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AzoR (azoreductase), an FMN-dependent NADH-azo compound oxido-

reductase from Escherichia coli, has been crystallized in the presence of FMN

by the sitting-drop vapour-diffusion method using 2-propanol as a precipitant.

AzoR catalyzes the reductive cleavage of azo groups. The crystals were found to

diffract X-rays to beyond 1.8 Å resolution using a synchrotron-radiation source.

The crystals belonged to the tetragonal space group P42212, with unit-cell

parameters a = b = 92.2, c = 51.9 Å. The crystals are expected to contain one

subunit of the homodimer in the asymmetric unit (VM = 2.6 Å3 Da�1) and to

have a solvent content of 51.6%. Data sets were also collected from heavy-atom

derivatives for use in phasing. As a result, crystals soaked in a solution

containing K2PtCl4 for 23 d were found to be reasonably isomorphous to the

native crystals and the presence of Pt atoms could be confirmed. The data sets

from the native crystals and the K2PtCl4-derivatized crystals are being evaluated

for use in structure determination by single isomorphous replacement with

anomalous scattering.

1. Introduction

Azo dyes, synthetic organic colorants, are extensively used in

printing, in food, for clinical purposes and in the cosmetics industry

because of their chemical stability and ease of synthesis and utility

(Meyer, 1981). Most azo dyes are released into the environment in

waste water. They are not completely degraded even after waste-

water treatment based on chemical procedures, which are expensive

methods and often yield hazardous byproducts. In addition, the toxic

and mutagenic properties of some azo dyes (Holme, 1984) has led to a

demand for efficient technology for their degradation. Biological

degradation using microorganisms is a useful method for decom-

posing the dyes under mild conditions without the problems

mentioned above (Robinson et al., 2001; Stolz, 2001). Therefore, a

detailed understanding of the mechanisms of dye-degrading enzymes

will facilitate the development of biodegradation systems.

AzoR, an enzyme catalyzing the reductive cleavage of azo groups

(—N N—), was purified from Escherichia coli (Nakanishi et al.,

2001) in order to determine the molecular basis of the biodegradation

method. Biochemical studies revealed that AzoR exists as a homo-

dimer composed of 23 kDa (200 amino-acid) subunits, as shown by

gel filtration. AzoR utilizes NADH but not NADPH as an electron

donor and binds FMN as a flavin cofactor. The reaction follows a

ping-pong mechanism requiring 2 mol NADH to reduce 1 mol methyl

red (40-dimethylaminoazobenzene-2-carboxylic acid), a typical azo

dye, to 2-aminobenzoic acid and N,N0-dimethyl-p-phenylenediamine.

However, details of the molecular mechanism of catalysis remain

unknown.

Many types of bacterial cytoplasmic azoreductases have been

isolated and characterized for the purpose of environmental

biotechnology (Ghosh et al., 1992, 1993; Maier et al., 2004;

Moutaouakkil et al., 2003; Rafii & Cerniglia, 1993; Ramalho et al.,

2004; Suzuki et al., 2001; Zimmermann et al., 1982). However, AzoR is

different from other azoreductases reported thus far with respect to
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its substrate specificity, requirement for a flavin cofactor and type of

electron donor. For example, the azoreductase purified from

Bacillus sp. by Suzuki and coworkers degrades azo compounds

utilizing NADPH, but NADPH is ineffective as an electron donor for

AzoR. The azoreductase purified from Pseudomonas KF46 by

Zimmermann and coworkers utilizes FAD as a flavin cofactor;

however, AzoR utilizes FMN as a flavin cofactor. Although the

physiological function of AzoR remains unknown, its importance has

been deduced from the wide distribution of AzoR orthologues in

bacteria, as has been revealed by genome projects, such as those on

Bacillus subtilis (Kunst et al., 1997), Streptomyces coelicolor (Bentley

et al., 2002), Salmonella typhimurium (McClelland et al., 2001),

Haemophilus influenzae (Fleischmann et al., 1995) and Pseudomonas

aeruginosa (Stover et al., 2000). On the other hand, AzoR shows a

moderate sequence homology in the active site to NQO1, originally

called DT-diaphorase [NAD(P)H:quinone reductase; EC 1.6.99.2], a

mammalian FAD-containing protein that also catalyzes the reduction

of azo compounds (Bayney et al., 1987). NQO1 plays an important

role in detoxification and has a protective effect against mutagenicity,

carcinogenicity and other toxicities by utilizing its reduction activity

(Benson et al., 1980; Chesis et al., 1984; Smith, 1999). These facts

imply that AzoR may play an important role in detoxification in

bacteria.

AzoR is representative of a poorly characterized family of azo-dye

reductases. Structure determination of AzoR is a first step toward the

elucidation of their molecular mechanism of function. Here, we

report the crystallization and preliminary X-ray crystallographic

analysis and the search for heavy-atom derivatives for use in phasing.

This is the first report of the crystallization of an FMN-dependent

NADH-azo reductase.

2. Crystallization

The overexpression of AzoR in E. coli and its subsequent purification

were carried out using previously described methods (Nakanishi et

al., 2001). The estimated pI using the program GENETYX (Hiller et

al., 2003) is 4.92. Initial crystallization trials were performed by the

hanging-drop vapour-diffusion method using the crystallization kits

Crystal Screens 1 and 2 (Hampton Research). Two protein solutions

were used: a solution containing 23 mg ml�1 (0.25 mM) AzoR in

10 mM Tris–HCl pH 8.0 and a solution additionally containing 1 mM

FMN. Each drop, consisting of 1 ml protein solution and an equal

volume of reservoir solution, was equilibrated against 500 ml reser-

voir solution at both 278 and 293 K. The solubility of the protein in

the buffers containing and not containing FMN was almost the same.

Several microcrystals and two morphologically different crystals were

observed in a week. Crystals of form I grew as bar-shaped crystals

from condition No. 12 of Crystal Screen I [200 mM MgCl2, 100 mM

HEPES buffer pH 7.5 and 30%(v/v) 2-propanol as a precipitant] at

293 K. Crystals of form II grew as a cluster of thin plates from

condition No. 23 of Crystal Screen I [200 mM MgCl2, 100 mM

HEPES buffer pH 7.5 and 30%(v/v) PEG 400 as a precipitant] at

278 K.

Trials to improve the crystallization conditions were performed for

the form I and II crystals by varying the pH, protein concentration,

precipitant concentration, FMN concentration and incubation

temperature. Simultaneously, we also examined additives using

Additive Screens 1, 2 and 3 (Hampton Research). After refinement of

the crystallization conditions, form I crystals suitable for X-ray

analysis were obtained from a drop made by mixing 15 ml of a solu-

tion containing 23 mg ml�1 protein in 10 mM Tris–HCl pH 8.0, 1 mM

FMN and an equal volume of reservoir solution containing 200 mM

MgCl2, 30%(v/v) 2-propanol and 100 mM HEPES buffer pH 7.5. The

drop was equilibrated over 500 ml reservoir solution by the sitting-

drop vapour-diffusion method for one week. Clustering was reduced

by lowering the temperature to 288 K; the crystal quality was main-

tained. Fig. 1 shows typical crystals. On the other hand, the form II

crystals could not be improved to a level suitable for X-ray analysis.

During optimization trials, it became clear that the drop size was a

critical parameter in the size of form I crystals.

Interestingly, all the crystals that appeared in the initial crystal-

lization trials were only found under conditions containing FMN. Not

even microcrystals were found under conditions without FMN. All

the crystals were yellow in colour and this colour was not lost on

transferring the crystals to a reservoir solution without FMN. These

results suggest that FMN is tightly bound to the protein moiety and

this interaction is essential for the crystallization of AzoR.
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Figure 1
Crystals of AzoR from E. coli obtained by means of the sitting-drop vapour-
diffusion method. The average dimensions of these crystals were 0.03 � 0.03 �
0.6 mm.

Figure 2
X-ray diffraction image of an AzoR native crystal. The edge of the detector
corresponds to a resolution of 1.8 Å.



3. Data collection and processing

3.1. Native data

Form I crystals were mounted in a nylon loop (Hampton Research)

and transferred to a reservoir solution containing 30%(v/v) ethylene

glycol as a cryoprotectant. The crystals were flash-cooled in a stream

of nitrogen using a Rigaku cryostat. Diffraction data were collected at

100 K at the BL6A station of the Photon Factory (Tsukuba, Japan)

using an ADSC Quantum 4 CCD detector. The wavelength was set to

1.000 Å, the oscillation angle was set to 0.5� and the distance between

the crystal and the detector was set to 150 mm. The exposure time

was set to 60 s, taking into account the dynamic range of the CCD

detector. The crystals diffracted X-rays to beyond 1.8 Å resolution

(Fig. 2). MOSFLM, SCALA and TRUNCATE from the CCP4

program suite (Collaborative Computational Project, Number 4,

1994) were used for processing, reduction and scaling of the

diffraction data. The crystals were found to belong to the tetragonal

space group P42212, with unit-cell parameters a = b = 92.2, c = 51.9 Å.

The crystals are expected to contain one molecule in the asymmetric

unit and to have a solvent content of 51.6% (VM = 2.6 Å3 Da�1;

Matthews, 1968). Data-collection statistics are summarized in Table 1.

3.2. Heavy-atom derivatives

Conditions for heavy-atom derivatization were screened using

KAuCl4, KAu(CN)2, K2PtCl4, K2PtCl6, K2Pt(CN)4, t-PtCl2(NH3)2,

AgNO3 and KHgI4. Reservoir solutions saturated with each of the

heavy-atom reagents were diluted 1:2, 1:4 and 1:20 with reservoir

solution. The native crystals were soaked for 3, 6 and 23 d in a drop

prepared by mixing 1 ml of each of the solutions containing heavy-

atom compounds and 10 ml of the reservoir solution at 288 K.

Diffraction data sets were collected from the crystals obtained from

the drops containing the highest concentration of each heavy-atom

compound and diffracted X-rays beyond 3.0 Å resolution. The deri-

vatives were flash-cooled by the same method as described in the

native crystal data collection. Diffraction data were collected at 100 K

using an ADSC Quantum 4 CCD detector at the BL6A and BL18B

stations of the Photon Factory and a MAR Research 165 mm CCD

detector at BL41XU of SPring-8 (Harima, Japan) for the crystals

soaked in the solutions for the three soaking periods. The camera

distance was set to 150, 180 and 130 mm at the BL6A and BL18B

stations of the Photon Factory and BL41XU of SPring-8, respectively.

The exposure time was set to 60–90 s at Photon Factory and 3 s at

BL41XU of SPring-8, taking into account the dynamic range of each

CCD detector. A wavelength of 1.000 Å was used in order to obtain

an anomalous contribution from all the heavy-atom elements except
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Table 1
Data-collection and processing statistics.

Values in parentheses are for the highest resolution shell.

Data set Native K2PtCl4

Beamline PF-BL6A SPring-8 BL41XU
Wavelength (Å) 1.000 1.000
Space group P42212 P42212
Unit-cell parameters (Å) a = b = 92.2,

c = 51.9
a = b = 92.4,

c = 51.7
Resolution range (Å) 65.2–1.8 (1.9–1.8) 65.3–2.5 (2.6–2.5)
Total oscillation range† (�) 191 170
Average mosaicity 0.48 0.59
No. of measured reflections 287719 106879
No. of unique reflections 21147 8145
Completeness (%) 99.7 (98.2) 99.7 (100.0)
Redundancy 13.6 (8.3) 13.1 (13.5)
Average I/�(I) 7.0 (3.0) 11.4 (8.6)
Rmerge‡ (%) 0.063 (0.225) 0.047 (0.078)
Ranom§ (%) — 0.021 (0.025)
Scaling R factor} (%) — 22.6 (20.0–2.5 Å)

† The oscillation angle was set to 0.5 and 1.0� for the native and for the K2PtCl4
derivative, respectively. ‡ Rmerge for the native data is as follows: Rmerge =P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the ith intensity measure-

ment of reflection hkl, including symmetry-related reflections, and hI(hkl)i is its average.
Rmerge for the K2PtCl4 derivative data is defined in the same way as Rmerge for the native
data, except that the summation is executed for separated Bijvoet pairs individual-
ly. § Ranom =

P
hkl jhI

þðhklÞi � hI�ðhklÞij=jhIþðhklÞi þ hI�ðhklÞij, where hIþðhklÞi and
hI�ðhklÞi are the averages of IþðhklÞ and I�ðhklÞ, respectively. } Scaling R factor
(Riso) =

P
hkl

�
�FderivðhklÞj � jFnativeðhklÞj

�
�=
P

hkl jFnativeðhklÞj.

Figure 3
The Harker sections of the isomorphous difference Patterson map (a) and the
anomalous difference Patterson map (b) computed with the data between 15.0 and
4.0 Å. The w = 0.5 section of the maps contoured at 3.0� levels is shown.



Ag in AgNO3. Programs from CCP4 were used to process the deri-

vative data sets and to evaluate the presence of heavy-atom elements.

Isomorphous difference Patterson maps were calculated using data in

the resolution range 15.0–4.0 Å with CNS (Brünger et al., 1998). As a

consequence, the presence of a heavy-atom element was found in the

crystal soaked in the K2PtCl4-saturated solution for 23 d by analysis

of the Harker section (Fig. 3). No other candidates could be found.

The K2PtCl4 derivative diffracted X-rays to beyond 2.5 Å resolution.

To confirm the presence of platinum, an anomalous difference

Patterson map was calculated and the Harker section also showed

two strong peaks, suggesting the presence of one high-occupancy

platinum site per asymmetric unit. These peak positions are consis-

tent with that of the isomorphous difference Patterson map (Fig. 3).

The anomalous contribution from the Pt atoms is likely to allow

structure determination. Furthermore, the scaling of the derivative to

the native data using SCALEIT showed that the K2PtCl4 derivative

was isomorphous to the native crystals, as reflected in the unit-cell

parameters a = b = 92.2 + 0.2 Å, c = 51.9� 0.2 Å, with a relatively low

scaling R factor (Table1).

4. Conclusion

Diffraction data were obtained from native crystals and a K2PtCl4

derivative of AzoR. Preliminary runs of SOLVE (Terwilliger, 2002)

suggest that the K2PtCl4 derivative contains one Pt atom per asym-

metric unit (Z score = 5.11, figure of merit = 0.30). The Pt-atom

position is consistent with the strong peak position in the isomor-

phous and anomalous difference Patterson maps. Structure deter-

mination by single isomorphous replacement with anomalous

scattering is currently in progress. In addition, the crystallization of

AzoR with substrates is also under way.
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