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A variety of bacterial cellular responses to environmental signals are mediated by two-component signal
transduction systems comprising a membrane-associated histidine protein kinase and a cytoplasmic response
regulator (RR), which interpret specific stimuli and produce a measured physiological response. In RR
activation, transient phosphorylation of a highly conserved aspartic acid residue drives the conformation
changes needed for full activation of the protein. Sequence homology reveals that RR02 from Streptococcus
pneumoniae belongs to the OmpR subfamily of RRs. The structures of the receiver domains from four members
of this family, DrrB and DrrD from Thermotoga maritima, PhoB from Escherichia coli, and PhoP from Bacillus
subtilis, have been elucidated. These domains are globally very similar in that they are composed of a doubly
wound o535; however, they differ remarkably in the fine detail of the B4-a4 and a4 regions. The structures
presented here reveal a further difference of the geometry in this region. RR02 is has been shown to be the
essential RR in the gram-positive bacterium S. pneumoniae R. Lange, C. Wagner, A. de Saizieu, N. Flint, J.
Molnos, M. Stieger, P. Caspers, M. Kamber, W. Keck, and K. E. Amrein, Gene 237:223-234, 1999; J. P. Throup,
K. K. Koretke, A. P. Bryant, K. A. Ingraham, A. F. Chalker, Y. Ge, A. Marra, N. G. Wallis, J. R. Brown, D. J.
Holmes, M. Rosenberg, and M. K. Burnham, Mol. Microbiol. 35:566-576, 2000). RR02 functions as part of a
phosphotransfer system that ultimately controls the levels of competence within the bacteria. Here we report
the native structure of the receiver domain of RR02 from serotype 4 S. pneumoniae (as well as acetate- and
phosphate-bound forms) at different pH levels. Two native structures at 2.3 1&, phased by single-wavelength
anomalous diffraction (xenon SAD), and 1.85 A and a third structure at pH 5.9 revealed the presence of a
phosphate ion outside the active site. The fourth structure revealed the presence of an acetate molecule in the

active site.

Two-component signal transduction systems constitute a
family of signaling proteins found in many bacterial species
and in some higher organisms (1, 14, 41, 42, 53, 56). These
systems are generally comprised of two distinct protein com-
ponents, the histidine protein kinase (HPK) and its cognate
response regulator (RR). In these systems the histidine kinase
is autophosphorylated on a conserved histidine residue, and
the RR is activated by phosphorylation on the conserved as-
partic residue in an Mg®"-dependent transphosphorylation re-
action from the phosphohistidine of the cognate kinase. This
second component of the system is usually a transcription
factor consisting of two domains: a DNA-binding or effector
domain and a receiver (RR) domain (that acts as a regulator of
the effector domain). Activation of the RR protein results in a
downstream effect, which may involve protein-protein interac-
tions and/or effect gene regulation at the transcription level.
RR proteins can be classified by similarities in their effector
domains (50). The majority of RRs function as transcription
factors and have DNA-binding effector domains. They are
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subdivided into three groups termed the OmpR/PhoB, NarL/
FixJ, and NtrC/DctD subfamilies. The RR studied here
(RRO02rec) belongs to the OmpR/PhoB subfamily.

RRO02 (34) (also called MicA [16], VicR [54], and 492RR
[51]) is a 26-kDa protein which has been shown to be essential
for bacterial growth (as knockout mutations in this gene are
lethal), thus making it a prime target for new antibacterial
agent design (34, 51). Within the two-component signal trans-
duction system HPK/RRO02, the HPK protein contains a PAS
domain, a protein-protein interaction region classically in-
volved in redox reactions, and is involved in protecting the cell
against oxidative stress by repression of competence under
oxygen-limiting environments (16). The induction of compe-
tence is controlled by a peptide, which is sensed by a further
HPK-RR couplet (Com D/E) (15).

The high degree of conservation among two-component sys-
tems has made them an attractive target for novel classes of
antimicrobial agents (3). Although two-component systems
constitute one of the largest known families of transcriptional
regulators in bacteria, few have been shown to be essential for
cell viability. Among these, Div]/DivK (23, 40) and CckA/CtrA
(25, 43) have been shown to control cell cycle regulation, cell
division, and DNA replication in Caulobacter crescentus (57).
The MtrB/MtrA two-component system has been shown to be
essential in Mycobacterium tuberculosis, but its function re-
mains unknown (58) A further essential system is the YycG/
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YycF system, a member of the EnvZ/OmpR two-component
system family. It is the most highly conserved two-component
system in gram-positive bacteria which have low-level GC con-
tent, with YycF RRs having 70% (on average) amino acid
sequence similarity. This system has been found in all low-
level-GC-content gram-positive bacteria whose sequences are
known and has been reported to be essential for cell growth in
Bacillus subtilis, Staphylococcus aureus, Streptococcus pyogenes,
Streptococcus pneumoniae, and Listeria monocytogenes (18, 19,
20, 31, 34, 38, 51). The reason that these proteins are essential
and the signal to which YycG/YycF responds (as well as the
nature of the YycF regulon) remain unknown for this family.
In S. pneumoniae, only the RR (YycF) was essential and not
the histidine kinase (YycG) (34, 51) Two-component systems
have been identified as potential antibacterial targets, as they
play key roles in controlling cellular processes (4). As these
systems are not found in humans (making them selective and
unique bacterial targets), although two-component systems
have been studied from a variety of organisms there has been
little work at a biochemical level on an essential system from a
pathogenic organism.

We have determined the first crystal structure of the receiver
domain from the YycF RR family. Four independent struc-
tures of the receiver domain of RR02 (RR02rec) are presented
here, two bound to acetate or phosphate (P;) and two native
forms solved at different pH levels. At the gross level, these
structures closely resemble those of other RR receiver do-
mains, showing the characteristic as-Bs doubly wound motif
(49). Crystals of RR02rec with different ligands were obtained
by the addition of ligands to the crystallization medium at
differing pH levels. Coordination of ligands around the active
site causes the B3-a3 loop to adopt a defined conformation; in
the native structures presented here, this loop is seen to be
mobile and therefore no electron density is visible.

MATERIALS AND METHODS

Chemicals. All chemicals were purchased at Analar grade or higher from
Sigma (unless stated otherwise), and all solutions were made fresh prior to
crystallization trials.

Cloning, expression, and purification of RR02rec. With genomic pneumococ-
cal DNA (TIGR4 strain) used as a template, the RR02rec gene was isolated (5)
using the PCR. Oligonucleotide primers were designed to introduce Ncol and
Xhol restriction sites to aid in cloning with the initiation sequence (ATG) within
the Ncol site. The RR02rec gene (corresponding to residues 1 to 120) was cloned
into pET33b vector (Novagen) in such a way as to exclude either the N- or
C-terminal polyhistidine tag coding sequence.

Expression constructs were transformed into the BL21(DE3) Escherichia coli
host strain (Stratagene) with a heat shock technique. Several batches of Luria-
Bertani-enriched growth medium were inoculated with a sample of an overnight
culture (47). The cultures were shaken at 200 rpm at 310 K until an optical
density at 600 nm of ~0.5 was reached. IPTG (isopropyl-B-p-thiogalactopyrano-
side) (Melford) was then added to achieve a final concentration of 1 mM to
initiate overexpression of RR02rec. Cells were harvested at 5,000 X g for 15 min
at 277 K and resuspended in 10 ml buffer per liter of culture (25 mM Tris [pH
7.5], 5 mM benzamidine). Cells were lysed on ice by sonication, and DNase I was
added to achieve a final concentration of 20 pg/ml. Any insoluble debris present
were separated from the soluble protein by centrifugation at 10,000 X g for 30
min at 277 K.

The soluble fraction was then loaded onto a 1-ml Hi-Trap Q ion exchange
column (Amersham-Pharmacia) previously equilibrated with 25 mM Tris (pH
7.5) and eluted using an NaCl gradient (0 to 1 M). The RRO2rec fractions
identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis were
pooled and concentrated prior to gel filtration using both Superdex-75 and
Superdex-200 (Amersham-Pharmacia) (equilibrated with a buffer containing 25
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mM Tris and 300 mM NaCl [pH 7.5]), which resulted in 20 mg of pure RR02rec
(as determined by silver-stained sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and UV-visible-spectrum spectroscopy).

Crystallization of RR02rec. The purification and crystallization of this protein
have been described previously (5). Briefly, RR02rec (in a solution containing 25
mM Tris-HCI and 300 mM NaCl [pH 7.5]) was concentrated to 10 mg/ml (as
determined at 280 nm from the theoretical extinction coefficient 0.188) with a
Centricon 10 apparatus (Millipore). Crystals were obtained at 20°C by the sitting-
drop vapor diffusion method. Initial crystallization conditions were identified
with a Cryol and Cryoll sparse matrix (Molecular Dimensions). After optimi-
zation, crystals of an appropriate size were grown in 7 to 10 days by mixing 3.4
wl of protein with 0.6 pl of the reservoir solution, which contained 30% (vol/vol)
polyethylene glycol 300 (PEG-300) and 0.1 M Tris-HCI buffer (pH 7.0). In the
case of the phosphate-containing crystals the Tri-HCI buffer was exchanged for
0.1 M phosphate—citrate buffer in a pH range of 4.0 to 4.7 (0.5 M Na,HPO, and
0.5 M citric acid solutions were mixed to produce the required pH). The acetate
complex was obtained by changing the buffer to 0.1 M acetate buffer in a pH
range of 6.0 to 6.5 (1 M acetic acid was mixed with 1 M sodium acetate to
produce the required pH). All the crystals belong to the C-centered orthorhom-
bic space group C222,. Table 1 contains full details of all crystallization condi-
tions and unit cell parameters. The pH quoted for crystal growth is the overall
pH of the reservoir solution prior to mixing with the protein solution.

Data collection. Crystals were cryocooled in a stream of nitrogen gas at 100 K,
with the low-molecular-weight PEG from the crystallization medium acting as
the cryoprotectant. The data sets were collected at 100 K on the synchrotron
beam lines 14.1 and 14.2 (SRS, Daresbury, United Kingdom), XRD-1 (Elettra,
Trieste, Italy), and BM-14 (ESRF, Grenoble, France). Data processing and
scaling were performed using MOSFLM (A. G. W. Leslie, Abstr. Proc. Dares-
bury Study Weekend, SERC, Daresbury Laboratory, Warrington, United King-
dom, p. 39-50, 1987) and SCALA (P. R. Evans, Abstr. Proc. CCP4 Study
Weekend Data Collection Processing, p. 114-122, 1993), with other computa-
tions carried out using the CCP4 suite of programs (11) except where otherwise
stated. Full data processing statistics and parameters are shown in Table 2.

Phase determination using SAD, model building, and refinement. Crystals
grown at pH 5.7 were removed from the sitting drop through the use of a loop
(Hampton Research), which was then mounted in a pressure cell and subjected
to xenon at high pressure (5 X 10° to 15 X 10° Pa for 2 to 20 min) before being
immediately immersed in a bath of liquid nitrogen. Diffraction data were col-
lected from an optimized xenon-derivatized crystal (8 X 10° Pa for 10 Min) at 1.8
A, a wavelength which has been shown to be sufficient to maximize the signal for
both xenon and sulfur at the XRD-1 beam line (Elettra). The xenon site was
located by manual inspection of the anomalous Patterson maps.

Phasing was performed using the automated phasing program SHARP (13).
Four anomalous sites (which were refined as a single xenon site) and three sulfur
sites (three methionine residues in RR02rec) were found. Figures of merit
(FOM) for the single-wavelength anomalous diffraction (SAD)-derived phases
were calculated to be 0.62 (FOM,.,) and 0.35 (FOM_.,i.) for data between
30.8 and 2.34 A. The resulting electron density map was improved (using SO-
LOMON) (2) with several cycles of solvent flipping and one cycle of solvent
flattening. The mask was calculated using a solvent content of 53%; the resulting
maps allowed chain tracing for almost the whole molecule. A partial model
(containing only Gly, Val, Ser, and Ala residues) was built using the automated
methods incorporated in ARP and wARP (33). Residues were built into the
remaining electron density according to an amino acid sequence procedure using
QUANTA (Accelrys). The initial model was refined using the maximum likeli-
hood method implemented in REFMACS (G. Murshudov, A. Vagin, and E.
Dodson, Abstr. Proc. Daresbury Study Weekend, SERC, Daresbury Laboratory,
Warrington, United Kingdom, p. 93-104, 1996) and isotropic temperature re-
finement and bulk solvent correction. Approximately 10% of the data were
excluded from the refinement and used in the calculation of the free R factor (9).
On completion of the protein model, solvent molecules were added to a density
higher than 3o in sigma A-weighted mF-DF, maps (44) generated by REF-
MACS.

In the initial structure, no electron density was visible for Met-1, Glu-57, and
Tle-58 (part of the loop connecting 3« to 3B) and the final residue Glu-120. The
final R and Ry, values were 21.41 and 23.56%, respectively. The structures of a
second native (higher resolution) and those in complex with phosphate and
acetate were solved by molecular replacement using the RR02rec-Xe structure
as the search model in MOLREP (52) followed by rigid body refinement and
TLS-restrained refinement using REFMAC5 (Murshudov et al., Abstr. Proc.
Daresbury Study Weekend), where T, L, and S describe mean square translation,
libration, and their correlation of rigid body. Final statistics for all structures are
shown in Table 2.

TABLE 2. Crystallographic data collection and refinement statistics

Result for crystal:
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1.0

260,225

Oscillation (°)

110,950

345,059

199,669

No. of measurements

No. unique

12,010

5,398

10,522

11,155

99.43 (100.0)
8.4 (23.7)
7.0 (2.4)

98.96

99.04 (99.0)

98.60 (99.3)
7.2 (34.5)
7.7 (2.1)

Completeness (%) (outer shell)

Rsym (%)

(D/(o)

52 (11.6)
116 (5.1)
18.99
23.76
37.03

Native
Met-1, Glu-57, Ile-58, and GIn-120
NA®

45 (21.1)

91  (3.6)
18.46 (22.8)
22.38 (19.4)
28.02

16.59 (23.6)
21.81 (31.4)

28.22

17.87 (22.4)
23.04 (28.3)

26.21
Phosphate
Met-1 and GIn-120

Ry (%) (outer shell)

A?)

Riee (%) (outer shell)

Mean temperature B-factor (

Active site complex

Native
Met-1, Leu-55, Pro-56, Glu-57, and GIn-120

Acetate
Met-1 and GIn-120

0.667

0.684

0.673

Residues missing due to poor density
Correlation coefficient after MR?

Ry after MR

J. BACTERIOL.

0.381

NA

0.373

0.377

“ UK, United Kingdom.

® MR, molecular replacement.
¢ NA, not applicable.
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FIG. 1. Sequence alignment of RR02rec from S. pneumoniae and two other members of the YycF family from S. aureus and B. subtilis. The
high degree of sequence similarity within this family can be seen, with over 60% of residues being identical. The linker region between the receiver
domain and the effector domain shows little or no similarity. The secondary structure elements of RR02rec are shown above the alignment. The
alternating pattern of helices and strands seen in all RR structures is shown. This figure was created using MultAlin (12) and ESPript (22).

RESULTS AND DISCUSSION

All coordinates have been deposited in the Protein Data-
bank (PDB) (6) (see Table 2 for PDB code numbers).

Structure of RR02rec. The structure of RR02rec was solved
by the SAD method from a single crystal of a xenon derivative
of RR02rec. The electron density after solvent flattening al-
lowed automatic chain tracing of almost the entire molecule.
The RR02rec-PO, complex described in this paper was refined
to 1.7 A with crystallographic R of 0.177 and R;,.. of 0.230,
respectively, the RR02rec acetate complex was refined to 1.92
A, and the high-resolution native was refined to 1.85 A with the
statistics shown in Table 2. Binding of the ligands causes a
dramatic change in the position and orientation of the B3-a3
loop, which are discussed below. The overall crystal structure
of RR02rec is a homodimer, with each monomer adopting the
conventional doubly wound five-stranded o/f motif found in
many RR receiver domains to date (49) (Fig. 1). Two helices
(a1 and «5) are found on one side of the centrally located,
parallel B-sheet, and three helices (a2, a3, and a4) are found
on the opposite side (Fig. 2).

RRO2rec dimer interface.Examination of the crystal packing
revealed the occurrence of a major interface between the
RRO02rec domains. In the case of RR02rec pH 5.7, this inter-
face buries 995.06 A2 from the solvent as a result of dimer
formation through a crystallographic twofold axis; this corre-
sponds to 15.4% of the overall surface area of the monomer
(28, 29). A crystallographic dimer is also observed in the re-
cently described structure of PhoP (7); in the case of PhoP, the
dimer utilizes two distinct faces, the a2-a3-a4 face of one
molecule interacting with the a4-B5-a5 face of the second
molecule. In RR02rec, the dimer is formed through interac-

tions utilizing the a4-B5-a5 face of the two molecules. Analysis
of the residues involved in the dimer interface reveals two salt
bridges observed between Asp-97 and Arg-111 (2.94 A), Asp-
96, and Arg-118 (3.18 A) as well as a number of hydrogen
bonds and hydrophobic interactions. At the center of the in-
terface we see the residue Arg-111; this is the only positively
charged residue within a group of negatively charged residues
(between Asp-97 and Glu-107) from each monomer which
shield the salt bridge between Arg-111 («5) and Asp-97 (a4-B5
loop) from bulk solvent.

RRO2rec active site. The active site of RR02rec has several
conserved residues that are expected to play a role in the
function of the protein (27, 45, 49, 56). Most importantly, the
site of phosphorylation, Asp-52, is located in a cleft formed by
loops 1 (Asp-9 and Glu-10), 3 (Phe-33 and Asn-34), and 5

FIG. 2. Ribbon diagram of the dimer seen in the crystal structure.
Figures were created using MOLSCRIPT (32), BOBSCRIPT (17), and
Raster3D (39).
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FIG. 3. Close-up stereo views of the active site of RR02rec showing
several conserved residues of the RR family. (a) Position of the P; ion
outside the active site. (b) Acetate coordinated in the active site mim-
icking the role of a P; ion. (c) Native RR02rec structure. Final 2FoFc
maps contoured at 2 sigma. Figures were created using MOLSCRIPT
(32), BOBSCRIPT (17), and Raster3D (39).

(Leu-53 to Asp-59). The carbonyl oxygens of Leu-53 and
Pro-56 (loop 5) hydrogen bond to the amide nitrogens of
residues Gly-60 (helix a3) and Gly-34 (helix «2). Both of these
interactions help to maintain the structural conformation of
the active site cleft.

In the native structure, Asp-52 establishes a characteristic
hydrogen bond with a lysine residue found at the N terminus of
the B5-a5 connecting loop (Lys-101) at a distance of 2.8 A. In
the complex structures this lysine residue interacts with an
acidic residue found on the Bl-al connecting loop Glu-10
(phosphate) and Asp-8 and Glu-10 (acetate).

(i) INXP: phosphate ion outside the active site at pH 5.9. In
this structure, electron density is observed for the flexible loop
region. In this case, the P; ion is found outside the active site
between a2 and o3 (Fig. 3a). Asp-52 has rotated around and is
orientated differently from the orientation seen in the native

J. BACTERIOL.

structure. The P; ion present is too far away to be covalently
bound to the side chain of Asp-52, but a strong hydrogen bond
occurs between the Asp-52 side chain O3' and the oxygen
atom P; O4 at distance of 2.2 A. Although this represents a
short distance between the oxygen of the phosphate ion and
the oxygen of Asp-52, previous structures have shown short
distances of 2.3 A (methionine adenosyltransferase 1090) and
2.4 A (colicin immunity protein E9 1BXI); this model has an
estimated coordinate error of 0.178 A. The side chain of
Asp-52 also makes a further three hydrogen bonds with the
amide nitrogens of Asp-9, Leu-53, and Met-54 (2.8, 3.0, and 2.9
A, respectively). The P; ion oxygen atom (O4) makes a further
three interactions with the carbonyl oxygen of Asp-52, the
amide nitrogen of Met-54, and the amide nitrogen of Leu-55 at
respective distances of 2.66, 2.91, and 2.89 A. The loop is also
seen to make an additional three crystal contacts (not observed
in the native or acetate structures). These are Pro-56 Cp-Arg-
106 NH2 (2.68 A), Glu-57 OE1-Pro-102 CG (2.70 A), and
Ile-58 CD1-Val-88 CG1 (2.89A), which may play a role in
stabilizing the loop in this conformation.

With a phosphate ion in the structure, the position of the
B3-a3 loop adopts a conformation different from that seen in
the native structure. This movement of the loop causes the
active site cleft to be covered, closing the active site and al-
lowing the formation of a bond between the carbonyl oxygen of
Tle-58 and the amide nitrogen of Glu-62 (2.99 A). This con-
formational change causes the helix a3 to become elongated by
one residue and Asp-59 to become reoriented towards the
active site and no longer to the bulk solvent (Fig. 4). With the
loop in this position Ile-58 becomes the cap for helix a3.

(i) INXW: acetate at pH 6.9. In this structure, clear density
is observed within the active site that has been assigned as an
acetate molecule. Two oxygens from the acetate molecule
make contacts with Lys-101 NZ (2.85 A) and water 49 (2.52 A)
(Fig. 3b). OXT of the acetate makes contacts to two main
chain amides, Leu-53 (2.83 A) and Met-54 (2.79 A). The re-
maining stabilizing bond occurs between Ser-79 Ovy and the
OXT of the acetate (3.0 A). In this structure electron density
is observed for the B3-a3 loop (which forms a gamma turn),
with the residues within the loop making several stabilizing
interactions: (i) Leu-53 carbonyl oxygen is hydrogen bonded to
Gly-60 amide nitrogen at a distance of 2.82 A; (ii) Met-54
carbonyl oxygen interacts with Asp-9 O3' (2.75 A); and (iii)
Pro-56 carbonyl oxygen interacts with Ile-58 amide nitrogen
(2.63 A), while (iv) Glu-57 is involved in a crystal contact with
Lys-23 (2.57 A).

(iii) INXO: native. In this structure Asp-52 forms a salt
bridge with Lys-101 O3'-NZ (2.82 A) and 082-NZ (2.65 A).
In this native structure, three residues (Leu-55, Pro-56, and
Glu-57) within the 33-a3 loop region are disordered (Fig. 3c).

Conformational changes. In the previously determined RR
structures of CheY (35), FixJ (8), and SpoOF (21), the activat-
ing mechanism has shown to involve the movement of an
aromatic residue (Tyr/Phe) which rotates inwards and replaces
a hydroxyl-containing residue (Ser/Thr) upon phosphorylation.
This reorientation of these two key residues was observed on
activation of CheY (by BeF;) and has been termed the “active
conformation.” The crystal structures presented here suggest
that RR02rec is able to adopt this active form in a phosphor-
ylation-independent manner (in that we do not observe Tyr-98
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FIG. 4. (a) Overlay of two of the structures presented in this paper (acetate in yellow and P; in green). (b) Stereo view showing the 83-a3 loop
and residues 56 to 63. The orange ribbon represents the structure of acetate-coordinated RR02rec, and the purple ribbon represents the phosphate
coordinated outside the active site. Figures were created using MOLSCRIPT (32), BOBSCRIPT (17), and Raster3D (39).

in a solvent-exposed conformation but only see it buried within
the molecule between residues Met-77 and Lys-87, where it
makes a hydrogen bond with the carbonyl oxygen of Lys-81).
With the aromatic residue in this position it causes a shift in
the hydroxyl group of Ser-79 and forces it to rotate towards the
active site. If the aromatic residue were not in this position it
would be impossible for the protein to form a dimer, as Tyr-98
would clash with Glu-107 and Arg-111. The activation of this
form in a phosphorylation-independent manner was also ob-
served in the structure of Repl (24), for which it was proposed
that activation was induced by the high-level ionic strength of
the crystallization buffer (>3.2 M [NH,],SO,).

In RROZrec this may not be the case, as all structures were
determined using crystals grown in concentrations of NaCl not
exceeding 150 mM. We propose that the conformation of
Tyr-98 and Ser-79 seen in RR02reca is concentration depen-
dent rather than phosphorylation dependent. The effect of
concentration on the oligomeric state of RR02rec has been
investigated using dynamic light-scattering techniques (Table
3). The RRO2-rec protein was used at various concentrations
(1 to 15 mg/ml) both in phosphate and Tris-HCI buffer. The
scattering of the protein solution was measured at 20°C, and at

TABLE 3. Dynamic light-scattering results using RR02rec at two
different concentrations (see the supplemental material)

RRO2rec
conen Diffusion Radius . . Calculfited Base SOS
(mg/ml) coefficient  (nm) Polydispersity mass line error
(with or (kDa)
without P;)
2 1,048 1.5 0.4 14 1.004 14.651
2(+ Py 1,111 1.4 0.4 14 1.002 12.132
10 806 2.5 0.4 30 1.003 10.532
10 (+ Py) 876 2.5 0.4 30 1.003 10.789

“ At the lower concentration of 2 mg/ml we see the presence of a 14-kDa
species which we have assigned as the monomeric species in solution, both with
and without the presence of phosphate, while at 10 mg/ml we see only the
presence of a 30-kDa species, both with and without P;, which we have assigned
as the dimeric species of RR02rec.

least 10 data points were collected for each sample. The data
were analyzed using DynaPro software. The results of these
experiments (both with and without the presence of phosphate
in the form of phosphate-citrate buffer) show that at low-level
protein concentrations (less than 2 mg/ml), the only species
present in solution is the monomeric form of RR02rec. When
the concentration of the protein is increased to 10 mg/ml (the
concentration used in crystal trials), the presence of a dimeric
species is observed. Increasing the concentration still further
(greater than 10 mg/ml) we see the presence of higher-order
oligomers. These experiments have been confirmed by prelim-
inary analytical ultracentrifugation experiments (data not
shown). When a protein solution of 1 to 2 mg/ml was used, the
technique revealed the presence of a monomeric species alone,
while using solutions of 5 to 10 mg/ml we observed a dimeric
species. Higher concentrations revealed an equilibrium be-
tween dimeric, tetrameric, and octameric forms. Further work
is necessary to confirm these results in solution (both with and
without phosphate).

Superimposition (using LSQKAB) (30) of the four RR02rec
structures reveals a large shift in the positioning of the B3-a3
connecting loop (Leu-53-Asp-59) (Fig. 4a) dependent on the
presence and positioning of the acetate-phosphate in the pro-
tein. In the acetate complex the loop region is in an open
conformation with respect to a cleft leading into the active site
formed by a3 and o4 (Fig. 4b). With no ligand present, the
loop acts as a lid, closing this region. This closed conformation
is also found in the structure containing a phosphate ion out-
side the active site in a cleft formed by a2 and a3. While none
of the structures of RR02rec have a phosphate covalently
bound to Asp-52, a comparison of the structure of RR02rec
with acetate in the active site with the phosphate-bound struc-
ture of Spo0OA (N-SpoOA~P) (36) shows that the protein
adopts a similar conformation. A similar comparison of the
structure of RR02rec with the structure of the phosphate
found outside the active site shows the loop region in a con-
formation comparable with that of the unphosphorylated
N-Spo0OA (37).
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FIG. 5. Stereo diagrams of the Ca traces of RR02rec. The native
form (shown in red) and PhoB (in green) (PDB code 1B00) (48), DrrD
(in blue) (PDB code 1KGS) (10), DrrB (in purple) (PDB code 1P2F)
(46), and PhoP (in yellow) (PDB code 1IMVO) (7) are shown. Super-
imposition and RMSDs were performed using the CCP4i program
LSQOKAB (30). Figures were created using MOLSCRIPT (32),
BOBSCRIPT (17), and Raster3D (39).

Comparison of RR02rec with previously solved OmpR/PhoB
RR receiver domain structures. The regulatory domains of
PhoB, PhoP, DrrD, DrrB, and RR02 share a high degree of
sequence similarity. Figure 5 shows the Ca trace of the super-
imposition of the native protein with the receiver domains of
PhoB (E. coli), PhoP (B. subtilis), DrrD (Thermotoga mari-
tima), and DrrB (T. maritima). Superposition of the central
five-strand sheet from RRO2rec and the structure of DrrD
indicates that although the secondary structures appear to oc-
cupy very similar positions, the overall root mean square de-
viation (RMSD) for all atoms is 2.9 A whereas the area con-
taining the a4 helix and the B4-a4 loop shows most variability
(with a maximum RMSD of 4.4 A). This was also the case for
DrrB (RMSD, 3.1 and 6.5 A), PhoB (RMSD, 2.9 and 5.9 A)
and the receiver domain of PhoP (RMSD, 2.9 and 6.0 A).

We have observed at low-level protein concentrations (less
than 2 mg/ml) that RR02rec is a monomeric protein in solu-
tion. However, when the concentration is increased to more
than 5 mg/ml we see the formation of dimers. We observe in
the crystal structures an interface between two RR02rec mono-
mers that causes 995 A2 to be shielded from solvent. The
extent of the interacting surfaces is similar to those described
for CheY and CheA (55), the homodimer formed by phos-
phorylated FixJN (8), and the asymmetric dimer seen in PhoP
(7) The dimer formed by RRO02rec is formed through twofold
symmetry and involves the a4-B5-a5 regions of two monomers.
The formation of higher-order oligomers has been shown by
dynamic light-scattering experiments. These oligomers must
form by interactions other than those occurring through the
a4-B5-a5, although this has yet to be shown experimentally.
The presence of acetate within the active site and of a phos-
phate ion outside the active site results in a dramatic shift of
the B3-a3 loop, with the position of residue Pro-56 moving
over 5.2 A. This shift in the loop which occurs when acetate is
bound in the active site causes the loop to move in such a way
that the active site is opened, allowing access to the phosphor-
ylatable residue Asp-52. When a P; ion is found in the RR02rec
structure we see that the accessibility of the active site is much
lower. Although there is a large shift in this loop region, we see
very little overall movement upon ligand binding over the
structure as a whole (as was seen in the CheY D13K mutant)
(26).

The structures presented here represent the first essential
RR from the YycF/G family. Although we do not see the

J. BACTERIOL.

presence of a cation within the active site (as has been seen
previously within other solved RRs), this is due to the lack of
Mg?" or Mn?" in the crystallization conditions. Further work,
which will involve crystallizing the protein in the presence of
cations such as Mg®" or Mn?* and also in the presence of a
phosphate mimic (i.e., BeF;) to produce an activated (phos-
phate-bound) form of this protein, is necessary to better un-
derstand this family of proteins.
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