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Spr1814 of Streptococcus pneumoniae is a putative response regulator (RR) that has four-helix helix-turn-
helix DNA-binding domain and belongs to the NarL family. The prototypical RR contains two domains, an
N-terminal receiver domain linked to a variable effector domain. The receiver domain functions as a
phosphorylation-activated switch and contains the typical doubly wound five-stranded o/ fold. Here,
we report the crystal structure of the receiver domain of spr1814 (spr1814g) determined in the absence
and presence of beryllofluoride as a phosphoryl analog. Based on the overall structure, spr1814z was
shown to contain the typical fold similar with other structures of the receiver domain; however, an addi-
tional linker region connecting the receiver and DNA-binding domain was inserted into the dimer inter-
face of spr1814g, resulting in the formation of unique dimer interface. Upon phosphorylation, the
conformational change of the linker region was observed and this suggests that domain rearrangement

between the receiver domain and effector domain could occur in full-length spr1814.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Bacteria sense and respond to a wide variety of signals through
a complex network of signaling systems, many of which are two-
component phosphotransfer pathways. These systems regulate
many processes, including nutrient uptake, sporulation, chemo-
taxis, virulence, quorum sensing, and cell adhesion [1]. In the sim-
plest form, a two-component system consists of two modular
proteins, a sensory histidine kinase (HK) and a response regulator
(RR) [2]. The HK phosphorylates at a specific His residue by itself,
then the phosphoryl group is transferred to a conserved Asp resi-
due in the N-terminal regulatory domain of the RR. The phosphor-
ylation event induces the activation of the C-terminal effector
domain of the RR, which binds to specific DNA sequences in most
two-component systems, and regulates transcriptional initiation
[3]. The transcription factor RRs are further divided into subfami-
lies, including the OmpR/PhoB winged-helix domain [4,5], the
NarL/Fix] four-helix helix-turn-helix domain [6,7], the NtrC/DctD
AAA + ATPase domain fused to a factor of inversion (Fis)-type
helix-turn-helix domain [8], and the recently characterized LytTR
domain, which contains an unusual, predominantly B fold [9]. In
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diverse RRs, different types of conformational change are found
to occur upon phosphorylation. Phosphorylation can promote the
dimerization (StyR [10] and PhoB [11]), and induce a higher
oligomerization state (NtrC [12]). Moreover, it has been suggested
that the NarL/Fix] family is activated by phosphorylation-induced
domain rearrangements disrupting the inter-domain contacts
[13,14].

The spr1814 from Streptococcus pneumoniae belongs to the
NarL/Fix] family based on similarities of the effector domains,
and it has been predicted to regulate the neighboring ABC
transporter, which regulates antibiotic transport with its cognate
histidine kinase. The structures of receiver domains have been
solved for several RRs and the structures exhibit a doubly wound
five-stranded o/ fold. The conserved Asp residue located in the
C-terminal edge of the B3 strand is the phosphorylation site of
the receiver domain and the phosphoryl group is stabilized by
the divalent cation, Mg?*.

In this report, we present the crystal structures of the receiver
domain of response regulator spr1814 from Streptococcus pneumo-
niae (spr1814g) complexed with and without the phosphoryl ana-
log beryllofluoride (BeF;) at a resolution of 2.2 and 1.9A,
respectively. Although the structure of spri814z had a similar
overall fold with other receiver domain structures, there was a
unique additional linker region (residues 121-130) connecting
the receiver and effector domains. The comparison between
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Table 1

Data collection and refinement statistics.
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Native

BeF; complex

Data collection

Space group

Cell dimension (A)
Resolution range (A)
Total reflections
Unique reflections
Redundancy
Completeness (%)

: Rmerge (%)

<I/o(l)>

Refinement

> R/Rfree (%)

RMS deviation of
Bond length (A)
Bond angle (°)

No. of atoms
Protein/waters

In Ramachandran plot
Most favored (%)
Additionally allowed (%)

P2,
a=52.87, b=44.95, c=59.3, f=98.98
50-2.2 (2.20-2.24)

P2,2:2
a=75.84, b=83.98, c = 49.51
50-1.9 (1.90-1.97)

68.349 248.110
13.021 25.704

5.2 (3.0) 9.7 (5.9)
91.6 (64.6) 99.6 (98.4)
4.0(12.3) 8.4 (32.5)
475 (6.9) 19.0 (2.5)
21.4/27.3 18.6/22.6
0.009 0.008

12 1.1

261/33 262/274
95.3 97.3

3.9 1.9

Values in parentheses are for the highest resolution shells.

? Rmerge = Y nkiillhti = <Inki>|[>_nkii Inkii, Where I represents the observed intensity,<I> represents the average intensity, and i counts through all symmetry-related reflections.

> R=S"Fobs| — |Featcll/32|Fobs|, Where Rgee is calculated for a randomly chosen 5% of reflections, which were not used for structure refinement.

inactivated and activated states of spr1814i shows the structural
perturbations at the dimer interface, including linker region, and
this result indirectly indicates that rearrangement between two
domains could be triggered to activate the effector domain of
spr1814.

2. Materials and methods
2.1. Cloning, overexpression and purification

Residues 1-130 of spr1814 were cloned from S. pneumoniae
genomic DNA by the polymerase chain reaction (PCR) and inserted
into the Ndel/Xhol-digested expression vector, pET28a vector
(Novagen). The expression construct introduced a hexa-histidine
tag at the N-terminus. The constructed plasmid was transformed
into Escherichia coli strain BL21 (DE3) cells for expression. Trans-
formed cells were cultured in Luria-Bertani (LB) medium contain-
ing 50 ugml~! kanamycin at 37 °C. Protein expression was induced
by the addition of 0.5 mM isopropyl-B-p-1-thiogalactopyranoside
(IPTG) once the cells had reached an optical density at 600 nm of
about 0.45. The cells were then grown for an additional 12 h at
18 °C and harvested. Cells were resuspended in buffer A (20 mM
Tris—HCI, pH 7.9, 500 mM Nacl, 5 mM imidazole) and lysed by son-
ication. Lysate was centrifuged for 45 min at 20,000g. the soluble
fraction was loaded onto a Ni%*-charged chelated HiTrap chelating
HP column (GE Healthcare) equilibrated with buffer A. The protein
was eluted with a linear gradient of buffer A containing 1 M imid-
azole. The protein was purified to its final state by gel filtration on
a HiLoad 16/60 Superdex 200 column (GE Healthcare,) that had
previously been equilibrated with buffer B (20 mM Tris-HCI, pH
7.9, 200 mM NacCl, 5 mM MgCl,, 10% glycerol). The protein was fi-
nally concentrated using an Amicon Ultra-15 ultrafiltration device
(Millipore) to 10 mg ml~!. The protein concentration was deter-
mined using a Bradford assay.

2.2. Crystallization, data collection and structure determination

Spr1814g was subjected to screening for crystal growth using
the sitting-drop vapor-diffusion method (0.5 pul protein solution

and 0.5 pl reservoir solution equilibrated against 50 pl reservoir
solution). All crystallization trials were performed at 22 °C. Crystals
were obtained in buffers consisting of 0.1 M Tris-HCI, pH 8.0 and
28% PEG 4000. Crystal growth was scaled up using the hanging-
drop vapor-diffusion method in 24-well VDX plates (Hampton
Research, USA). Each hanging drop was prepared by mixing 1 pl
protein solution and 1 pl reservoir solution and equilibrated over
a 500 pl reservoir solution. For cocrystallization with BeF; the
protein solution was mixed with 30 mM NaF and 5 mM BeCl,.
The BeF; complex crystals were obtained under the same
conditions that produced native crystals.

X-ray diffraction data were collected on beamline 6C at the
Pohang Light Source (Pohang, South Korea). Both crystals were
cryo-protected by the introduction of 20% (v/v) ethylene glycol,
and frozen in liquid nitrogen for data collection. X-ray diffraction
data were collected to a resolution of 2.2 A from native crystals
and 1.9 A from BeF; complex crystals. All data sets were indexed,
processed and scaled using the HKL-2000 software package [15].

The crystal structure was solved by the molecular-replacement
method using the MOLREP program in the CCP4 package [16] with
the putative DNA binding response regulator of Staphylcoccus aur-
eus (PDB ID: 3B2N) [17] as a search model. The space group of na-
tive structure was a monoclinic P2; and the space group of BeFk;
complex structure was P2:2:2;. The refinement was performed
by phenix.refine [18] and the model was rebuilt with the Coot
[19]. The final model of the native structure contained one dimer
and two Mg?* ions and the final Reryst and Rree Values were 21.4%
and 27.3%, respectively. The final model of the BeF; complex struc-
ture also contained one dimer, two Mg>" ions, and two BeF; and
the final Reyse and Rgee Values were 18.6% and 22.6%, respectively.
The stereochemical quality of all the final models as assessed by
PROCHECK [20] was excellent. The data-collection and final refine-
ment statistics are given in Table 1.

2.3. Protein data bank accession number
The atomic coordinates and structure factors of native and BeF;

complex structure have been deposited in the Protein Data Bank,
http://www.rcsb.org/pdb (PDB ID codes: 4E70 and 4E7P).
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Fig. 1. (a) The overall structure of spr1814g in the activated state. The bound Mg?* ions and phosphoryl analog beryllofluoride (BeF; ) are presented using a sphere and stick
model, respectively. The o helices and B strands are colored as cyan and yellow, respectively. The linker region (residue 121-130) connecting the receiver and DNA-binding
domains, is highlighted in red. (b) The overall structure of spr1814g in the inactivated state. The bound Mg?" ions are shown as spheres. The o helices and B strands are colored
as green and yellow, respectively. The linker region is highlighted in red. (c) Sequence alignment of the receiver domains. Completely conserved residues are shown in black
boxes with white characters. Secondary structure elements of spr1814g from S. pneumoniae are labeled above the sequence. Residues that participate in phosphorylation are
indicated by magenta diamonds. The green triangles and cyan triangles indicate the residues that participate in the dimer interface through hydrophobic interaction and salt
bridges, respectively. The conserved aspartic acid residue is indicated by yellow star. NarL, PDB ID: 1RNL; Fix], PDB ID: 1D5W; DosR, PDB ID: 3C3W; CheY, PDB ID: 1FQW;
PhoB, PDB ID: 1ZES; PhoP, 2DL1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. Overall structures

The crystal structure of the receiver domain of spr1814
(spr1814g) was determined in the absence and presence of the
phosphoryl analog beryllofluoride (BeF;) at resolutions of 2.2 and
1.9 A, respectively. The spr1814g structure was shown to contain
the typical /B fold and a (Bat)s arrangement was observed in other
RRs, which had been built by five parallel § strands assembled in a
central B sheet with the B2p1B3p4p5 topology, where the sheet
was surrounded by five o helices (a2, 3, and o4 on one side,
and a1 and o5 on the other). There were two molecules in the
asymmetric unit of the activated and inactivated state forming a
dimer (Fig. 1a and b). The Mg?* ion was observed in both the inac-
tivated and activated state. The amino acid sequence of the
spr1814g is shown in Fig. 1c, along with locations of o helices
and B strands observed in this crystal structure analysis. Although
spr1814 shares low sequence similarity with response regulators,
which were structurally identified in previous reports, the residues
corresponding to phosphorylation site were well conserved.

In the predicted secondary structure of spr1814, a linker region
connecting the receiver and DNA-binding domains was observed

and was predicted to contain 20 residues, including one alpha he-
lix. In the structure of spr1814g, the part of the linker region (res-
idues Gly121-Glu130) was observed in both the inactivated and
activated states (Fig. 1a and b). This region contained a unique
structure that was not observed in other the receiver domain struc-
tures. The linker region was inserted into the o4-p5-o5 interface
and contributed to dimerization. Upon phosphorylation, remark-
able conformational changes in the dimerization surface, which
was composed of an a4-B5-05 interface and the linker region, were
observed.

3.2. Dimer interface

A majority of the dimerization interfaces characterized to date
within the receiver domain were in the a4-85-0/4 region. The inac-
tivated and activated states of spr1814i formed a dimer in the
same manner using the same o4-p5-a5 interface. In many RR
response regulators, such as Fix] [21], SpoOA [22], and most of
the OmpR/PhoB subfamily RRs from E. coli, phosphorylation medi-
ates dimerization of the receiver domains, which is thought to pro-
mote DNA binding and transcription activation. Therefore, the
dimer formation of the inactivated state of spr1814z may be the
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Fig. 2. Superposition of the dimer interfaces from active spr1814R (light pink) with active the receiver domains of Fix] (light orange) and PhoB (lime). The linker region of
spr1814g is highlighted by magenta, and the residues that participate in the dimer interactions are presented as a stick model. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

L=
Lys103

Fig. 3. (a) Close-up view of the phosphorylation site. The activated and inactivated states of spr1814y are colored as white and cyan, respectively. The residues that
participate in the phosphorylation are shown as stick model. The bound Mg?* ions and phosphoryl analog beryllofluoride (BeF; ) are presented as a sphere and stick model,
respectively. (b) Comparison of the dimer interface between the inactive and active state of spr1814. The structures of inactive and active states of spr1814g are colored as
green and cyan, respectively. The Glu104 which shows the remarkable conformational change is highlighted by red arrow. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

result of the high protein concentrations, which was similar to the
receiver domain of PhoP [23].

In the receiver domain structure of Fix], the dimer interface was
provided by the helix o4 and strand B5 from each receiver domain.
The dimer interface was formed through mainly hydrophobic
interactions by Val87, Pro88, Ala90, Val91, Met94, and Val99, and
there was only one salt bridge between Lsy95 and Asp100 [14].
In the receiver domain structure of PhoP, Val88, Leu91, and

Ala110 also comprised the hydrophobic patch and six residues
(Lsy87-Glu107, Asp96-Arg118, and Asp97-Arg111) participated in
salt bridges [23]. In the same manner, the dimer interface of
spr1814g was also formed by hydrophobic interactions. The pro-
tein—-protein interface involved van der Waals interactions, which
were provided by the side chains of Phe89, Val93, Tyr124, and
Met129, and only polar interaction that was due to the formation
of salt bridges between Glu119 in one protomer and Arg121 in



Ae Kyung Park et al./Biochemical and Biophysical Research Communications 421 (2012) 403-407 407

the second protomer. Although, spr1814g dimerizes using the o4-
B5-a5 interface, it had a unique feature when compared with the
other structures. A part of the linker region, including the a6 helix,
was inserted into the dimer interface, therefore this linker region
also contributed to dimerization (Fig. 2). In contrast to the other
structures, where the residues participating in the dimer interface
resided in the o4-p5-a5 face, for spr1814, all residues, except
Phe89 and Val93, which were locate in the o4 helix, were located
in the linker region. In spr1814g, the linker region plays an impor-
tant role in the dimer interaction, which was not observed in other
reported structures.

3.3. Conformational changes upon phosphorylation

The active site of spr1814g, in addition to the site of phosphor-
ylation, an Asp53 in the loop following B3, contained two addi-
tional Glu7 and Asp8 residues that coordinated an essential Mg?*
ion, and a conserved Lys103 residue that formed a salt bridge with
the phosphate in the activated domain. The conformations of the
conserved active-site residues in the active form of spr1814 were
similar to those of equivalent residues in other activated receiver
domain. The density of the Mg?* and BeF; complex noncovalently
bound to Asp53 is clearly seen in the electron density map of the
BeF; complex structure, and binding of the BeF; induced no signif-
icant conformational changes in the conserved residues (Fig. 3a).
The Mg?* was coordinated with the fluoride atom 1 (F1) from
BeF; the side chain carboxyl oxygens of Asp8 and Asp53, and the
main chain carbonyl oxygen of Glu55. The two water molecules
were liganded to the metal ion, which displayed perfect octahedral
coordination. The conserved Lys103 was found to be involved in
salt bridges with Glu7 and F3 of BeF; Upon phosphorylation, the
conserved Thr81, which was located at the C-terminal end of B4,
was in an inward orientation and formed a hydrogen bond with
the F2 of BeF; which was oriented away from the active pocket
in the inactivated state. The rotation of Thr81 was accompanied
by a rotation of the backbone N of the next residue Thr82, which
formed a hydrogen bond with F3. Then, Phe83 filled the cavity left
by the Thr81 reorientation. The conformational changes of the two
conserved switch residues (Thr81 and Phe83) upon phosphoryla-
tion at the active site induced structural perturbations at the distal
a4-B4-o5 surface, which mediated the dimer interface.

When the root-mean-square deviations (RMSD) between the
activated and inactivated state of spr1814y was calculated, the
highest RMSD values was achieved in the two loop regions (p4-
o4 and B5-a5, specifically Arg85 and Glu104), which formed the
dimer interface and showed the largest structural perturbations
upon phosphorylation at other receiver domains (Fig. 3b). In the
inactivated state, NH1 of Arg85 was found to be hydrogen bonded
with OH of Tyr88 and NH2 of Arg105 was hydrogen bonded with
0G1 of Thr113. Upon phosphorylation, the above two interactions
disappeared, whereas two salt-bridges were generated. The Glu104
showed a remarkable conformational change and the interactions
between Glu104-Lys84 and Argl05-Glu127 were main forces
driving the structural perturbations upon phosphorylation. Among
them, the interaction between Arg105 and Glu127 was determined
to be a unique feature in regards to the interaction with the recei-
ver domain and linker region. The comparison between inactivated
and activated structures showed that phosphorylation induced
structural perturbations at the dimer interface, including the linker
region, which can cause domain rearrangement.
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