRYVL YEGM - - - - - - - - -
Marl 10 -hu LLMALMCAAAGEEMVLSIEALTRVL
FixJ 105 BF TVI AL ASIE-BLvVAAEAD VDD
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VLETSTI LI ILEBcLAAMAFLOOQGIE 55
nLlﬁTV’VV’TV.GFAMAYL.Q.G'5?
LL GVVHPIY-C TGECALBIFLYQOTGS 53
AFMINSQL P vV T VIEE G AMA Y LIMQEGIE 57
VMO VVLNEVFEC TBG AL'FLY AG A T1
ALEYSS TIELLVARDGLIEALEL LEQ . - A 53
AF AIFP LEvABBG VEALTFL -'45
AFsEABMveNELE | VEBDG ALCFL GIE s5
AL NN L ANELEW VRS G A AL.YlFASGSSl
AF N.IGNTL v vIBD G ALDFL YEEGG 55
AF AL NP LB Y AKD G AlSYLOM:- - - 45
LL LGF-NNV AEBGVEALNMLOAGS Y 51
¥ SSOPBMIBY | GTAYNGOBIC LOML e
VEN GYOTE--QAANGLOALRB I VT - - 48
GLLVMLGC - -IBVTTVSSNEEC LVYVs - - 5
QLISMAPEN| TVVGEBASNGIEGG | LH.&L--&
AFMLTM- -NGFAVEEMEBC S ABAFLAFAPEY - - 45
* v H 3
P---¥VVVYLTTsH |AsvlLI\mchr 120
P---VY¥VLSTS] FE:YyDLBEvNG Y T 122
P---¥VIMTTSS cYsYsissy| vl 2
P---VVYVLTTsH £ SYIL-VNCYIT 122
P---¥IVLTTSC | cyYBYcvasyl Ll 139
P---AIVLTTSN AYALCANSYLTHM 118
P---¥|VLTTS SY.L.AN.\VIP 114
P---¥LILTTSQ sysSGEASSYVVE 20
P---V¥VVLTSS SYLG VNS Y VSH 15
P---VV¥VLTTSS sSYBILEANA Y VT 120
F---VV¥VLTSS AYBLG ANS YLV 106
SNLMVTA AAQAGASGYVVM 09
N -VIMLTAF A“LGASYFIL 105
-V IMTAY g| LGALTEF AN 104
LVALSGN CMSEGLBGVL LI 12
-IVVFsSvVs AL GABIGYLLM 109
-8l VI TGH A AG A VEIF | 104

FIGURE 2 Homology alignment of RRs of the CheY type. Conserved active site residues are marked with arrowheads. Asterisks indicate conserved
residues involved in dimer formation in RcpA and B. Repl (Synechocystis sp. SLR0474), RepA and B (Calothrix sp.), and RRs from Anabaena sp. (ALR3158,
ALL2898) and D. radiodurans (DRA0049, DRA0204, DR2420) are highly homologous and are also cotranscribed with putative phytochrome homologous
receptor histidine kinases. Several other RRs from M. thermoautotrophicum (MTHA445), Streptomyces coelicolor (CAB62661) or A. fulgidus, AF1473) were
found to also share the dimerization motifs, whereas none of the structurally characterized CheY-homologs such as SpoOA (B. stearothermophilus), SpoOF
(Bacillus subtilis), Etrl (Arabidopsis thaliana), Narl (E. coli), FixJ (S. meloliti), or CheY (E. coli) itself show these conserved residues.

giving a correlation coefficient of 55% and an R-factor of 33%. 2F ops — F calc
and Fops — Feae maps were calculated and successive cycles of model
building and refinement were performed with 5% of the reflections set aside
for the calculation of the free R-factor (Briinger, 1992, 1993). To minimize
model bias, composite omit maps were calculated and used for critical
inspection of the improving model. The calculated 2F ops — Feare and Fops —
F .. maps clearly indicated the presence of additional atoms at residue Asp-
70 corresponding to a covalently attached phosphoryl group. It was built by
exchanging Asp-70 with a phosphorylated aspartate residue using the
respective files from the HIC-Up database (Kleywegt and Jones, 1998).
Automated water building, further cycles of rebuilding, and positional
refinement to convergence resulted in an R-factor of 23.3% and an Ry of
27.7%. Except for the terminal residues 1-9, 149, the C-terminal HIS6-tag,
and the solvent-exposed loop H1/82 and loop H2/B3, all residues were
clearly visible in the electron density. The final RcpA model covers the
residues 10—-148.

The crystal structures were deposited in the Research Collaboratory for
Structural Bioinformatics data bank, Protein Data Bank (PDB) ID: 1K68
(RepA) and 1K66 (RepB).

RESULTS

The crystal structures of two response regulators, RcpA and
RcpB, have been solved by multiple anomalous wavelength
dispersion (RcpB) and molecular replacement methods
(RcpA). The heterologously expressed proteins were purified
and subjected to EST MS to control quality and the extent of
selenomethionine incorporation. The average molecular
masses were 17125.0/17277.8 amu (wild-type RcpB),

17266.8/17345.2 amu (SeMet-RcpB), and 17634.8/17714.0
amu (RcpA-HIS6), with each sample giving two major mass
peaks with a difference of ~79 amu, corresponding to
a covalently attached phosphoryl group PO;‘ (Fig. 3). The
mass difference between wild-type and SeMet-RcpB was
determined as 141 amu which perfectly reflects the complete
SeMet-substitution of all three methionine residues per
molecule. The proteins, eluted from the gel filtration on
Superdex 75 columns reproducibly appeared as single,
symmetric peaks. In all cases, the eluent volume corre-
sponded to apparent molecular masses of twice the mass we
expected from the MS experiments, indicating the presence of
stable dimeric forms of both RRs (Fig. 3). A matrix-assisted
laser-desorption ionization time-of-flight analysis showed
also the presence of the homodimer to a significant extent.
RcpA crystallized as the phosphorylated form (phospho-
RcpA) in space group P2,2,2 as a single crystal that
diffracted to 1.9 A. The final model comprises residues 10—
148; residues 1-9 and 149 and the C-terminal HIS6-tag are
not visible in the electron density, presumably due to
disorder. The apo-form of RcpB formed single crystals in
space group P4,2,2 that diffracted to 1.6 A (SeMet) and 1.75
A (wild-type). The phase information derived from the
SeMet derivative was used to solve and refine the structure of
wild-type apo-RcpB. In the following, only the native
structure is described, although the structure of the SeMet
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FIGURE 3 Size exclusion chromatogram of heterologously expressed
RcepB. The elution volume (HiLoad 26/60 Superdex 75 prep grade column,
flow rate 0.53 ml/min, elution buffer (150 mM NaCl, 5% glycerol, 50 mM
Tris-HCI, pH 8.0) corresponds to an apparent molecular weight of ~35 kD
(dimeric RcpB; the same was found for RcpA). Inset: the ESI mass
spectroscopic analysis of the same sample reveals that the assumed to be
homogenous sample was in fact composed of two main species differing in
79 Da (phosphoryl group).

derivative was refined to a higher resolution. Comparison of
the two models showed no significant structural deviation
due to the presence of selenium atoms in the molecule.

Overall structure of phospho-RcpA
and apo-RcpB

Both RRs contained homodimers within the AU, the
respective protomers being related by twofold noncrystallo-
graphic rotational axes. RcpA and RcpB monomers share the
same (fB/a)5 architecture with other structurally characterized
members of the RR family, e.g., CheY (Stock et al., 1989) and
SpoOF (Madhusudan et al., 1997), as predicted from
sequence alignments. Basically they comprise alternating
segments of B-strands and a-helices forming a five-stranded,
parallel, B-pleated sheet surrounded by five a-helices (Fig. 1).

Active site architecture

Like in other CheY homolog structures, the active site of
RcpA and B is an acidic pocket formed by a triad of acidic
residues (RcpA: Glu-17, Asp-18, Asp-70; RcpB: Glu-13,
Asp-14, Asp-69), a serine (RcpA: Ser-100) or threonine
(RepB: Thr-99), and a lysine (RcpA: Lys-122; RcpB: Lys-
121), all together being highly conserved within this family
of RR proteins (Figs. 2 and 4).

Phospho-RcpA

During refinement, investigation of 2F s — Fcac and Fops —
F .1 maps of RcpA revealed a prominent tetrahedral electron
density fused with the density of the Asp-70 carboxyl group
that could not be accounted for by protein amino acid atoms or
solvent molecules (compare Fig. 4, a and b). Due to the
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biochemical function of this aspartate residue as a phosphoryl
accepting group and the remarkable stability of the phos-
phorylated state, shown in former publications (Hiibschmann
et al.,, 2001b), it was clear and unambiguous that this
conspicuous density represented a phosphoryl group co-
valently attached to the carboxyl oxygen of Asp-70. We
exchanged Asp-70 with the PDB entry for a phosphorylated
aspartic amino acid (PHD) from the Hic-Up database
(Kleywegt and Jones, 1998) and the phosphoryl group
perfectly fitted into the density. After further steps of
refinement and additional water building the overall geometry
of the active site and the aspartyl phosphate converged. A
detailed view of the aspartyl-phosphate structure is given in
Fig. 5. The presence of the phosphorylated form of RcpA was
already suggested from data derived from ESI MS spectrom-
etry which reproducibly showed two major masses (17634.8/
17714.0 amu; inset in Fig. 3). The difference of 79 amu
originates from the presence of a specifically attached
phosphoryl group. It has been described previously that other
RRs were isolated in their phosphorylated form from E. coli
lysates, either due to unspecific phosphotransfer activity or
due to small molecule phosphodonors like acetyl phosphate,
the latter being constitutively present in the host cells
(McCleary and Stock, 1994). In vitro phosphorylation by
acetyl phosphate and the remarkable stability of the phos-
phorylated state that even endures the crystallization proce-
dure had recently been demonstrated by us (Hiibschmann
et al., 2001b). The phosphoryl moiety is involved in a set of
interactions with the surrounding protein mainly of hydrogen
bonds and salt bridge contacts (Fig. 4 a). These include amide
groups of the peptide backbone of Leu-71, Asn-72, and Thr-
101, the side chain hydroxyl group of Ser-100, Thr-101, and
the amino group of Lys-121. Interestingly, the electron
density of Ser-100 indicates the coexistence of two alternative
rotamers (104.4° around the C,-Cgz bond), one pointing
toward the phosphate moiety and forming an H-bond, the
other pointing away to the solvent. The putative metal binding
site in the acidic surface depression was found to be occupied
by an octahedrally coordinated ion. Due to the bond lengths
between the ion and its ligands and, after all, due to the
crystallization conditions which contained no magnesium, we
suggest that this ion is a sodium rather than a magnesium ion,
although no direct proof can be given from inspection of the
electron density. This sodium emulates the binding inter-
actions normally performed by a bivalent Mg>" ion. Like in
the case of MgH-CheY (Bellsolell et al., 1994) the first
coordination sphere of this sodium ion consists of the
carboxylate oxygens of Asp-18 and Asp-70 (PHD70), the
backbone carbonyl oxygen of Asn-72, one phosphoryl
oxygen, and two additional water molecules.

Apo-RcpB

The active site in apo-RcpB is populated by several water
molecules (Fig. 4 ). One occupies a position comparable to
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a) ASN72

Lys122

b)
THR99

ASP69
LYS121
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ASP14

GLU13

FIGURE 4 Active site architecture in RcpA and RcpB. The protein’s active site atoms are shown as ball and stick models. Atoms are colored according to
type: C (gray), O (red), N ( pale blue), P (yellow), and water molecules (furquoise). (a) In the RcpA active site the phosphoryl group occupies the central
position and interacts with several groups as described. The sodium ion (black) is coordinated in an octahedral manner involving two water molecules in the
first coordination sphere. Interestingly, the crystallographic data show unambiguously that Ser-100 of phospho-RcpA exists in a second alternative rotameric
conformation. Whether this represents an inside glimpse into the mechanical details underlying activation is not clear. (b) In RcpB the metal binding site is
occupied by a water molecule, H-bridged to side-chain carboxyl groups of Asp-14 and Asp-69 and the backbone carbonyl oxygen of Asn-71.

that of the metal ion in the CheY-Mg>" structure (Stock et al.,
1989), whereas others are involved in the formation of
hydrogen bonds with active site residues.

Intermolecular interaction in the homodimers

Altogether, we investigated three different crystal forms
grown under different conditions: a tetragonal (P4,2,2) and

a monoclinic (P2, data not shown) crystal of apo-RcpB, and
one orthorhombic (P2;2;2) crystal of RcpA. In each
structure, the molecules were associated as distinct dimers
in the unit cell with the respective monomers being related
by noncrystallographic twofold rotational symmetries. In
both RRs, the formation of these homodimeric complexes is
mediated by specific interaction of the surface areas spanned
by H4, 85, HS, and the C-terminal part of each subunit. As

FIGURE 5 Rendered representation of the active-
site aspartate PHD70 with the enclosing electron
density contoured at 1 o (mesh). Atoms are colored
according to type: C (light gray), O (gray), N (dark
gray). The extra density encountered in the experi-
mental map and issuing from the carboxyl group of
PHD70 perfectly accommodates the covalently bound
phosphoryl group as shown. The correctness of the
model was verified by calculating an omit map of the
respective region (not shown).
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a consequence, the two active sites in a dimer reside on
opposing positions (Fig. 1). The total interface areas were
estimated by calculating the differences of Connolly surfaces
from two isolated monomers and the dimer (InsightIl, probe
radius 1.4 A) to be ~1000 A% in RcpA and 1175 A? in RepB
or 16% of the total dimer surface areas. Formation and
stabilization of the intermolecular interaction is accom-
plished mainly by the complementary arrangement of
a combination of hydrophobic interactions, hydrogen bonds,
and salt bridges (Table 2, Fig. 6 a). A remarkably large part
of this interface is dominated by a central, water-excluding
hydrophobic core that is surrounded by a ring of polar
interactions and several bridging water molecules, tying the
rim together. The overall design of this interface represents
an archetypal protein-protein contact site in homooligomeric
complexes as described, for example, in a survey by Larsen
et al. (1998). In RcpA and RcepB, this interface consists of
a series of polar and nonpolar residues that are conserved in
several other RRs (Fig. 2). Interestingly, these motifs are
found—up to now—without exception in all RRs associated
with phytochrome-homologous sensor histidine kinases and
therefore deserve a more detailed characterization. The most
prominent of these conserved motifs, located in the center of
the hydrophobic core, is formed by aromatic residues (Tyr-
138 and Trp-139 in RcpB; Phe-139 and Trp-140 in RcpA) in
both subunits that pack against each other to form an
arrangement that could be considered as an aromatic cluster

TABLE 2 List of interacting residues in RcpA and RcpB

Benda et al.

(Fig. 6 b), in the case of RcpB additionally stabilized by one
H-bond between the tyrosine hydroxyl group and the NH
group of the tryptophan. Another conserved motif, located at
the rim of the core, comprises two opposing proline residues
(Pro-94 and Pro-146 in RcpB; Pro-95 and Pro-147 in RcpA)
from B4 and the C-terminal loop of one subunit that pack
against the phenyl ring of Tyr-111 (RcpB; Tyr-112 in RcpA)
in H4 of the other subunit (Fig. 6 ). The corresponding PRO
residues of the second subunit in turn pack against Tyr-111
in the first subunit.

In the homodimeric RcpB the hydrophobic interaction
additionally comprises two stretches of nonpolar residues in
BS (Tyr-118, Ile-119, Val-120, Pro-122) and the C-terminus
(Ile-142, Val-143, Val-144, Leu-145 (Table 2) flanking the
aromatic cluster and packing complementarily in the dimer.

In RepA the hydrophobic character of the C-terminus is
not as strongly pronounced as in RcpB (Fig. 2) and some
nonpolar interactions are replaced by polar contacts, such as
Thr-145, which is H-bridged to Tyr-109 and Tyr-112 (see
Table 2).

The remaining nonpolar and polar interactions are
composed mainly of the complementary arrangement of
residues in each subunit in both RRs and are listed in Table 2.
The surface shape complementarity (Lawrence and Colman,
1998) at the interface regions is excellent and its size lies in
the range of typical protein-protein interfaces, S. (RcpB) =
0.71 and S. (RcpA) = 0.65 for RcpA (calculated with the

RcpA Subunit A Subunit B RcpB Subunit A Subunit B
Polar interaction Lys-92 CE Asp-113 OD2 Lys-92 NZ Glu-108 OG
Arg-93 NE Phe-109 CE1 Lys-92 CD Ser-112 OG
Arg-93 NH1 Asp-113 OD2 Glu-108 OEl Ala-147 N
Tyr-112 OH Thr-145 O Glu-108 OE2 Lys-92 NZ
Aap-113 OD1 Arg-93 NH1 Tyr-111 OH Val-144 O
Asn-117 O Asn-117 ND2 Ser-114 OG Lys-85 NZ
Asn-117 ND2 Asn-117 O Ser-116 OG Ser-116 O
Tyr-119 O Thr-144 N Ser-117 OG Tyr-138 OH
Phe-139 CZ Trp-140 NE1 Tyr-118 O Val-144 O
Trp-140 NE1 Phe-139 CZ Arg-127 NH2 Asp-141 O
Thr-145 N Tyr-119 O Arg-127 NH1 Asp-141 OD1
Thr-145 O Tyr-112 OH Tyr-138 OH Ser-117 OG
Tyr-138 OH Trp-139 NE
Trp-139 NE Tyr-138 OH
Asp-141 ODI Arg-127 NH1
Hydrophobic Phe-139 Val-96, LE120, Ile-136, Phe-139 Pro-94 Tyr-111
Pro-95 Tyr-112 Ile-97 Tyr-138
Pro-147 Tyr-112 Tle-107 Val-144
Tyr-112 Pro-95, Pro-147 Tyr-111 Pro-94, Pro-146
Tyr-118 Val-144
Ile-119 Ile-142, Tyr-138, Val-143
Val-120 Val-144
Tyr-138 Tyr-138, Trp-139
Trp-139 Tyr-138, Trp-139
Ile-142 Ile-119
Val-143
Val-144 Val-120, Ile-107, Tyr-118
Pro-146 Tyr-111
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FIGURE 6 Intersubunit interactions in dimeric RepB. (@) Interface in the RcpB complex. One monomer is represented by its interacting solvent-accessible
surface area colored according to the electrostatic surface potentials. The interacting side chains of the second monomer are shown as ball and stick models and
colored according to their physicochemical character: nonpolar and aromatic: violet; polar and charged: atom type C (gray), O (red), N (blue). Interface water
molecules are shown as turquoise spheres. (b) Close-up view of the complementary packing of the Pro/Pro/Tyr and the Tyr/Trp motifs in dimeric RcpB. One
subunit is represented through its solvent-accessible surface with the interacting residues shown as ball and stick (/ight gray). The interacting residues of the
second subunit are shown as ball and stick models, covered by their van der Waals surface (dark gray). The sequence alignments show the conserved residues
depicted. In RepB, the aromatic cluster is additionally stabilized by two H-bonds as described. The YW/YW (FW/FW in RcpA) arrangement constitutes the

central hydrophobic core of the dimer interfaces.

program SC (Collaborative Computational Project 4, 1994);
waters not included). This additionally reflects the strong
surface intimacy in the dimers.

Conformational differences between
phospho-RcpA and apo-RcpB

Both proteins form the described dimer in the crystalline
state. The purified samples always eluted as symmetric
singular peaks with apparent molecular masses of 35 kDa
from the size exclusion column, suggesting a homogenous
molecular size distribution (Fig. 3). The mass spectrometry
analysis revealed that the proteins purified from E. coli

always were binary mixtures of both the apo- and the
phosphorylated form in a more or less constant ratio.
Phospho-RcpA and apo-RcpB have a very similar active
site conformation as depicted in Fig. 7 (the backbone atoms
of the complete monomers of RcpA and RcpB can be
superimposed with a root-mean square deviation of 1.0 A).
Except for the carboxyl group of the phosphoryl-accepting
aspartate, which is rotated by almost 90° around the Cg-C,
bond in phospho-RcpA, the other residues (RcpA: Glu-17,
Asp-18, Ser-100, and Lys-122; RcpB: Glu-13, Asp-14, Thr-
99, and Lys-121) show the same rotameric and spatial
orientation. The rotation of the carboxylic group of the
phosphate-accepting aspartate side chain upon phosphory-
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lation and the presence of the rather bulky phosphate group
in RcpA result mainly in a lateral movement of the side
chains of Glu-17, Ser-100, and Lys-121, the latter being
hydrogen-bonded to a phosphoryl oxygen atom (2.99 A) and
the side-chain oxygen of Glu-17 (2.45 A). This in turn leads
to a slight drift of the associated backbone chain segments,
especially the loop connecting 34 and H4 (0.84 A) and sheet
B5 (1.1 A) compared to RcpB. Asp-18, due to the water-
bridged hydrogen bonding to the phosphate group, also
moves ~0.9 A upward in direction to the phosphate, and
thus affects the position of loop S1/H1 and helix HI1.

Interestingly, the side chain of Ser-100 was found to exist
in two alternative conformations in the structure of RcpB,
one pointing toward the phosphate group and forming a
H-bridge (2.70 A) to one of the oxygen atoms, the other
pointing away, toward the H4/B85/H5 face in direction to Tyr-
119.

DISCUSSION

Bacterial two-component signal response regulators repre-
sent the classic paradigm of a molecular switch, being central
players in the cell’s permanent responsiveness to the ever
changing surrounding conditions. Over the past several
years, there has been considerable effort to understand the
underlying molecular mechanism by which these compara-
tively small enzymes accomplish their different functions in
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FIGURE 7 Comparison of the active-site architec-
tures of phospho-RcpA (dark gray), RepB (gray), and
(a) CheY and (b) activated CheY (Gouet et al., 1999)
(light gray) with bound (BeF3)~ (with tetragonally
ligated central sphere). (a) Thr-87 of CheY is in
a remote position compared to the (b) active state. In
phospho-RcpA and apo-RepB  the respective side
chains (Ser-100 and Thr-99) occupy similar positions
comparable to the active form of CheY. The active site
of apo-RcpB resembles more the active state of CheY
than its inactive state. Due to the presence of the
phosphoryl group in RcpA, the side chain of Lys-122,
Ser-100, and Glu-17 are laterally shifted with respect to
their counterparts in RcpB.

the diverse contexts of bacterial sensing (for reviews see
Stock et al., 2000; Buckler et al., 2000; Stock and Da Re,
2000; Foussard et al., 2001). The structural information on
several inactive and phosphorylated homologs of the
response regulator superfamily that has been gathered to
date has provided a comprehensive yet confusing picture of
the signaling system and it seems that every new structure
adds additional flavor to a possible RR signal processing
mechanism. Apparently, this is also true for the here-
presented structures of cyanobacterial phytochrome-associ-
ated RRs which, once more, add variation to the well known
theme.

Active versus inactive state

The central question for response regulator functions
undoubtedly focuses on the structural changes accompany-
ing the transition from the inactive to the active state, and
their interaction with downstream components. The litera-
ture provides vast information concerning the mechanics
involved in the switching event. Common to all is the
conformational change that is undergone by a highly
conserved threonine or serine residue in 3-sheet 4 (Thr-87
in CheY) upon phosphorylation. But from this point on, the
picture seems to blur in the different systems. For CheY it
is proposed that the threonine flip generates space for
a conserved aromatic residue in 35, which then can occupy
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a more buried rotatory conformation and thus enables
downstream components (FliM, CheZ) to bind to the H4/
B5/HS5 surface (Zhu et al., 1997; Lee et al., 2001a,b). On the
other hand, the same conformational changes were not
detected in the constitutively active mutant CheYp3x (Jiang
et al., 1997) and another mutant, CheY g7, can still be
activated by phosphorylation even though the key residue
Thr-87 is replaced by a nonpolar alanine (Appleby and
Bourret, 1998). Receiver domains of other two-component
systems, such as FixJy and SpoOA show very different
effects upon phosphorylation. Whereas the receiver domain
FixJy undergoes significant conformational changes like
CheY and homodimerizes to finally become part of
a transcriptional activation complex (Birck et al., 1999),
the structure of SpoOA remains relatively unperturbed
(Lewis et al., 1999). One might in fact speculate that the
two rotamers which have been detected in RcpA might result
from two populations of molecules (phosphorylated and
unphosphorylated, which were not determined in quanti-
tative amounts) that—as outlined above—only deviate
significantly at position Ser-100. This then would indicate
a role of the serine residue in the release of the phosphate
group similar to that found for the threonine residue in CheY.
However, the low concentration of these molecules in the
cyanobacterial cell makes an isolation of Rcps from the host
cell in different states of activation (to learn about the
conformational consequences) practically impossible.

The x-ray structures of phospho-RcpA and apo-RcpB
reveal yet another, slightly altered picture. Primarily, both
response regulators seem to be constitutively dimeric and
dimerization occurs via the tight interaction of both H4/85/
HS surfaces, a feature as yet unobserved in other receiver
domains. This is in contrast to above mentioned cases where
activation/deactivation affects the aggregation of RRs.
Apparently, this is in contrast to the other structurally
characterized cyanobacterial RR, Repl (Im et al., 2002). For
this protein, the authors suggest a phosphorylation-induced
monomer-dimer conversion, based on an increase of dimer
content upon phosphorylation. Although an unchanged
dimer arrangement is found in the Calothrix proteins, as is
strongly supported by our gel filtration experiments (elution
of the RRs of Calothrix in dimeric form), one has to keep in
mind that the packing of the protein in the crystal, where
unphysiologically high concentrations are required, does
not necessarily show the conformation during functional
activity.

In fact, the conformational changes within the active site
and associated regions in phospho-RcpA compared to apo-
RcpB are only of a minor nature, comparable to, for
example, SpoOA. The major conformational differences
between the apo- and the phospho-form predominantly
concern displacements in the region forming the acidic
crevice at the surface as described in the previous section. In
the present state of this work we are only able to compare the
inactive state of RcpA with the activated state of RcpB.
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Nevertheless, a number of characteristic features of these
regulatory domains can still be deduced. Our results indicate
that the specificity of dimer formation is driven by a highly
conserved complementarity of the interface region, generat-
ing a tightly interacting homodimer. The interfaces in di-
meric RepA and B bury a surface of 1000 A% and 1175 A?,
respectively, which is in the range of areas observed in the
complexes of CheY and FliM (1110 A% Lee et al., 2001b),
CheY and CheA (P2 domain, 1200 Az; Welch et al., 1998),
or dimeric FixJ (880 Azg Birck et al., 1999). Nevertheless,
the number of specific interactions between subunit residues
and the extent to which water is involved is different and
very specific in RcpA and B. According to the data
presented, formation of the ‘““ON’’ state of RcpA and B
apparently does not involve dimer formation in dependence
of the phosphorylation state. However, if the dimeric form is
constitutive as promoted by our data, it remains to be
investigated what the characteristic features of the activated
species of these receiver domains are and how the signal
is processed to further downstream partners. So far, un-
fortunately, there is nearly no biochemical data available
on RcpA/B downstream interacting components that relates
our system to a better understood signaling mechanism,
except of the recently reported red/far-red light-mediated
changes of the cAMP-level in Anabaena by Ohmori et al.
(2002).

Dimerization of RcpA and B

The most predominant difference between RcpA or B and
other structurally characterized receiver domains is their
intrinsic ability for homodimer formation. As we could
show, this ability can be ascribed to a set of highly conserved
residues, some of which are part of the extended (with
respect to CheY and homologs) C-terminal region in the
proteins. Among other receiver domains of the CheY type
that are structurally characterized, only four others—Etrl
(Muller-Dieckmann et al., 1999), FixJN or SpoOA (Lewis
etal., 1999; Birck et al., 1999; Gouet et al., 1999), and Rcpl
(Im et al.,, 2002)—also seem to form homodimers in
a phosphorylation-dependent manner but the interaction of
the respective protomers is essentially different to that found
here. For the unphosphorylated N-terminal receiver domain
of the sporulation response regulator N-SpoOA (Bacillus
stearothermophilus) it was shown that dimer formation is
mediated by the swapping of a helical domain. The receiver
domain of the transcriptional activator FixJ from Sinorhi-
zobium meliloti associates via the 34/HS regions, also driven
by phosphorylation. This analysis appears difficult to
perform. For Rcpl only a change in the relative content of
dimer, but no detailed structural change upon phosphoryla-
tion, has been described.

Comparison of the amino acid sequences shows that RcpA
shares a higher homology with Rcpl from Synechocystis
PCC6803 than with its paralogue RcpB. According to that,

Biophysical Journal 87(1) 476-487



486

many of the nonconserved residues mediating the stabili-
zation and formation of the dimer are equivalent in RcpA
and Rcpl but different in RcpB, a feature that might enable
the correct recognition of the cognate partners, although
a phosphorylation-dependent monomer/dimer conversion
appears to take place in Rcpl, but not in RcpA (Im et al.,
2002). A general sequence comparison of known cyano-
bacterial phytochrome-associated RRs with other more
CheY-homologous RRs gives rise to the suggestion that
the unique C-terminal extensions in the proteins not only
stabilize the formation of the dimeric protein, but also play
a role in the specific recognition among the protomers.

Comparison with other receiver domains

To inspect the degree of relationship to other proteins of the
RR-type, the sequence information available on bacterial
phytochromes and their associated phosphate receiver
modules were collected and BLAST searches were
performed with the sequences of RcpA and B (Fig. 2).
Strikingly, the alignments of different RRs revealed a subset
of residues involved in the homodimer formation that is
highly conserved among RRs associated with phytochrome-
like receptor-histidine kinases such as cyanobacterial Repl
(Synechocystis PCC6803), RcpA and RcpB (Calothrix sp.
PCC7102), or homologs from Anabaena PCC7120, Dein-
ococcus radiodurans, and Agrobacterium tumefaciens (Fig.
2). Additionally we found the dimerization motif in several
other bacterial RRs, some of which are cotranscribed with
yet uncharacterized receptor histidine kinases (D. radio-
durans, Methanobacterium thermoautotrophicum, Archeo-
globus fulgidus). We therefore deduce that dimer formation
of the phytochrome-associated RR type is a highly conserved
characteristic and is promoted by a set of invariant residues
common to a certain subgroup of RRs, some of which are
involved in light-driven signaling events.

CONCLUSIONS

The cyanobacterial response regulators RcpA and RcpB are
members of a phytochrome-associated, light-sensing signal
transduction pathway, involving histidine-kinase mediated
autophosphorylation of the receptor and phosphotransfer to
the response regulator. Both cyanobacterial RRs fold into
a common (B/a)s structural motif, which is also found in
other CheY-type RRs; however, they remain in a homodi-
meric arrangement, irrespective of their phosphorylation
state. From the here-presented results, it appears plausible
that RcpA and B and homologs constitute a novel subgroup
of receiver domains with a different functional principle, yet
adressing the questions concerning the nature, function, and
dynamic of dimer formation. The nature and specificity of
the described interactions is not found in other CheY RRs,
but is exclusively present in phytochrome-associated RRs.
The interaction sites reside in a C-terminal extension and
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the surface spanned by H4, 85, and HS5 of RcpA and RcpB.
The novel structural motif of prokaryotic, phytochrome-
associated RRs makes them archetypal for a rapidly grow-
ing subgroup of CheY-type signal transduction components.

The presented crystallographic results suggest that di-
merization is independent of the phosphorylation state of
Rceps, but, as discussed, this apparent property might as well
be imposed by the experimental condition during crystalli-
zation. The possibility for a phosphorylation-dependent
dimerization as described by Im et al. (2002) still remains
possible and needs to be further investigated.
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