@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

BdcA, a Protein Important for Escherichia coli Biofilm
Dispersal, Is a Short-Chain Dehydrogenase/Reductase
that Binds Specifically to NADPH

Dana M. Lord"?, Ayse Uzgoren Baran®", Thomas K. Wood*, Wolfgang Peti?, Rebecca Page'*

CrossMark

click for updates

1 Department of Molecular Biology, Cell Biology and Biochemistry, Brown University, Providence, Rhode Island, United States of America, 2 Graduate Program in Molecular
Pharmacology and Physiology, Brown University, Providence, Rhode Island, United States of America, 3 Department of Molecular Pharmacology, Physiology and
Biotechnology and Department of Chemistry, Brown University, Providence, Rhode Island, United States of America, 4 Department of Chemical Engineering and
Department of Biochemistry and Molecular Biology, Pennsylvania State University, University Park, Pennsylvania, United States of America

Abstract

The Escherichia coli protein BdcA (previously referred to as Yjgl) plays a key role in the dispersal of cells from bacterial
biofilms, and its constitutive activation provides an attractive therapeutic target for dismantling these communities. In order
to investigate the function of BdcA at a molecular level, we integrated structural and functional studies. Our 2.05 A structure
of BdcA shows that it is a member of the NAD(P)(H)-dependent short-chain dehydrogenase/reductase (SDR) superfamily.
Structural comparisons with other members of the SDR family suggested that BdcA binds NADP(H). This was demonstrated
experimentally using thermal denaturation studies, which showed that BcdA binds specifically to NADPH. Subsequent ITC
experiments further confirmed this result and reported a Ky of 25.9 uM. Thus, BdcA represents the newest member of the
limited number of oxidoreductases shown to be involved in quorum sensing and biofilm dispersal.
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To understand the molecular role of BdcA in biofilm dispersal,
we pursued structure-function studies of the E. coli BdcA protein.
Here, we describe the crystal structure of BdcA at 2.05 A, where
we show that BdcA is a member of the short-chain dehydroge-
nase/reductase family. Furthermore, using isothermal titration
calorimetry (ITC) and thermal stabilization assays, we identified
the biologically relevant cofactor of BdcA to be NADPH. Because
BdcA plays a key role in the dispersal of bacterial biofilms, this
NADPH-specific oxidoreductase provides an attractive therapeu-
tic target for disrupting these communities and, in turn, for
improving health.

Introduction

Biofilms are communities of bacterial cells that are encapsulated
in a self-produced polymeric matrix that can attach to almost any
surface [1]. These sessile communities are responsible for 65-80%
of human infections and can also cause biocorrosion and
biofouling [2-4]. Critically, these communities are 100-1000-fold
more tolerant and/or resistant to antimicrobial therapy compared
to planktonic cells [5]. As planktonic cells are more vulnerable to
antibiotic therapy, one strategy for inhibiting biofilm formation is
to promote the dispersal of cells from the biofilm.

The gene bdcA (also referred to as yjgl) was previously identified

as a regulator of biofilm dispersal. BdcA expression decreases
extracellular polysaccharide (EPS) production, cell length and
aggregation while simultaneously increasing extracellular DNA
production and motility [6]. These are well-known phenotypes
associated with decreasing c-di-GMP concentrations, and conse-
quently biofilm dispersal [7-10]. The bdcA knockout decreases
biofilm dispersal in both a static biofilm assay and a flow cell assay
(3 to 6-fold, respectively) and this phenotype was complemented
by expression of bdcA [6].
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Materials and Methods

Protein Expression and Purification

The full-length bdcA gene from E. coli was sub-cloned into the
RP1B bacterial expression vector, which contains an N-terminal
Thiog-Hisg-tag and Tobacco Etch Virus (TEV) cleavage site [11].
The plasmid was transformed into E. coli BL21-Gold (DE3)
Competent Cells (Agilent) and subsequently inoculated into 1 L
cultures of LB containing 50 mg/L kanamycin. The cells were
grown at 37°C (250 rpm) to an ODgg of 0.6, at which point the
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cells were transferred to 4°C for 1 hour. The cultures were induced
with 0.5 mM IPTG and grown overnight at 18°C (250 rpm).

For purification, the pellets were resuspended in lysis buffer
(50 mM Tris pH 8.0, 500 mM NaCl, 0.1% Triton X-100, 5 mM
imidazole, Complete tablets-EDTA free [Roche]). The cells were
lysed using high-pressure homogenization (C3 Emulsiflex; Avestin)
and the cell debris was removed by centrifugation (45,500 xg,
50 min, 4°C). The supernatant was filtered through a 0.22-um
membrane (Millipore) and loaded onto a HisTrap HP column (GE
Healthcare). Hisg-tagged BdcA was eluted using a 5-500 mM
imidazole gradient. The fractions containing BdcA were identified
by SDS-PAGE and pooled. The Hisg-tag was removed using
proteolytic cleavage by overnight incubation with TEV protease
(50 mM Tris pH 8.0, 500 mM NaCl, 4°C). Cleavage was verified
by SDS-PAGE. BdcA was further purified using Ni-NTA (Qiagen)
to isolate cleaved protein from the TEV protease (itself Hisg-
tagged) and the cleaved Hisg-tag. Untagged BdcA was purified in a
final step using size exclusion chromatography (SEC; Superdex 75
26/60, GE Healthcare; SEC buffer: 20 mM Tris pH 7.5,
100 mM NaCl, 0.5 mM TCEP). To determine the oligomeriza-
tion state of BdcA, the elution volume was compared to that of
MW weight standards (BioRad; 158 kDa, 7y-globulin; 44 kDa,
ovalbumin; 17 kDa, myoglobin). The protein was concentrated to
9.5 mg/ml and either frozen and stored at —80°C or used
immediately for crystallization trials.

Table 1. Crystal data and data-collection statistics.
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Crystallization, Data Collection, and Processing

BedA was crystallized at room temperature in 50% (v/v)
PEG200, 0.1 M Tris pH 7.0, 0.05 M Li,SO, using the sitting
drop vapor diffusion method (200 puL. drops). A dataset was
collected at the NSLS X29 beamline at a wavelength of 1.075 A
using an ADSC Q315 CCD detector. Diffraction data were
processed to 2.05 A with HKL2000 [12]. The R. prowazekit FabG
structure (PDB 3F9I) was identified by the Fold and Function
Assignment Server (—85.1 score, 33% sequence identity) as a
suitable initial molecular replacement (MR) model [13,14].
Chainsaw was used to truncate the side chains at CB [15] and
PHASER as part of PHENIX was used for MR [16]. Approx-
imately 70% of the structure was built automatically using
AutoBuild. Iterative model building and refinement were per-
formed using COOT [17] and PHENIX [18]. The final model
was refined with PHENIX using TLS. MOLPROBITY was used
for model validation [19]. Analysis of the dimerization interface
was performed using the Protein Interaction Calculator [20], with
solvent accessible surface areas calculated using NACCESS [21].
Data collection and structure refinement statistics are reported in
Table 1.

Differential Scanning Fluorimetry
SEC (Superdex 75 26/60, GE Healthcare) was used to transfer
BdcA into assay buffer (20 mM HEPES pH 7.5). A series of

BdcA

Data Collection
Space group
Unit-cell parameters
abc (A)
o f,7 ()
Resolution
Reerge”
<l/o(l)>
Completeness (%)
Multiplicity
Unique Reflections
Refinement
Rwork/Rfree
Protein atoms
Non-protein atoms
Waters
PEG
Mean B-factor (A%
r.m.s.d. bond length (A)
r.m.s.d. bond angle (%)
Ramachandran Plot
Favored (%)
Allowed (%)
PDBID Code

Q

131.1, 52.5, 69.8

90.0, 118.1, 90.0

50.0 - 2.05 (2.09 - 2.05)
6.4 (59.7)

14.3 (2.9)

99.3 (99.2)

3.6 (3.7)

26365

20.1/22.2
2693

109

53

56

420
0.002
0.591

99.7
100.0
4pCV

Values in parentheses are for the highest resolution shell.

omitted from the refinement.
doi:10.1371/journal.pone.0105751.t001
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“Rme,gE =ZpZi [h(hkl) - <I(hk)>|/ZpZili(hkl) where Ii(hk]) is the i observation of a symmetry equivalent reflection hkl. *Rfree was calculated using 5% of the reflections
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Figure 1. BdcA crystallizes and exists in solution as a dimer. A) BdcA dimer, with one monomer colored in dark pink and one in light pink.
The glycine-rich cofactor binding motif is depicted as cyan sticks in each monomer and the catalytic triad is shown as green sticks. Disordered loops
are displayed as dotted lines. Secondary structural elements are labeled. B) Size exclusion chromatogram of BdcA with elution volumes of MW
standards indicated (predicted molecular weight of the BdcA monomer is 24.85 kDa). C) Close-up of the BdcA catalytic triad (green sticks) and
glycine-rich loop (cyan sticks); colored as in (A). D) Same as (C) except the disordered loops are labeled.

doi:10.1371/journal.pone.0105751.g001

Table 2. BdcA structural homologs as determined by DALI and FFAS.
PDBID FFAS Score Z-score RMSD (A) Seq ID (%) Description
Top Hits, Dali
3GRP —82.1 27.8 15 34 3-OXOACYL-(ACP) REDUCTASE
3F9I* —85.1 27.8 13 40 3-OXOACYL-(ACP) REDUCTASE
3AUS —80.5 271 1.6 33 GLUCOSE 1-DEHYDROGENASE 4
3V2G —88.7 26.3 1.5 49 3-OXOACYL-(ACP) REDUCTASE
NADP(H)
3FoI* —85.1 27.8 13 40 3-OXOACYL-(ACP) REDUCTASE
38J7 —83.9 258 15 35 3-OXOACYL-(ACP) REDUCTASE
30sU = 25.0 1.6 35 3-OXOACYL-(ACP) REDUCTASE
1Q7B - 255 1.8 38 3-OXOACYL-(ACP) REDUCTASE
NAD(H)
2AG5 —84.3 243 17 27 DEHYDROGENASE/REDUCTASE (SDR) 6
*model used for molecular replacement.
doi:10.1371/journal.pone.0105751.t002
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Figure 2. Short-chain dehydrogenase/reductase elements of BdcA. A) Sequence alignment of BdcA and homologous SDR members whose
cofactors have been identified. Identical amino acids are highlighted in black and similar amino acids are highlighted in gray; o-helices are depicted
as cylinders above the sequence alignment and the f-strands as arrows. Disordered loops are displayed as dotted lines. Conserved residues for
NADP(H) binding are shown in lime and NAD(H) binding are shown in pink. The catalytic triad is highlighted in blue. B) Superposition of the residues
that constitute the catalytic triad in BcdA (dark pink) and E. coli apo-FabG (gray, PDB:1101; catalytically incompetent) and E. coli FabG bound to NADP+
(cyan, PDB:1Q7B; catalytically competent). C) Superposition of SDR family members that bind NADP(H), highlighting cofactor specificity residues.
BdcA (dark pink, NADPH-specific), 4N5L (NADPH-specific, blue), 4ADMM (NADP-specific, dark purple); all contain basic residues either in the Glycine-
rich motif (BdcA, 4DMM) or after 2 (4N5L,). 4NBU (NADH-specific, coral) and 2AG5 (NAD-specific, orange) both contain an aspartic acid directly after
the second B-strand. D) Predicted re-orientation of BdcA Arg16 upon NADPH binding. Overlay of BdcA (dark pink) with apo-SaFabG1 (yellow, PDB:
30SU) and SaFabG1:NADPH (gold, PDB: 3SJ7; NADPH is depicted in dark gray).

doi:10.1371/journal.pone.0105751.g002

protein thermal denaturation assays were performed, which
contained a final concentration of 8 uM protein, 160 uM ligand
solubilized in assay buffer, and 5x SYPRO Orange (Invitrogen). As
a control, buffer was used instead of ligand. Samples were aliquoted
in a 96-well PCR plate (Applied Biosystems) and sealed with optical
adhesive film (Applied Biosystems) to prevent evaporation. Each
cofactor was incubated with BdcA for 30 min and then subjected to
a heat gradient in the presence of SYPRO Orange. The
temperature was gradually increased from 25°C to 95°C using a
7900HT Fast Real-Time PCR System (Applied Biosystems). A
charge-coupled device detector monitored changes in the intensity
of the SYPRO Orange fluorescence. The NADPH and NADP
samples exhibited a high initial fluorescence during the assay;
however, both samples also exhibited a sharp sigmoidal curve and
thus a T, was readily determined. Data were analyzed and T,
values computed using the DSF analysis calculation software
[22,23]. Twelve independent experiments were performed.

PLOS ONE | www.plosone.org

Isothermal Titration Calorimetry

Immediately prior to the I'TC experiments, SEC (Superdex 75
26/60, GE Healthcare) was used to transfer BdcA into assay buffer
followed by concentration of the BdcA protein. Ligands were also
dissolved in assay buffer, and both protein and ligand were
degassed under vacuum. I'TC experiments were performed using a
VP-ITC (GE Healthcare) at 25°C. Ligands (600 uM) were titrated
(10 pL injections every 200 s, 35 times for all runs except c-di-
GMP, in which the time between injections was 300 s) into the cell
containing 12 uM monomeric BdcA under constant stirring
(307 rpm). Titration of the ligand into buffer alone resulted in a
negligible heat of dilution for each ligand. The active protein
concentration was adjusted by fitting the data to a one-site binding
model. Association constant (K,) values were calculated using
Microcal Origin 7.0 software.
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Figure 3. BdcA cofactor is NADPH. A) Thermal denaturation curves for BdcA. B-D) ITC data for BcdA with different cofactors (B, NADPH; C,
NADP; D, c-di-GMP). The raw isothermal titration calorimetry data is shown in the upper panels, whereas the derived binding isotherm plotted
against molar ratio of titrant are shown in the lower panels.
doi:10.1371/journal.pone.0105751.g003

Table 3. Co-factor effects on BdcA thermal stability*.

Cofactor Tm (°C) ATm (°C)
Buffer 47.7+0.3 -

NAD 479+0.3 0.2

NADH 48.1+0.6 0.4

NADP 48.7+0.5 1.0
NADPH 50.8+0.3 3.1
c-di-GMP 47.6+0.5 0.1

doi:10.1371/journal.pone.0105751.t003
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*Tm shift data: Values represent means * SD of twelve independent experiments

September 2014 | Volume 9 | Issue 9 | 105751



Results and Discussion

BdcA is a dimer

The structure of BdcA was solved using molecular replacement
using a poly-Ala version of R. prowazekii FabG as a search model
(PDB 3F9I) [14]. The final BdcA structure was refined to a
resolution of 2.05 A, resulting in an Rg.. of 22.2% (Table 1).
Two molecules of BdcA are present in the asymmetric unit and are
related by a near perfect two-fold axis (Figure 1A, 1D). Each
subunit adopts a Rossmann fold composed of a central parallel -
sheet with 7 B-strands sandwiched on both sides by 3 a-helices.
The BdcA homodimer is stabilized by a large interface, burying
2132 A? of surface area and is mediated by multiple hydrophobic
residues (Phel03, Ilel07, Tyrlll, Alal44, Alal45, Alal48,
Alal52, Metl56 and Leul60) from helices a4 and a5 of each
subunit. BedA is also a dimer in solution, as confirmed using size
exclusion chromatography (Figure 1B) where it elutes at a
volume nearly identical to that of a 44 kDa standard (BdcA
monomer MW =24.9 kDa, BdcA dimer MW =49.8 kDa), and
thus the dimer represents the biologically relevant quaternary
structure of the protein.

BdcA is a member of the short-chain dehydrogenase/
reductase family

A structure homology search using Dali identified BdcA to be
most similar to the short-chain dehydrogenase/reductase (SDR)
superfamily of proteins (Table 2) [24]. This family of proteins
includes over 2000 annotated enzymes and despite the low levels
of sequence identity between them, their three-dimensional
structures are strikingly similar [25,26]. SDR proteins typically
consist of ~250 amino acids, are either homo-dimeric or homo-
tetrameric and adopt the highly conserved nucleotide-binding
Rossmann fold [27]. Tetrameric SDR family members mostly
exhibit 222 symmetry, with two of the monomers forming a dimer
interface analogous to that identified in BdcA [28-30]. This large
protein family catalyzes NAD(P)(H)-dependent oxidation/reduc-
tion reactions on a wide range of substrates including alcohols,
steroids, sugars, aromatic compounds and xenobiotics [26]. More
than 1000 structures were identified by DALI to by similar to
BdcA, with Z-scores between 27.8 and 11.9. Those identified to be
most similar are 3-oxoacyl-(acyl-carrier-protein) reductases and
glucose 1-dehydrogenases; the protein with the highest sequence
identity (49%) is SM_b20456, a dehydrogenase/reductase from §.
meliloti 1021 (PDBID 3V2G; Table 2).

Analysis of previously determined SDR protein structures led to
the identification of several cofactor binding motifs that regulate
specificity and catalysis. The SDR active site consists of a
conserved catalytic triad (Ser-Tyr-Lys), which is C-terminal to
the cofactor binding motif, Gly-X;-Gly-X-Gly [25,27]. BdcA
adopts the Rossmann fold typical of SDRs and contains the classic
dinucleotide-binding motif, Glyl3-X;-Glyl17-X-Glyl9 (Figur-
es 1C, 1D, 2A). BdcA also contains the active site residues
conserved in the SDR family of proteins: Serl32, Tyr146, and
Lys150 (located between B5 and o5, Figures 1C, 1D, 2A, 2B).

Structure and Function of BdcA, a Biofilm Dispersal Protein

BdcA is predicted to bind NADPH

Superposition of BdcA with other SDR proteins bound to their
respective cofactors reveals that the BdcA catalytic triad is in a
conformation incompatible for catalysis (Figure 2B). First,
Lys150 is orientated such that the €-amino group is directed away
from Ser132 and Tyr146. In addition, the Cot of Ser132 is shifted
between 5.5 to 6.5 A from the corresponding positions of this Ser
in other SDR-cofactor-bound proteins. These shifts are due in part
because the three loops that structure the active site in each
subunit are presumed to be disordered due to a lack of electron
density (subunit A: Gly86-Leu94, Asnl134-Gly142, Ile179-His203;
subunit B: I1e85-Glu90, Glyl35-Alal41, Glyl77-Pro206; Fig-
ure 1A, 1D). The loop with the most missing residues is near the
C-terminus, which is also the most variable sequence in SDR
enzymes and which is believed to be important for substrate
specificity (Figure 2A) [26]. In most SDR proteins, the loops
surrounding the active site are disordered in the apo-protein and
become ordered upon binding cofactor and substrate [31]. Indeed,
the same loops are disordered in the protein whose structure is
most similar to BdcA, Bartonella henselae FabG (PDB 3GRP;
Table 2) and Rickeltsia prowazekii FabG (PDB 3F9I; Table 2)
[14]. In E. coli FabG (PDB 1101), these loops are disordered in the
absence of cofactor, but become ordered when bound to NADP+
(PDB 1Q7B, Table 2) and orient the catalytic residues in the
optimal positions for catalysis (Figure 2B) [32]. Thus, most likely
cofactor binding to BdcA also positions the active site residues into
catalytically competent orientations.

Structural differences have been observed for SDRs depending
whether they bind NAD(H) or NADP(H). NAD(H) specificity is
defined by an acidic residue directly C-terminal to the second B-
strand, approximately 20 amino acids C-terminal of the glycine-
rich segment. This residue forms hydrogen bonds to the 2'- and
3'-hydroxyls of the adenine ribose [33]. In contrast, NADP(H)-
specific enzymes contain a basic residue within the glycine-rich
motif immediately preceding the second conserved glycine, and/or
in the loop after the second B-strand. These residue(s) are
responsible for binding the 2'-phosphate [26]. In BdcA, the
residue preceding the second conserved glycine in the glycine-rich
motif'is Argl6, suggesting that the endogenous cofactor of BdcA is
NADP(H) (Figure 2A,C). Figure 2D shows a superposition of
apo-BdcA  with  Staphylococcal B-ketoacyl-ACP  reductase 1
(SaFabGl), the most structurally similar SDR that is bound to
NADPH, in both its cofactor bound and unbound state (PDB 3S5]J7
and 308U, respectively; Table 2) [34]. The structurally homol-
ogous arginine (Argl2) in SaFabGl is orientated toward the
NADPH molecule in the cofactor bound state, with the arginine
side chain forming a hydrogen bond with the pyrophosphate
moiety of NADPH. In contrast, in both apo-BdcA and apo-
SalFabG1, this arginine side chain is pointed away from the
cofactor binding pocket and adopts an unfavorable position for
binding. This suggests that the Argl6 side chain in BdcA likely
reorients upon cofactor binding, allowing it to engage the

NADPH).

Table 4. Thermodynamic and dissociation constants for BAcA:NADPH derived from ITC experiments at 25°C.

Complex Ka (1LM)

AH (kcal-mol ")

-TAS (kcal-mol™")

BdcA: NADPH 25.9+4.1 —15.2%+24

9.0£25

doi:10.1371/journal.pone.0105751.t004

PLOS ONE | www.plosone.org

Performed in triplicate; values reported are the experimental average and standard deviation.
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NADPH is the biologically relevant cofactor of BdcA

To further experimentally confirm that NADPH) is the
biologically relevant cofactor of BdcA, we used both differential
scanning fluorimetry (DSF) assays and isothermal titration
calorimetry (ITC). We profiled the thermal stability of BdcA in
the presence of various cofactors (NAD, NADH, NADP, NADPH
or c-di-GMP; Figure 3A). The only cofactor that resulted in a
significant change in the melting temperature was NADPH, which
had a T, of 50.8%0.3°C for NADPH compared to 47.7+0.3°C
for the buffer control (Table 3). In contrast, the other cofactors
resulted in either no change (NAD, NADH or c-di-GMP) or a very
weak shift (NADP with a AT, = 1.0°C), which correlate with no or
very weak binding, respectively (Table 3). As NADPH led to the
largest change in T,,, this suggested that NADPH is the likely
endogenous cofactor of BdcA.

To confirm this result and quantify the binding affinity of
NADPH with BdcA, we used ITC (Figure 3B-D). Titration of
NADPH into BdcA was performed in triplicate and yielded a
typical binding isotherm (Figure 3B). NADPH binds to BdcA
with a K4 of 25.9%4.1 uM (Table 4). Despite the abundance of
SDR enzymes, only a handful of SDR family members have had
their affinities for their respective cofactors characterized using
ITC. Interestingly, the observed Kgq for BdcA with NADPH
complex is ~7-15 times higher than that of other members in the
immediate  SDR  family (SDRvwv:NADPH, K =3.5uM;
ZmRDH:NAD, K,=2.72 uM; DHDPR:NADPH, K,=1.5 uM)
[35-37]. However, the binding affinity is comparable with other
oxidoreductases that are more distantly related (PaGDH:NADH,
Kq=18.5 uM; OcDH:NADH: K4 = 14 uM) [38,39]. Titration of
NADP into BdcA exhibited an isotherm indicative of even weaker
binding (Figure 3C) with titration of NAD, NADH and c-di-
GMP into BdcA resulting in only heats of dilution; i.e., no binding
(Figure 3D). Thus, these data again demonstrate that NADPH is
the most likely endogenous cofactor of BdcA.

Conclusions

The structure of BdcA reveals that it is a member of the short-
chain dehydrogenase/reductase family of enzymes. Using two
complementary binding assays, we show that BdcA binds
specifically to NADPH, and thus is highly likely its endogenous
cofactor. Previously, BdcA was hypothesized to suppress biofilm

References

1. Costerton JW, Stewart PS, Greenberg EP (1999) Bacterial biofilms: a common
cause of persistent infections. Science 284: 1318-1322.

2. Cos P, Tote K, Horemans T, Maes L (2010) Biofilms: an extra hurdle for
effective antimicrobial therapy. Curr Pharm Des 16: 2279-2295.

3. Beech IB, Sunner J (2004) Biocorrosion: towards understanding interactions
between biofilms and metals. Curr Opin Biotechnol 15: 181-186.

4. Dobretsov S, Teplitski M, Paul V (2009) Mini-review: quorum sensing in the
marine environment and its relationship to biofouling. Biofouling 25: 413-427.

5. Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O (2010) Antibiotic
resistance of bacterial biofilms. Int J Antimicrob Agents 35: 322-332.

6. Ma Q, Yang Z, Pu M, Peti W, Wood TK (2011) Engineering a novel c-di-GMP-
binding protein for biofilm dispersal. Environ Microbiol 13: 631-642.

7. D’Argenio DA, Miller SI (2004) Cyclic di-GMP as a bacterial second messenger.
Microbiology 150: 2497-2502.

8. Mendez-Ortiz MM, Hyodo M, Hayakawa Y, Membrillo-Hernandez J (2006)
Genome-wide transcriptional profile of Escherichia coli in response to high levels
of the second messenger 3',5"-cyclic diguanylic acid. J Biol Chem 281: 8090
8099.

9. Nakhamchik A, Wilde C, Rowe-Magnus DA (2008) Cyclic-di-GMP regulates
extracellular polysaccharide production, biofilm formation, and rugose colony
development by Vibrio vulnificus. Appl Environ Microbiol 74: 4199-4209.

10. Ueda A, Wood TK (2010) Tyrosine Phosphatase TpbA of Pseudomonas
acruginosa Controls Extracellular DNA via Cyclic Diguanylic Acid Concentra-
tions. Environ Microbiol 2: 449-455.

11. Peti W, Page R (2007) Strategies to maximize heterologous protein expression in
Escherichia coli with minimal cost. Protein Expr Purif 51: 1-10.

PLOS ONE | www.plosone.org

Structure and Function of BdcA, a Biofilm Dispersal Protein

formation by binding and quenching the secondary messenger c-
di-GMP [6]. However, we were unable to show binding of c-di-
GMP to BdcA using both DSF and I'TC, excluding the possibility
of a direct interaction. Furthermore, BdcA does not contain any of
the well-known c-di-GMP binding motifs present in other proteins
(GGDEF, EAL, HD-GYP) [40]. Thus, our data suggests that
BdcA most likely influences biofilm dispersal by regulating a
process that affects a c-di-GMP related pathway. Previous studies
have shown that BdcA also affects biofilm dispersal and is related
to the transport of the quorum-sensing (QS) signal autoinducer 2
(AI-2) [6,41]. Some, albeit few, oxidoreductases have been shown
to be involved in quorum sensing related phenotypes [42-44].
One example is B. megaterium P450BM-3, which has been shown
to oxidize acyl homoserine lactones (ASHLs) and acyl homoserines
(ASHs), thereby destroying the QS ability of these molecules [43].
Similarly, P. aeruginosa BpiB09 has been shown to reduce the
primary autoinducer 3-oxo-C,o-HSL, effectively reducing the QS
activity of this molecule. Unlike BdcA, BpiB09 expression reduces
motility, and thus these two proteins most likely act on different
substrates and exhibit different functions [42]. Our structure of
BdcA may prove to be another oxidoreductase involved in
quorum sensing. Furthermore, because of its demonstrated role in
biofilm dispersal, BdcA also represents an attractive target for
dismantling biofilms.

Acknowledgments

Data for this study were measured at beamline X29 of the National
Synchrotron Light Source (supported principally by the Offices of
Biological and Environmental Research and of Basic Energy Sciences of
the United States Department of Energy and by the National Center for
Research Resources of the National Institutes of Health). This research is
based in part upon work conducted in the Center for Genomics and
Proteomics Core Facility with partial support from the National Institutes
of Health (NCRR Grants P30RR031153, P20RR018728, and
S10RR02763), National Science Foundation-EPSCoR Grant 0554548,
Lifespan Rhode Island Hospital, and the Division of Biology and Medicine,
Brown University.

Author Contributions

Conceived and designed the experiments: RP WP TKW. Performed the
experiments: AUB DML. Analyzed the data: DML RP WP. Wrote the
paper: DML WP RP.

12. Otwinowski Z, Minor W (1997) [20] Processing of X-ray diffraction data
collected in oscillation mode. In: Charles W. Carter, Jr., editor. Methods in
Enzymology: Academic Press. pp.307-326.

13. Xu D, Jaroszewski L, Li Z, Godzik A (2013) FFAS-3D: improving fold
recognition by including optimized structural features and template re-ranking.
Bioinformatics.

14. Subramanian S, Abendroth J, Phan IQ, Olsen C, Staker BL, et al. (2011)
Structure of 3-ketoacyl-(acyl-carrier-protein) reductase from Rickettsia prowa-
zekii at 2.25 A resolution. Acta Crystallogr Sect F Struct Biol Cryst Commun
67: 1118-1122.

15. Stein N (2008) CHAINSAW: a program for mutating pdb files used as templates
in molecular replacement. J Appl Crystallogr 41: 641-643.

16. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.
(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658-674.

17. Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development
of Coot. Acta Crystallogr D Biol Crystallogr 66: 486-501.

18. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. (2010)
PHENIX: a comprehensive Python-based system for macromolecular structure
solution. Acta Crystallogr D Biol Crystallogr 66: 213-221.

19. Chen VB, Arendall WB, 3rd, Headd JJ, Keedy DA, Immormino RM, et al.
(2010) MolProbity: all-atom structure validation for macromolecular crystallog-
raphy. Acta Crystallogr D Biol Crystallogr 66: 12-21.

20. Tina KG, Bhadra R, Srinivasan N (2007) PIC: Protein Interactions Calculator.
Nucleic Acids Res 35: W473-476.

21. Hubbard SJ, Thornton JM (1993) NACCESS. http://www.bioinf.manchester.

ac.uk/naccess/. pp. Computer Program.

September 2014 | Volume 9 | Issue 9 | 105751


http://www.bioinf.manchester.ac.uk/naccess/
http://www.bioinf.manchester.ac.uk/naccess/

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

Vedadi M, Niesen FH, Allali-Hassani A, Fedorov OY, Finerty PJ Jr, et al. (2006)
Chemical screening methods to identify ligands that promote protein stability,
protein crystallization, and structure determination. Proc Natl Acad Sci U S A
103: 15835-15840.

Niesen FH, Berglund H, Vedadi M (2007) The use of differential scanning
fluorimetry to detect ligand interactions that promote protein stability. Nat
Protoc 2: 2212-2221.

Holm L, Rosenstrom P (2010) Dali server: conservation mapping in 3D. Nucleic
Acids Res 38: W545-549.

. Jornvall H, Persson B, Krook M, Atrian S, Gonzalez-Duarte R, et al. (1995)

Short-chain dehydrogenases/reductases (SDR). Biochemistry 34: 6003-6013.
Kallberg Y, Oppermann U, Jornvall H, Persson B (2002) Short-chain
dehydrogenases/reductases (SDRs). Eur J Biochem 269: 4409-4417.
Kavanagh KL, Jornvall H, Persson B, Oppermann U (2008) Medium- and
short-chain dehydrogenase/reductase gene and protein families: the SDR
superfamily: functional and structural diversity within a family of metabolic and
regulatory enzymes. Cell Mol Life Sci 65: 3895-3906.

Zaccai NR, Carter LG, Berrow NS, Sainsbury S, Nettleship JE, et al. (2008)
Crystal structure of a 3-oxoacyl-(acylcarrier protein) reductase (BA3989) from
Bacillus anthracis at 2.4-A resolution. Proteins 70: 562-567.

Nishioka T, Yasutake Y, Nishiya Y, Tamura T (2012) Structure-guided
mutagenesis for the improvement of substrate specificity of Bacillus megaterium
glucose 1-dehydrogenase IV. FEBS J 279: 3264-3275.

Yamamoto K, Kurisu G, Kusunoki M, Tabata S, Urabe I, et al. (2001) Crystal
structure of glucose dehydrogenase from Bacillus megaterium IWG3 at 1.7 A
resolution. J Biochem 129: 303-312.

Ladenstein R, Winberg JO, Benach J (2008) Medium- and short-chain
dehydrogenase/reductase gene and protein families: Structure-function rela-
tionships in short-chain alcohol dehydrogenases. Cell Mol Life Sci 65: 3918—
3935.

Price AC, Zhang YM, Rock CO, White SW (2001) Structure of beta-ketoacyl-
[acyl carrier protein] reductase from Escherichia coli: negative cooperativity and
its structural basis. Biochemistry 40: 12772-12781.

Lesk AM (1995) NAD-binding domains of dehydrogenases. Curr Opin Struct
Biol 5: 775-783.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Structure and Function of BdcA, a Biofilm Dispersal Protein

Dutta D, Bhattacharyya S, Das AK (2012) Crystal structure and fluorescence
studies reveal the role of helical dimeric interface of staphylococcal FabGl in
positive cooperativity for NADPH. Proteins 80: 1250-1257.

. Buysschaert G, Verstraete K, Savvides SN, Vergauwen B (2013) Structural and

biochemical characterization of an atypical short-chain dehydrogenase/
reductase reveals an unusual cofactor preference. FEBS J 280: 1358-1370.
Moon HJ, Tiwari MK, Singh R, Kang YC, Lee JK (2012) Molecular
determinants of the cofactor specificity of ribitol dehydrogenase, a short-chain
dehydrogenase/reductase. Appl Environ Microbiol 78: 3079-3086.
Dommaraju SR, Dogovski C, Czabotar PE, Hor L, Smith BJ, et al. (2011)
“atalytic mechanism and cofactor preference of dihydrodipicolinate reductase
from methicillin-resistant Staphylococcus aureus. Arch Biochem Biophys 512:
167-174.
Oliveira T, Panjikar S, Carrigan JB, Hamza M, Sharkey MA, et al. (2012)
Crystal structure of NAD+-dependent Peptoniphilus asaccharolyticus glutamate
dehydrogenase reveals determinants of cofactor specificity. J Struct Biol 177:
543-552.
van Os N, Smits SH, Schmitt L, Grieshaber MK (2012) Control of D-octopine
formation in scallop adductor muscle as revealed through thermodynamic
studies of octopine dehydrogenase. J Exp Biol 215: 1515-1522.
Krasteva PV, Giglio KM, Sondermann H (2012) Sensing the messenger: the
diverse ways that bacteria signal through c-di-GMP. Protein Sci 21: 929-948.
Herzberg M, Kaye IK, Peti W, Wood TK (2006) YdgG (TqsA) controls biofilm
formation in Escherichia coli K-12 through autoinducer 2 transport. J Bacteriol
188: 587-598.
Bijtenhoorn P, Mayerhofer H, Muller-Dieckmann J, Utpatel C, Schipper C, et
al. (2011) A novel metagenomic short-chain dehydrogenase/reductase attenu-
ates Pseudomonas aeruginosa biofilm formation and virulence on Caenorhab-
ditis elegans. PLoS One 6: ¢26278.
Chowdhary PK, Keshavan N, Nguyen HQ, Peterson JA, Gonzalez JE, et al.
(2007) Bacillus megaterium CYP102A1 oxidation of acyl homoserine lactones
and acyl homoserines. Biochemistry 46: 14429-14437.
Chowdhary PK, Stewart L, Lopez C, Haines DC (2008) A single mutation in
P450BM-3 enhances acyl homoserine lactone: acyl homoserine substrate
binding selectivity nearly 250-fold. J Biotechnol 135: 374-376.

September 2014 | Volume 9 | Issue 9 | 105751



