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The flavoprotein WrbA from Escherichia coli is considered to be the prototype

of a new family of multimeric flavodoxin-like proteins that are implicated in cell

protection against oxidative stress. The present study is aimed at structural

characterization of the E. coli protein with respect to its recently revealed

oxidoreductase activity. Crystals of WrbA holoprotein in complex with the

oxidized flavin cofactor (FMN) were obtained using standard vapour-diffusion

techniques. Deep yellow tetragonal crystals obtained from differing crystal-

lization conditions display different space groups and unit-cell parameters.

X-ray crystal structures of the WrbA holoprotein have been determined to

resolutions of 2.0 and 2.6 Å.

1. Introduction

The protein WrbA from Escherichia coli is the founding member of a

family of flavodoxin-like proteins that are suggested by homology to

participate in cellular defence against oxidative stress (Grandori &

Carey, 1994). The designation of the E. coli WrbA protein as tryp-

tophan-repressor binding protein A refers to its discovery: it was

copurified with the tryptophan-repressor protein TrpR and reported

to enhance the stability of DNA binding by TrpR (Yang et al., 1993).

However, this role was put under question by the finding that WrbA

exerted no specific effect on TrpR–DNA binding (Grandori et al.,

1998). This work also showed that WrbA binds flavin mononucleotide

(FMN) more weakly than the flavodoxins, but that it nevertheless

does so specifically, and that it undergoes dimer–tetramer equilibrium

in solution. Sequence similarity with NAD(P)H:quinone oxido-

reductases suggested that the WrbA family might share this function

(Laskowski et al., 2002; Daher et al., 2005). Recently, Patridge & Ferry

(2006) reported that E. coli WrbA and its homologue from

Archaeoglobus fulgidus display quinone oxidoreductase activity, with

FMN as the redox-active cofactor and NADH as the preferred

electron donor. Enzymes with NAD(P)H:quinone reductase activity

are proposed to maintain quinones in a fully reduced state in order to

protect cells against deleterious reactive oxygen species from one-

electron redox cycling (Jensen et al., 2002; Cohen et al., 2004; Jaiswal,

2000; Morre, 2004; Wang et al., 2006; Gonzalez et al., 2005; Talalay &

Dinkova-Kostova, 2004; Bianchet et al., 2004; Ross & Siegel, 2004).

Consistent with this role, E. coli WrbA transfers two electrons at a

time and does not stabilize a flavin semiquinone intermediate (Nöll et

al., 2006). Transcription of E. coli WrbA is controlled by the stress

response factor rpoS (Lacour & Landini, 2004). A wide range of

external stressors such as acids or H2O2 have been reported to induce

WrbA expression (Chang et al., 2002; Tucker et al., 2002; Kang et al.,

2005). These results implicate the WrbA family in the protection of

cells against oxidative stress.

The crystal structures of WrbA homologues from Deinococcus

radiodurans (37% sequence identity with E. coli WrbA) and

Pseudomonas aeruginosa (40% sequence identity with E. coli WrbA)

have been published (Gorman & Shapiro, 2005). These structures

confirm that the members of the WrbA family adopt an �/� twisted

open-sheet fold typical of flavodoxins and form homotetramers that

bind one FMN molecule per monomer. However, the structures did

not clarify why WrbA proteins function as tetramers or why they bind
# 2007 International Union of Crystallography

All rights reserved



FMN specifically but only weakly. Furthermore, the only high-reso-

lution structure to be reported is that of the D. radiodurans

apoprotein; the holoprotein form is of much lower resolution and

both the forms of the P. aeruginosa protein are poorly ordered, with

many missing chain segments. D. radiodurans is a eubacterial

extremophile and its WrbA structure may reflect adaptations of

sequence and structure required for radiation stability. This fact,

together with its relatively low sequence identity to E. coli WrbA,

limits the structural interpretation of the biochemical data, which are

available only for the E. coli WrbA protein. For these reasons, we

have been pursuing the crystallization of E. coli WrbA. We have

previously reported the crystallization of E. coli WrbA apoprotein

(Wolfova et al., 2005). Here, we report the crystallization and preli-

minary diffraction analysis of E. coli WrbA in complex with its FMN

cofactor.

2. Materials and methods

2.1. Expression, purification and holoprotein reconstitution

Recombinant WrbA protein was expressed in E. coli

CY15071(�DE3) cells and purified using DEAE-cellulose (DEAE

Highprep, Pharmacia) and Affi-Gel Blue (Bio-Rad) affinity column

chromatography, as previously described by Grandori et al. (1998)

and Natalello et al. (2007). The purity and monomer molecular weight

(about 21 kDa) were determined by electrospray-ionization mass

spectrometry (ESI–MS) and by SDS–PAGE performed according to

Laemmli (1970) in a Bio-Rad minigel apparatus using 12% Tris–

glycine gels stained with Coomassie Blue R250. The final concen-

tration of the purified protein was determined by UV absorption

spectroscopy (Spectronic Unicam UV 300, Cambridge, England)

using the previously reported extinction coefficient of

22 831 M�1 cm�1 at 280 nm (Grandori et al., 1998). Pure WrbA

protein was obtained without bound cofactor owing to loss of FMN

during affinity chromatography. The holoprotein for crystallization

was prepared by incubating 0.25 mM pure WrbA apoprotein with

0.25 mM FMN (Sigma), affording 96% occupancy of the FMN–

WrbA complex according to the equilibrium constant of 2 mM as

determined by Grandori et al. (1998). The use of an excess of cofactor

over WrbA protein for reconstitution was prohibited owing to

precipitation of free FMN, which prevented the protein from crys-

tallizing (data not shown). The reconstituted WrbA holoprotein is in

the oxidized form as shown by the absorption spectra (Grandori et al.,

1998), which are typical of oxidized flavoproteins (Mayhew &

Massey, 1969; Mayhew & Tollin, 1992).

2.2. Crystallization

Reconstituted WrbA holoprotein at 0.25 mM (5 mg ml�1) in

20 mM Tris–HCl pH 7.5 was used for the crystallization trials. As a

starting point, the crystallization conditions found previously for

WrbA apoprotein were tested (reservoir containing 2.0 M ammo-

nium sulfate in 0.1 M Tris–HCl pH 8.5; Wolfova et al., 2005).

Screening of varying temperatures (ranging from 277 to 298 K) and

concentrations of ammonium sulfate (1.5–2.6 M at pH values ranging

from 7.0 to 9.0) was carried out using the sitting-drop vapour-

diffusion technique. Crystallization trials using droplets containing

equal volumes of protein and precipitant solution were performed in

Cryschem plates (Hampton Research, Aliso Viejo, CA, USA). In

addition, 0.5–2.0 mM cadmium chloride and 1.0 mM lithium citrate

were tested as additives because of their positive effect on WrbA

apoprotein crystallization (Wolfova et al., 2005). Commercially

available crystal screening kits (Hampton Research Crystal Screen

Kit, Sigma Basic and Extension Crystallization Kits for Proteins)

were also used for crystallization trials; screening was carried out

using 96-well Intelliplates and the Phoenix microdispenser (Art

Robbins Instruments).

2.3. Data collection and processing

Diffraction data for WrbA holoprotein crystals were collected

using synchrotron radiation at the Joint University of Hamburg/IMB

Jena/EMBL beamline X13 (wavelength 0.804 Å), Deutsches Elek-

tronen-Synchrotron (DESY, Hamburg), which is equipped with a

MAR CCD detector (X-ray Research). Crystals grown from the

conditions reported here were mounted directly into cryoloops

without additional cryoprotection and flash-frozen in a stream of

nitrogen gas (Oxford Cryosystems) at 100 K. The addition of cryo-

protectant was not required since the crystals were obtained at high

polyethylene glycol concentrations. X-ray data were recorded to a

Bragg spacing of 2.6 Å for crystals grown from 25% ethylene glycol

(crystal form I) and to 2.0 Å for crystals grown from 20% PEG 8000

in 0.1 M Tris–HCl pH 8.0 or 30% PEG 4000 in 0.1 M Tris–HCl pH 8.5,

0.2 M MgCl2 (crystal form II). The programs DENZO and

SCALEPACK (Otwinowski & Minor, 1997) were used for proces-

sing, indexing and scaling of the data.
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Figure 1
WrbA holoprotein crystals grown by the sitting-drop vapour-diffusion method
from reservoirs containing: (a) 25% ethylene glycol (crystal form I), (b) 20% PEG
8000, 0.1 M Tris–HCl pH 8.0 (crystal form II), (c) 30% PEG 4000, 0.1 M Tris–HCl
pH 8.5, 0.2 M MgCl2.



2.4. Preliminary structure solution

The structure of crystal form I (space group P43212, diffracting to

2.6 Å; Table 1) was solved by molecular-replacement techniques

using P. aeruginosa WrbA holoprotein as the template (PDB ID code

1zwl; Gorman & Shapiro, 2005). The structure of crystal form II

(space group P41212, diffracting to 2.0 Å; Table 1) was solved using a

partially refined structure of the first crystal form as a search model

for molecular replacement. Self- and cross-rotation functions, trans-

lational searches and rigid-body refinement were performed using the

programs AMoRe (Navaza, 2001) and MOLREP (Vagin &

Teplyakov, 2000) as implemented in the CCP4 suite (Collaborative

Computational Project, Number 4, 1994).

3. Results and discussion

3.1. Crystallization and diffraction data

Crystallization conditions based on those found for WrbA

apoprotein (Wolfova et al., 2005) were tested for WrbA holoprotein.

However, these conditions yielded no crystals of WrbA holoprotein.

Therefore, further screening was carried out using standard crystal-

lization screening kits in 96-well sitting-drop vapour-diffusion

experiments at different temperatures. After two weeks, well formed

tetragonal crystals grew at 285 K from three different conditions

(25% ethylene glycol; 20% PEG 8000, 0.1 M Tris–HCl pH 8.0; 30%

PEG 4000, 0.1 M Tris–HCl pH 8.5, 0.2 M MgCl2). The crystals

reached maximum dimensions of 0.48� 0.2 � 0.2 mm and were deep

yellow in colour, indicating that the FMN cofactor is present in its

oxidized form (Fig. 1). Thus, the flavin cofactor in the crystals

retained the redox state observed by absorption spectroscopy after

holoprotein reconstitution (Grandori et al., 1998). The holoprotein

crystals grown under the conditions reported here required no

additional optimization steps to yield high-quality diffraction data. In

contrast, crystallization of WrbA apoprotein required the use of

additives and gels to reduce formation of multicrystalline clusters

(Wolfova et al., 2005). Although optimization yielded single crystals,

the apoprotein structure could not be solved owing to high crystal

mosaicity and anisotropy.

Diffraction data collected from holoprotein crystals obtained

under different crystallization conditions revealed two forms of

primitive tetragonal crystals (see x3.2) that differed in space group

and unit-cell parameters. The data-collection statistics are presented

in Table 1. Crystals grown from the two conditions containing PEG

provided similar diffraction data; hence, only data for the crystals

grown from 20% PEG 8000, 0.1 M Tris–HCl pH 8.0 are presented.

The crystals grown from 25% ethylene glycol belong to space group

P43212, with unit-cell parameters a = b = 94.35, c = 175.38 Å. The

crystals grown from 20% PEG 8000 belong to space group P41212,

with unit-cell parameters a = b = 61.13, c = 168.38 Å. The resolution

of the diffraction data obtainable with these two crystal forms is also

rather different: 2.6 and 2.0 Å, respectively. The very different unit

cells of the two crystal forms yield correspondingly large differences

in the crystal volume per unit of molecular weight, VM, which is 4.6

and 1.85 Å3 Da�1, respectively. These values correspond to solvent

contents of 73% and 34% (Matthews, 1968). The low protein content

explains the lower resolution of the data obtained from the crystals

grown from 25% ethylene glycol. The diffraction limit of the crystals

grown from PEG 8000 represents the best resolution reported to date

for WrbA holoprotein.

3.2. Structure solution of the WrbA–FMN complexes

3.2.1. Structure solution of crystal form I grown from 25%

ethylene glycol. Inspection of axial reflections indicates one fourfold

screw, one twofold screw and one twofold axis, suggesting either

space group P41212 or P43212. Fig. 2 shows the stereographic

projection of the � = 180� section of the self-rotation function for this

crystal form. The crystallographic P422 symmetry corresponds to the

peak at the centre and peaks at the edge of this projection. The

noncrystallographic twofold symmetry follows from the four

equivalent peaks around the central peak on this section. The correct

space group P43212 was deduced from a comparison of solutions from
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Figure 2
Stereographic projection of the � = 180� section of the self-rotation function
calculated using data for P43212 crystals (crystal form I) in the range 40.0–4.0 Å and
an integration radius of 20 Å.

Table 1
Data-collection statistics for WrbA holoprotein crystals.

Values in parentheses are for the highest resolution shell.

WrbA–FMN† WrbA–FMN‡

Space group P43212 P41212
Crystal system Primitive tetragonal Primitive tetragonal
Unit-cell parameters (Å) a = b = 94.35,

c = 175.38
a = b = 61.13,

c = 168.38
Resolution range (Å) 35.0–2.6 (2.69–2.60) 35.0–2.0 (2.04–1.99)
Solvent content (%) 73 34
No. of collected images 180 270
Oscillation angle (�) 1 1
No. of measured reflections 179066 142741
No. of unique reflections 24986 20763
Redundancy 7.2 (6.7) 6.9 (6.5)
Completeness (%) 98.9 (98.1) 90.8 (84.1)
Rmerge§ 0.14 (0.62) 0.09 (0.51)
hI/�(I)i 12.35 (2.64) 16.94 (3.42)
Mosaicity (�) 0.38 0.84
No. of molecules per ASU 2 2

† WrbA holoprotein crystal form I grown from 25% ethylene glycol. ‡ WrbA
holoprotein crystal form II grown from 20% PEG 8000, 0.1 M Tris–HCl pH 8.0. Similar
data were obtained for crystals grown from 30% PEG 4000, 0.1 M Tris–HCl pH 8.5, 0.2 M
MgCl2 (data not shown). § Rmerge =

P
jI � hIij=

P
hIi, where I is an individual

intensity measurement and hIi is the average intensity for this reflection. The value of
Rmerge was calculated by summation over all data.



the translation function for the enantiomorphic space groups. Using a

monomer of P. aeruginosa holoprotein (PDB code 1zwl; monomer

plus bound FMN but without water molecules) as the search model in

molecular replacement, a dimer was identified consisting of the two

best monomer solutions obtained (dimer solution, R = 48.6%,

CC = 44.2%; first incorrect solution, R = 52.3%, CC = 28.6%). After

rigid-body refinement (REFMAC5; Murshudov et al., 1997), the

initial R factor of 47.8% fell to 39.7% (Rfree = 42.7%) in the very first

cycles of refinement and rebuilding. The asymmetric part of the unit

cell contains two chemically identical molecules that form a tetramer

with a symmetry-related dimer. The tetramer assembles as a dimer of

dimers of 222 symmetry with the twofold axes (noncrystallographic)

oriented diagonally to the crystallographic axes; this is also nicely

visible from the stereographic projection of the self-rotation function

(Fig. 2).

3.2.2. Structure solution of crystal form II grown from 20% PEG

8000. Inspection of axial reflections implies one fourfold screw, one

twofold screw and one twofold axis. The correct space group P41212

was deduced from a comparison of solutions from the translation

function for the enantiomorphic space groups (P41212/P43212 with

CC = 62.5%/34.3%). In this case, the structure of crystal form I was

used as a search model in molecular replacement. Again, a dimer was

identified consisting of the two best monomer solutions (dimer

solution, R = 40.2%, CC = 62.5%; first incorrect solution, R = 40.5%,

CC = 61.8%). This solution was further improved by rigid-body

refinement (MOLREP; R = 38.7%, CC = 65.0%). This dimer also

forms a tetramer, i.e. a dimer of dimers with 222 symmetry. However,

the noncrystallographic twofold axes are oriented differently

compared with crystal form I.

3.3. Preliminary analysis of crystal packing

Preliminary analysis of the diffraction data provided an approx-

imate view of the structural models. The asymmetric unit of both

crystal forms contains a dimer that forms a compact tetramer with

two adjacent monomers, which is consistent with evidence that E. coli

WrbA undergoes a dimer–tetramer equilibrium in solution (Grandori

et al., 1998). Fourier-transform infrared spectroscopy suggests a

reduction of conformational heterogeneity and/or dynamics of WrbA

upon FMN binding and mass spectroscopy reveals that FMN binding

favours tetramer formation from WrbA dimers while not affecting

the monomer–dimer distribution (Natalello et al., 2007). FMN is also

proposed to favour tetramer formation by WrbA homologues

(Gorman & Shapiro, 2005).

Ligand binding is among various factors that affect protein crys-

tallization, as summarized by Ducruix & Giegé (1999). Here, FMN is

suggested to influence the crystallization of WrbA through specific

binding leading to favourable intermolecular interactions and/or by

reducing the conformational heterogeneity of the protein originating

from dynamics of secondary, tertiary or quaternary structure or from

aggregation. For the structures reported here, the bound FMN

cofactor appears to affect a nearby surface-exposed mobile helix and

loop involved in crystal lattice formation (see Fig. 3). Through specific

interactions with WrbA, FMN apparently restricts the conforma-

tional degrees of freedom of this part of the chain so that chain

excursions and/or species distributions are reduced. Notably, FMN

protects WrbA against deliberate proteolysis, resulting in a longer

persistence of the holoprotein than the apoprotein (Wolfova & Carey,

unpublished observations). Thus, the holoprotein crystals reported

here differ fundamentally from those used in the previously reported

structures, in which FMN was soaked into crystals of apoprotein

(Gorman & Shapiro, 2005).

The entire polypeptide chain appears to be resolved in the 2.6 Å

resolution structure. Thus, for the first time all loops are fully visible

in the electron-density maps. In contrast, a few disordered parts are

present in the high-resolution model. Consequently, in order to

obtain maximum structural information, both structural models will

have to be pursued. The two structures are currently in the process of

being refined and interpreted in detail.
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