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Spr1814 belongs to the NarL/Fix] subfamily of signal transduction response regulators (RR), and has been
predicted to regulate the neighboring ABC transporter, which translocates antibiotic molecules in Strep-
tococcus pneumoniae. Here, we report the crystal structure of full-length unphosphorylated spr1814 at
1.7 A resolution. The asymmetric unit contains two spr1814 molecules, which display very different con-
formations. Through comparisons with other RRs structures, we concluded that one molecule adopts a
general inactive conformation, whereas the other molecule adopts an intermediate conformation. The
superposition of each molecule showed that rotational change of the effector domain occurred in inter-
mediate conformational state, implying that domain rearrangement could occur upon phosphorylation.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Two-component systems (TCSs) are signaling pathways which
allow organisms to perceive and respond to a wide variety of envi-
ronmental stimuli, including nutrient uptake, sporulation, chemo-
taxis, virulence, quorum sensing, and cell adhesion [1]. Typical
TCSs consist of a membrane-bound signal-sensing protein histidine
kinase (HK) and a cytosolic cognate response regulator (RR) protein
[2]. In the presence of extracellular stimuli, HKs catalyze a transfer
of the phosphate group to a receiver domain of cognate RR. Usually
phosphorylated RRs function as transcription factors inducing the
expression of target genes [3]. RR transcription factors can be
classed into subfamilies based on their structural similarity within
their DNA-binding effector domains. Spr1814, the RR studied here,
belongs to the NarL/Fix] subfamily, which is characterized by a he-
lix-turn-helix (HTH) DNA-binding domain, and accounts for
approximately 19% of all response regulators [4-6].

Until now, there have only been three full-length structures of
NarL/Fix] subfamily identified, and all of them were crystallized
as unphosphorylated form [4,7,8]. Although they share a similar
overall structure in terms of their receiver and effector domains,
different contacts between domains have been observed. The most
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extensive interdomain interactions were found to occur in NarL
and DosR in two very distinct manners, but few contacts were ob-
served in StyR [4,7,8]. The structure of unphosphorylated full-
length spr1814 also displays interdomain contacts, but its arrange-
ment is totally different from above three structures. Spr1814
exhibits relatively moderate contacts, that only one helix from
each domain participates in during domain contacts. Although
structural information of RRs, which belong to the NarL/Fix] sub-
family, has suggested that individual RRs exhibit unique domain
organization, they are proposed to be activated by domain rear-
rangements disrupting the interdomain contacts [2,4]. In this re-
spect, our previously reported structure of the N-terminal
receiver domain of spr1814 emphasized the role of the linker re-
gion in phosphorylation-induced domain rearrangement [9]. A
comparison of structures with the presence and absence of the
phosphoryl analog beryllium fluoride (BeF;) revealed that the lin-
ker region underwent a conformational change that could have an
effect on the interaction between two domains upon phosphoryla-
tion. However, a detailed understanding of the regulation mecha-
nism of RRs is limited due to the lack of structural information of
full-length phosphorylated RRs.

In this report, we determined the crystal structure of full-length
unphosphorylated spr1814 at 1.7 A resolution. Spr1814 contains
two molecules per asymmetric unit in solution. In many RRs, phos-
phorylation mediates dimerization of the receiver domains, which
is thought to promote DNA binding and transcription activation
[10,11]. In this respect, the dimer formation of the inactivated state
of spr1814 may be the result of the high protein concentrations.
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Therefore, unphosphorylated spri814 will be considered as a
monomeric protein in this work. Two monomers of spr1814 had
different conformations and comparison between them revealed
that there was a rotational change of the effector domain of one
monomer (molecule B), resulting in a loosening of the interdomain
contacts. The active-like conformation of phosphorylation site in
the receiver domain triggers domain reorganization in molecule
B, therefore, we postulate that molecule B is an intermediate state.
From a structural perspective, the conformational changes of the
molecule B have a meaning that it is the first structure in NarL/Fix]
family, revealing the domain reorganization, which could occur
upon phosphorylation.

2. Materials and methods
2.1. Recombinant protein expression, purification and crystallization

The heterologous expression of spr1814 (formerly known as
DesR), purification and crystallization were performed as previ-
ously described [12]. Briefly, spr1814 was purified from the culture
supernatant of transformed Escherichia coli BL21 (DE3). Following
purification, the crystals of spr1814 belonging to the space group
P2,2:2; were obtained by the hanging-drop vapor diffusion meth-
od at 22 °C; each drop was made up of a 1 ul protein solution
(18 mg/ml) [20 mM Tris-HCl pH 7.9, 200 mM NaCl, 2 mM DTT,
5 mM MgCl,, 10% glycerol] and a 1 pl reservoir solution [0.1 M so-
dium citrate tribasic dehydrate pH 5.0, 18% (v/v) Jeffamine ED-
2001 pH 7.0], and was equilibrated over a 500 pl reservoir solution.
For single-wavelength anomalous dispersion (SAD) phasing, the
selenomethionine-substituted (SeMet-substituted) protein was
cultured by growing the expression plasmid in E. coli B834 (DE3),
using the M9 cell culture medium containing extra amino acids.
Subsequent purification of SeMet-substituted spr1814 was identi-
cal to that described above for the native protein, except for the
presence of 10 mM B-mercaptoethanol in all buffers used during
the purification steps for protection from oxidizing of selenomethi-
onyl protein. The crystals of SeMet-substitute spr1814 were grown

under the same conditions of apo-crystal. Suitably sized crystals
were obtained within 3 d and were used for X-ray diffraction.

2.2. Data collection and structure determination

For cryogenic experiments, SeMet-substituted crystals were
soaked in mother liquor plus 25% (v/v) ethylene glycol and were
flash-frozen in a liquid-nitrogen stream. The diffraction data set
of SeMet-substituted crystal were collected on beamline 4A at
the Pohang Light Source (Pohang, South Korea) using an ADSC
Quantum 310 CCD detector. For the SeMet crystal, a total of 360
frames were collected with an oscillation range of 1°. Diffraction
data were collected at a single wavelength corresponding to the
peak (1=0.9798 A) of a selenium K-edge absorption profile, and
were indexed, integrated and scaled by using HKL2000 [13]. The
data-collection statistics are summarized in Table 1.

The structure of spr1814 was determined by the single-wave-
length anomalous dispersion (SAD) method using a SeMet-substi-
tuted crystal. The location of heavy atom positions, initial phase
calculations, phase improvements through density modification,
and initial maps, were calculated using the PHENIX program suite
[14]. In SeMet-substituted structure, a total of 14 selenium sites
in the asymmetric unit were determined, and the overall figure
of merit (FOM) was improved to 0.47, and automatically built
286 residues of 398 residues. Model building and refinement were
performed with Coot [15] and REFMACS5 [16]. At this stage a higher-
resolution native dataset was used for further refinement of the
apo structure. After several cycles of model building, simulated
annealing, positional refinement, and individual B-factor refine-
ment, the final Rfictor and Reee Values of the apo structure were
determined to be 19.8% and 24.1%, respectively. The final apo
structure contains one protein dimer, 400 amino acids residues,
and 244 water molecules. Structural validation by MolProbity
[17] suggests that 98.7% of protein residues fall in the most favored
region of the Ramachandran plot. The refinement statistics are
summarized in Table 1. All structural figures were generated using
PyMOL [18].

Table 1
Data collection and refinement statistics.
Spri814
Data collection
Native
Space group P2:2:24
Wavelength (A) 1.0000

Cell dimension (A)
Resolution range (A)
Total reflections

a=4691,b=71.38,c=117.73

50-1.7 (1.76-1.70)
340,515

Unique reflections 42,035
Completeness (%) 94.7 (67)
Rmergea (%) 6'5 (29'2)
Redundancy 8.1 (2.9)
(Ila(D)) 25(1.9)
Refimenet

Resolution range (A) 50.5-1.7
R/Rfree” (%) 19.8/24.1
No. of atoms protein/waters 400/244
RMS deviation of

Bond length (A) 0.001
Bond angle (°) 0.9

In Ramachandran plot

Most favored (%) 98.7
Additionally allowed (%) 13

SAD (peak)

P21212;

0.9798
a=46.81,b=71.46,c=117.63
50.0-2.6 (2.64-2.60)
100,448

12,538

97.1 (90.3)
8.5(21.2)

8.0 (4.9)

31.6 (6.3)

Values in parentheses refer to the highest resolution shell.

? Rmerge = Yo ill(h); = (I(h))|>°,> "I (h); is the intensity of reflection h, 3, is the sum over all reflections, and }_; is the sum over i measurement of reflection h.

bR= w where Ry is calculated for a randomly chosen 5% of reflections, which were not used for structure refinement.

[Fobs
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2.3. Protein data bank accession number

The coordinates of the structure together with the structure fac-
tors have been deposited in the Protein Data Bank (http://
www.rcsb.org/pdb) with the accession code of 4HYE.

3. Results and discussion
3.1. Overall structure

The structure of full-length unphosphorylated spr1814 was
determined by SAD phasing at resolution of 1.7 A. Like most RRs
[1], spr1814 is composed of two domains: the N-terminal receiver
domain (residues 1-119) exhibiting the classic o/p fold observed in
all RRs, and the C-terminal, effector domain (residues 141-199)
with a helix-turn-helix DNA-binding fold (Fig. 1A). The site of
phosphorylation is a conserved Asp residue (Asp53) located in
the C-terminal edge of the B3 strand. Spr1814 is categorized as a
member of the NarL/Fix] subfamily based on the homology of the
C-terminal domain. The two domains are connected by a flexible
linker region (residues 120-140) which is made up of an extended
loop and short o helix. Spr1814 shares low sequence similarity
with RRs, which were structurally identified in previous reports,
however, the residues corresponding to phosphorylation site were
well conserved. Although the overall structures of receiver and
effector domains of spr1814 are highly similar to those of NarL/Fix]
subfamily, there is one notable distinction. Spr1814 is comprised of
two monomers that have very different conformations. The super-
position of molecules A and B shows the slight change in the posi-
tion of Cot atoms in the effector domains (r.m.s.d. of 0.62 A). In
contrast to this observation, large conformational changes are ob-
served in the receiver domains, specifically two loop regions (p4-
o4 and B5-a5). Consequently, there is an approximately 74° rota-
tional change of the effector domain of molecule B with respect
to molecule A (Fig. 1B) [19]. This movement is achieved by a flex-
ible linker region, and this remarkable conformational change loos-
ens the interdomain contacts of molecule B.

3.2. Active sites

As mentioned above, receiver domain structures of molecule A
and B in unphosphorylated full-length spr1814 are not identical. In

detail, the phosphorylation site of spr1814 has two very different
conformations (Fig. 2). In general, the distinct rotameric states of
two highly conserved switch residues, Ser/Thr on B4 strand and
Phe/Tyr on B5 strand, are the most distinguishable characteristic
of the inactivated and activated states. In inactivated state, these
residues adopt outward positions which are oriented away from
the active site, on the other hand, in the active conformation, they
are oriented toward the active site, adopting inward positions [3].
The corresponding residues from spri814 are Thr81 and Phe83.
The above two residues of molecule A adopt the outward position
in a similar manner to other receiver domain structures of inactive
conformation. On the other hand, in molecule B, the conserved
switch residues adopt an inward position, which is regarded as
an active-like state, and the effector domain is somewhat released

Fig. 2. Superposition of the phosphorylation site from molecule (A) and (B) of
spr1814 (cyan and magenta, respectively) with inactive receiver domains of Fix]
(green, PDB 1DBW) [24] and SpoOA (olive, PDB 1DZ3) [25] and active receiver
domains of Fix] (orange, PDB 1D5W) [26] and SpoOA (purple, PDB 1QMP) [27]. The
side chains are shown for position ‘T81’ and ‘F83’, and D53 residue of spr1814 and
phosphorylated D54 of active Fix]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

(B)

Fig. 1. X-ray crystal structure of full-length unphosphorylated spr1814. (A) Representation of spr1814. The two subunits are distinguished by light blue and light pink
coloration, and the two linker regions are shown in blue and magenta. (B) Comparison of the effector domain between molecule A and B of spr1814. The only effector domain
was colored for clarity and the same color scheme used for (A) was applied. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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from the receiver domain in comparison with that of molecule A. In
the previous reports, it has been suggested that phosphorylation
triggers the release of the effector domain from the receiver do-
main in the NarL/Fix] subfamily [2,4,20]. Therefore, this has led
us to speculate that molecule B exhibits an intermediate state be-
tween inactive and active conformations.

Particularly, Glu55 shows remarkable conformational change in
both molecules (Fig. 3). The previous studies have reported that the
residue which is equivalent to the Glu55 in spr1814 is one of the
important determinants in modulating autodephosphorylation
rates by altering accessibility of the attacking water molecule to
the phosphoryl group [21,22]. In spr1814, it is suggested that
two different conformations of Glu55 in molecule A and B affects
the interdomain interactions resulting in a rotational change of
the effector domain of molecule B. The previous receiver domain
structure of spr1814 complexed with phosphoryl analog (BeF;) re-
vealed that (BeF;) interacts with side chains of Thr81 and Lys103,
which are conserved to be residues among RRs [9]. In the receiver
domain of molecule B of unphosphorylated full-length spr1814, in-
stead of (BeF;) Glu55 interacts with the above two residues to re-
tain their active-like conformations. In detail, the OE2 atom of the
Glu55 hydrogen bonded with the OG1 atom of the Thr81, and an
additional salt-bridge between the OE1 atom of Glu55 and the
NZ atom of Lys103 was also formed. On the other hand, Glu55
points toward the opposite direction in molecule A, and thus, it
is impossible for it to interact with the above residues. Instead,
Glu55 of molecule A interacts with Arg85 on B4-a4. Also, Arg85
of molecule A is sequentially connected to Glu188 on the o10 helix
of the C-terminal domain by a salt-bridge. As shown in Fig. 3, the
interaction connecting Glu55, Arg85, and Glu188 keeps the effector
domain of molecule A in order to tether to the receiver domain. On
the other hand, the lack of these interactions due to the differing
conformation of Glu55 in molecule B results in the released of

'
E188 ‘1.R91
ey /

m\‘ r/'

Fig. 3. Close-up view of the phosphorylation site and interdomain interface. The
molecule A and B are colored as cyan and magenta, respectively. Note that E55
shows remarkable conformational change in both molecules. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

the effector domain from the receiver domain. Furthermore, there
is an additional interaction which is only observed in molecule A,
of tightening a domain interaction between the oxygen atom of
Phe83, as a conserved switch residue, and NH1 atom of Argl135
in the linker region.

3.3. Domain interfaces

The interactions between the receiver domain, the linker region,
and the effector domain of spr1814 show a relatively moderate
interface in comparison with that of NarL and DosR. While the bur-
ied surface area (BSA) of NarL and DosR are 900 A% and 2500 A2,
respectively [8,23], the BSA of molecule A and B of spr1814 are
634 A% and 465 A2, respectively. The interdomain interactions of
spr1814 are mediated mainly by salt-bridges in both molecules
(Fig. 3). As mentioned previously, Arg85 in molecule A forms a salt
bridge with Glu188 on 10 helix. Despite the different conforma-
tions, Arg85 of molecule B contributes to the domain interactions
by forming a salt bridge with Glu195, which resides in the o10 he-
lix. The salt-bridge between Arg85 and Glu195 is the only intra-
side-chain interdomain interactions found in molecule B. On the
other hand, additional interactions were observed in molecule A.
The Glu188, which interacts with Arg85, also forms a salt-bridge
with Lys84 on p4-a4. Moreover, a further salt-bridge is formed be-
tween Arg91 on o4 helix and Glu195 on o10 helix. Taken together,
although the interdomain interactions between a4 and 10 helices
are maintained, regardless of their conformational states, the tight
interactions between the two domains that were observed in mol-
ecule A, were loosened in molecule B, which is regarded as an
intermediate state. This finding suggests that domain movement,
which causes the loosening of effector domain from receiver do-
main, could occur upon phosphorylation, and it could be achieved
by the conformational change of the flexible linker region.
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