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YfiBNR is a recently identified c-di-GMP regulatory system involved in bacterial biofilm formation. The
periplasmic protein YfiR inhibits the diguanylate cyclase activity of the inner membrane protein YfiN,
whereas YfiB in the outer membrane can release this inhibition by sequestration of YfiR. In addition, this
system may respond to anoxic conditions via YfiR, although the detailed mechanism is still unknown.

K_eywords-' Here we report crystal structures of Pseudomonas aeruginosa YfiR in the absence and presence of
Biofilm oxidative glutathione. Our structures reveal the overall folding of YfiR for the first time and demonstrate
zgﬁNR that YfiR exist as a dimer. Comparison of the two structures in different redox states revealed a broken/
c-di-GMP formation of one disulfide bond (Cys71-Cys110) and local conformational change around the other one
Disulfide bond (Cys145-Cys152). Mutagenesis studies indicated that Cys145-Cys152 plays an important role in main-
Redox taining the correct folding of YfiR.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Biofilms are adherent communities of bacteria within a self-
secreted extracellular matrix. Biofilms provide physical protec-
tion to pathogenic bacteria, facilitating evasion of the host im-
mune system and rendering antibiotics ineffective [1-3]. The
bacterial second messenger cyclic-di-GMP (c-di-GMP) is a positive
regulator of the biofilm lifestyle of bacteria [4,5]. c-di-GMP is
synthesized from GTP by diguanylate cyclases (DGCs), which
contain a GG [D/E]EF active site, and hydrolyzed to pGpG by c-di-
GMP-specific phosphodiesterases (PDEs), which contain either an
EAL or HD-GYP domain [5—8]. In gram-negative bacteria such as
Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae
and Yersinia pestis, a c-di-GMP signaling module called the YfiBNR
system [9—15], also referred to as AwsXRO [16,17] or Tbp [18], has
been identified and extensively characterized [9,11,12]. YfiN is
located in the inner membrane and contains a periplasmic PAS
domain and a cytosolic domain with presumable DGC activity
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[9,12]. YfiN is repressed by the specific interaction of its PAS
domain with the periplasmic protein YfiR [9]. YfiB is an outer-
membrane lipoprotein [16] that can activate YfiN by seques-
tering YfiR [9]. The c-di-GMP produced by YfiN increases the
expression of the Pel and Psl exopolysaccharides, resulting in an
small colony variant (SCV) phenotype characterized by surface
attachment [9]. Previous compensatory mutagenesis studies have
revealed that YfiR interacts directly with YfiN and that the resi-
dues involved in this interaction are located at the C-terminal
region of YfiR [11]. Although the detailed mechanism remains
elusive, the sequestration of YfiR and activation of YfiN may be
induced by a YfiB-mediated cell wall stress-sensing mechanism
[9,11,12]. In addition, a YfiB-independent regulation mechanism
has been proposed in which YfiR activates YfiN in response to the
redox status of the periplasm [11,19]. In gram-negative bacteria,
DsbA is the primary bacterial machinery catalyzing the formation
of disulfide bonds in the periplasm [20—23]. Deletion of DsbA
produces a strong SCV phenotype in both AyfiB and wild type P.
aeruginosa PAO1 but not a AyfiBNR strain [11], suggesting that
correct disulfide bond formation plays a role in the YfiR-YfiN
system independent of YfiB. Consistent with this observation, in
E. coli, the absence of a disulfide bonding system (DBS) including
DsbA and DsbB or the presence of DTT results in YfiR instability
[19]. There are four conserved cysteine residues in YfiR and none
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in the predicted periplasmic portion of YfiN, and thus misfolding
of YfiR caused by failed disulfide bond formation may induce the
activation of YfiN.

With the exception of the C-terminal GGDEF domain of YfiN
[12], no structural data are available for this system. In this study,
we solved crystal structures of P. aeruginosa YfiR in its non-oxidized
and oxidized states. The structure of the YfiR monomer is similar in
the two structures, however, the four conserved cysteine residues,
Cys71, Cys110, Cys145 and Cys152, are in different states. Cys71 and
Cys110 form a disulfide bond in the oxidized form but maintain
their free form in the non-oxidized YfiR structure. The Cys145-
Cys152 disulfide bond is well formed in both structures, but the
B5—P6 loop (141—149aa) where the Cys145 is located exhibits
different conformations.

2. Materials and methods
2.1. Protein cloning, expression and purification

P. aeruginosa YfiR (residues 35—190, lacking the predicted N-
terminal periplasm localization signal) was cloned into ORF1 of the
pETDuet-1 (Merck Millipore, Darmstadt, Germany) vector via the
BamHI and HindlIII restriction sites with a constructed N-terminal
Hisg and TEV cleavage site. Site-directed mutagenesis was per-
formed using the QuikChange kit (Agilent Technologies, Santa
Clara, CA) following the manufacturer's instructions.

Proteins were expressed in E. coli BL21-CodonPlus(DE3)-RIPL.
Protein expression was induced by adding 0.5—1 mM IPTG at an
0D600 of approximately 0.8. Cell cultures of wild type and mutated
YfiR were incubated for an additional 4.5 h at 37 °C whereas
Selenomethionine-substituted YfiR cell cultures were incubated at
16 °C for 18 h. The cells were then harvested by centrifugation and
stored at —80 °C.

Cell suspensions were thawed and homogenized using a high-
pressure homogenizer (JNBIO, People's Republic of China). The
proteins were first purified by Ni affinity chromatography and then
incubated with His6-tagged TEV protease overnight. The Hisg-TEV
protease and cleaved tag were subsequently removed by incuba-
tion with Ni-NTA resin. Finally, the proteins were purified using a
Hi-TrapS™ column (GE Healthcare) followed by a Superdex 200
(GE Healthcare) column. The purified fractions were collected and
concentrated to 40 mg/ml in 20 mM Tris—HCI pH 8.0, 200 mM Nadl,
frozen in liquid nitrogen and stored at —80 °C.

2.2. Crystallization and data collection

Crystal screening was performed by the sitting drop vapor
diffusion method using commercial screening kits (Hampton
Research, California, USA), and positive hits were optimized by the
hanging drop vapor diffusion method at 293 K. Selenomethionine-
substituted (SeMet) crystals of the YfiR protein were obtained and
optimized in 0.1 M HEPES pH 7.5, 1.8 M ammonium sulfate.
Oxidized YfiR crystals were obtained by soaking in 2 mM oxidative
glutathione for 20 h. For cryoprotection, the crystals were soaked in
2.5 M lithium sulfate monohydrate for a few seconds and then
flash-cooled in liquid nitrogen before data collection at a
synchrotron-radiation source. The methods of crystal screen,
optimization and the crystallization conditions of C110S were
totally the same with that of wild type YfiR. Diffraction data for
non-oxidized YfiR and the C110S mutant were collected on beam-
line BL17U at SSRF (Shanghai Synchrotron Radiation Facility), and
data for oxidized YfiR were collected at a home-source Rigaku FR-E/
VariMax X-ray generator. The diffraction data were processed using
the HKL2000 software program [24].

2.3. Structure determination and refinement

The non-oxidized YfiR crystal belonged to space group P432:2
with a dimer in the asymmetric unit. The structure was solved by
the Single-wavelength Anomalous Diffraction (SAD) method at
2.6 A resolution using selenomethionine-substituted protein crys-
tals [25]. The C110S mutant crystal belonged to space group P432,2
with a dimer in the asymmetric unit. The structure was solved by
molecular replacement [26] at 2.45 A resolution. The oxidized YfiR
crystal belonged to space group P432:2 with two dimers in the
asymmetric unit. The structure was solved by molecular replace-
ment [26] at 3.2 A resolution. Model building was performed using
COOT [27] and refined with PHENIX [28]. The final structure was
analyzed using PROCHECK [29]. The data collection and refinement
statistics are presented in Table 1. Structure figures were prepared
using PyMol (http://www.pymol.org) [30], and the coordinates
have been deposited in the PDB under accession codes of
4YN7,4YN9 and 4YNA.

2.4. Analytical ultracentrifugation

Sedimentation velocity measurements were performed in a
Beckman ProteomeLab XL-I at 25 °C. All protein samples were
diluted to an OD 280 nm of 0.7 in 20 mM Tris, pH 8.0, 200 mM NaCl.
Data were collected at 60,000 r.p.m. (262,000 g) every 3 min at a
wavelength of 280 nm. Interference sedimentation coefficient
distributions, c(M), were calculated from the sedimentation ve-
locity data using SEDFIT [31].

3. Results and discussion
3.1. Overall structure of YfiR

The crystal structure of YfiR (residues 35 to 190; lacking the
signal peptide) in the absence of oxidant was solved by Single-
wavelength Anomalous Dispersion (SAD) method at 2.6 A resolu-
tion using selenomethionine-substituted protein crystals. The
crystal belongs to space group P432¢2, with a dimer in the asym-
metric unit. The final model includes residues 38—190 and is in
good agreement with the diffraction data and expected geometric
parameters (Table 1).

YfiR forms a globular compact structure composed of a seven-
stranded fB-sheet sandwiched by six peripheral a-helices (a1-6).
The strand topology is 2-3-1-4-5-6-7 with strands 2 and 7 anti-
parallel to the rest (Fig. 1A—B). Structural homology searches using
the DALI server revealed that YfiR shares the highest structural
similarity (Z-score of 11.6) with a substrate-binding subunit of a
putative ABC transporter in Streptococcus pneumonia (PDB code
3LFT, unpublished). The ABC substrate-binding protein contains
two domains, the N-terminal and C-terminal domains, which
resemble each other and share structural similarities with the YfiR
dimer (Fig. 1D—E). The r.m.s.d. value is 2.8 A for 113 aligned Ca.
atoms between the C-terminal domain and YfiR monomer and
4.2 A for 72 Co. atoms aligned between the N-terminal domain and
YfiR monomer. However, the relative orientation of the two do-
mains of the ABC protein is distinct from that of the two monomers
in the YfiR dimer (Fig. 1D—E). Notably, the ABC protein binds L-Trp
at the interface between the two domains (Fig. 1D—E), suggesting
that YfiR binds small molecules that remain to be identified.

3.2. YfiR exists as a dimer in both the crystal and solution
In the crystal structure, two YfiR molecules form a stable dimer

as shown in Fig. 1B. The dimerization interactions are composed of
salt bridges formed by R98 and D80 from each monomer as well as
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Table 1

Data-collection, phasing and refinement statistics.
Data collection Non-oxidized YfiR Oxidized YfiR YfiR (C110S)
Space group P45242 P45242 P452,2
Wavelength (A) 0.97889 1.54187 0.97922

Resolution (A)?
Cell dimensions

50.0—2.6 (2.64—2.6)

50.0—3.2 (3.26—3.2)

50.0—2.45 (2.49—2.45)

a, b, c(A) 120.72, 120.72, 87.46 119.67, 119.67, 85.78 121.01,121.01, 86.51
o B y() 90, 90, 90 90, 90, 90 90, 90, 90
Unique reflections 20,544 (988) 10,704(510) 23,583 (1158)
I/ol 37.5(10.64) 10.42 (3.26) 27.8 (4.6)
Completeness (%) 99.9 (100) 98.9 (100) 97.3 (98.0)
Rmerge (%) 8.8 (49.7) 16.4 (48.6) 6.9 (38.1)
Wilson B factor (A%) 27.2 60.8 30.2
Refinement
Rwork (%) 18.94 24.63 18.85
Reree(%) 23.38 28.08 23.45
Average B factors (A?)
Molecule A 28.87 45.45 32.58
Molecule B 35.56 58.39 41.60
Molecule C - 144.12 -
Molecule D - 136.38 -
S04% 34.63 56.83 31.79
water 35.94 — 37.70
Root mean square deviations
Bond lengths (A) 0.013 0.010 0.008
Bond angles () 1.239 1.443 1.035
Ramachandran plot
Most favored (%) 96.1 94.9 95.7
Additionally allowed (%) 39 5.1 43
Generously allowed (%) 0 0 0
Disallowed 0 0 0

Note: a, Numbers in parentheses are for the highest resolution shell.

2 30.5 kDa
S
=
"0 20 40 60 80 100 120
G molar mass [kDa]
8
7 16.7 kDa
6
=5
2 4
°3
2
1
Y0 20 40 60 80 100 120

molar mass [kDa]

Fig. 1. Overall structure of YfiR, structural comparison of the YfiR dimer with the ABC substrate-binding protein, and dimerization of YfiR. (A) Topological diagram of the YfiR
monomer. (B) Overall structure of the YfiR dimer per asymmetric unit. (C) Interaction residues at the interface of the YfiR dimer are labeled and shown in stick representation. (D—E)
The N-terminal and C-terminal domains of the ABC substrate binding protein are each superposed on molecule A of the YfiR dimer. The bound L-Trp is shown in red stick form in a
pocket formed between the two domains of the ABC substrate-binding protein. Molecules A and B of the YfiR dimer are shown in green and magenta, respectively. The N-terminal
and C-terminal domains of the ABC substrate-binding protein are shown in light grey and deep grey, respectively. (F) Analytical ultracentrifugation of wild type YfiR. (G) Analytical
ultracentrifugation of the R98A mutant of YfiR. (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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hydrogen bond interactions between the main chains of T76 from
each monomer (Fig. 1C). These interactions contribute to the ma-
jority of the dimer interface, with a buried surface area of 702.4 A2,
suggesting that the dimeric state of YfiR is stable.

Consistently, analytical ultracentrifugation indicated that wild
type YfiR had a calculated molecular mass of 30.5 kDa, close to the
theoretical molecular weight of a YfiR dimer (34.7 kDa), indicating
that YfiR exists as a dimer in solution (Fig. 1F). To validate the YfiR
dimerization observed in the crystal structure and in solution, the
dimerization residue mutant R98A was constructed. Analytical ul-
tracentrifugation revealed that the R98A mutant had a calculated
molecular mass of 16.7 kDa, close to the theoretical monomeric
molecular weight of YfiR (17.4 kDa) (Fig. 1G). Our structural and
biochemical data demonstrate that YfiR exists and likely functions
in dimeric form as shown in the crystal structure.

3.3. Disulfide bonds in YfiR

The YfiBNR system may sense anoxic states through YfiR, hence
promoting biofilm formation when oxygen is lacking [9,10]. To
better understand the effect of redox status on YfiR, we analyzed
the four cysteines in our YfiR structure. One pair (Cys145-Cys152)
forms a disulfide bond, while the other (Cys71-Cys110) does not
(Fig. 2). The distance between the two sulfate atoms in Cys71 and
Cys110 is approximately 3.7 A (Fig. 2C), which is longer than the
standard disulfide bond length (usually 2.0-2.1 A).

To elucidate the structural role of these two pairs of cysteines in
YfiR folding, we introduced two single point mutations (C110S,
C145A). The expression level of the C145A mutant was dramatically
reduced. Taken together with the reduction in YfiR expression in
the absence of DsbA [11], the reduced expression of the C145A

mutant suggests that the absence of this disulfide bond may play an
important role in YfiR misfolding. By contrast, the expression level
of the C110S mutant was nearly identical to that of wild type YfiR,
and C110S behaved similarly to wild type YfiR in a gel filtration
experiment. To further ascertain whether the structure of the C110S
mutant is similar to that of wild type YfiR, we crystallized the C110S
mutant and solution of its structure by molecular replacement
revealed that the structure of the C110S mutant is nearly identical
to that of wild type (Fig. 3A and C).

Analysis of the structure around residues Cys71 and Cys110
revealed that the Cys71-containing B1 strand and the 4 strand
following the Cys110-containing a3 helix are parallel to each other
and form several main-chain hydrogen bonds. Therefore, the local
structure remains stable even if the disulfide bond is broken
(Fig. 2D). By contrast, the disulfide bond between Cys145 on the
B5—B6 loop (141—149aa) and Cys152 on the (6 strand is the main
force maintaining the local structure. Collectively, we propose that
disruption of this disulfide bond will result in local disorder that
may impair the stability or correct folding of YfiR, whereas the
Cys71-Cys110 disulfide bond is not essential for correct folding.

3.4. The oxidized form of YfiR in the presence of oxidative
glutathione

Because YfiR lacking a signal peptide was expressed in a rela-
tively reductive cytoplasmic environment, we proposed that the
Cys71-Cys110 disulfide bond may be formed in a normal periplas-
mic environment that is more oxidative. To verify the formation of
the Cys71-Cys110 disulfide bond in an oxidative environment, we
attempted to obtain the oxidized form of YfiR by soaking the native
crystals (referred to as non-oxidized crystals for convenience) with

B

Fig. 2. The four cysteines in YfiR. (A) Structural superposition of two molecules in the YfiR dimer. The four cysteines found in the YfiR dimer are shown in stick form. (B) The
intramolecular disulfide bonds formed between Cys145 and Cys152 are labeled and shown in stick form. The Cys145-containing 5—p36 loops are flexible. (C) The Cys71-Cys110 pair
that does not form a disulfide bond is labeled and shown. (D) The hydrogen bonds formed between the Cys71-containing 1 strand and the B4 strand following the Cys110-
containing a3 helix are shown as dark dotted lines. The electron density is contoured at 1.0¢ in the 2|Fo|-|Fc| map.
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negative

positive

Fig. 3. Cysteine pairs in the non-oxidized form, oxidized form and C110S mutant of YfiR and proposed YfiN binding sites of YfiR. (A) The Cys71-Cys110 pair does not form a disulfide
bond in non-oxidized YfiR. (B) The Cys71-Cys110 pair forms a disulfide bond in oxidized YfiR. (C) The Cys71-Cys110 pair does not form a disulfide bond in the C110S mutant of YfiR.
(D) The Cys145-containing B5—B6 loops in non-oxidized and oxidized YfiR. Molecules A and B in the non-oxidized YfiR dimer are shown in green and magenta, respectively,
whereas molecules A and B in the oxidized YfiR dimer are shown in cyan and yellow, respectively. (E) The net charge distribution on the surface of the YfiR monomer. The proposed
YfiN binding sites of YfiR are shown as green sticks. The Cys145-Cys152 disulfide bond is shown as magenta sticks. (F) Close-up view of the locations of the proposed YfiN binding
residues F151/E163/1169 and the nearby Cys145-Cys152 disulfide bond. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

oxidative glutathione. After soaking in 2 mM oxidative glutathione
for 20 h, the oxidized crystals were used for data collection.
Although the oxidized crystal belongs to space group P432:2 with
nearly identical cell parameters as the non-oxidized crystal, an
additional dimer can be observed in the asymmetric unit of
oxidized YfiR (Fig. 4B). The second dimer of the oxidized YfiR
structure has weaker electron density and a higher average B value,
suggesting that it has certain flexibility within the crystalline
lattice.

In contrast to the weak electron density of the second dimer,
which prevented the construction of an unambiguous conforma-
tion of the two disulfide bonds, the electron density of the first
dimer was pretty good. The Cys71-Cys110 pair indeed forms a di-
sulfide bond as predicted (Fig. 3B), and the Cys145-Cys152 disulfide
bond remains well preserved (Fig. 3D). Structural comparison

revealed that the local conformation around Cys71-Cys110 is
similar regardless of disulfide bond formation, further indicating
the rigidity of this region. The absence of the second dimer in the
non-oxidized structure remains an open question (Fig. 4A). One
possible explanation is that YfiR may have greater structural flex-
ibility in the non-oxidized state, resulting in multiple orientations
or conformations in the crystal. Previous studies have indicated
that the absence of the DBS disulfide bonding system or the pres-
ence of DTT destabilizes YfiR in P. aeruginosa and E. coli [11,20], and
we propose that this disruption is mainly attributable to the
disruption of Cys145-Cys152.

Curiously, although the Cys145-Cys152 disulfide bond is
conserved, the 5—B6 loop around Cys145 is flexible and adopts
different conformations in the above-mentioned structures
(Fig. 3D). Malone ]G et al. have reported that F151, E163, 1169 and
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Fig. 4. Electron density comparison of non-oxidized and oxidized forms of YfiR. (A) The electron density of non-oxidized YfiR. (B) The electron density of oxidized YfiR. Molecules A
and B of the first dimer are shown in green and magenta, respectively. Molecules C and D of the second dimer are shown in cyan and yellow, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Q187 near the C-terminus of YfiR represent a putative YfiN binding
site [11]. Plotting these residues onto the YfiR structure revealed
that residues F151, E163 and 1169 form a hydrophobic pocket, while
Q187 is located at the end of the a6 helix, which is more distant
(Fig. 3E—F). Interestingly, structural analysis revealed that residues
F151, E163 and 1169 are close to the Cys145-Cys152 disulfide bond
(Fig. 3F). In particular, F151 and Cys152 are both on the 6 strand,
which is antiparallel to the E163-containing 7 strand. The struc-
tural flexibility around Cys145-ys152 may facilitate/affect the
interaction of YfiR with YfiN such that under extremely reductive
conditions, the loss of the Cys145-Cys152 disulfide bond may result
in impaired YfiN-binding ability or degradation of misfolded YfiR,
triggers the activation of YfiN.

Collectively, we present the YfiR structure in both the non-
oxidized and oxidized states, unraveling that the Cys145-Cys152
disulfide bond plays an essential role in maintaining the correct
folding of YfiR and is close to the putative YfiN binding site.
Moreover, structural comparison revealed that the YfiR dimer
shares similarity with the substrate binding subunit of an ABC
transporter which can recognize L-Trp. These observations provide
a structural basis and new clues for future investigations of how
YfiR-related allosteric regulation occurs in response to redox vari-
ation and small-molecule signals.
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