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Bacterial fructosyl amino acid oxidase [fructosyl �-l-amino acid:oxygen

oxidoreductase (defructosylating); EC 1.5.3] has been crystallized by the

hanging-drop vapour-diffusion technique using sodium citrate as the precipitant.

Two types of crystals were grown: one type are rhombic prismatic yellow crystals

that belong to space group C2 with unit-cell parameters a = 101.08, b = 63.36,

c = 83.07 AÊ , �= 108.80� and diffract to at least 1.8 AÊ resolution, while the second

type are rod-like crystals that belong to space group P4122 or P4322 with unit-

cell parameters a = b = 119.09, c = 164.66 AÊ and diffract to 2.7 AÊ resolution.

1. Introduction

Fructosyl amino acid oxidase [fructosyl-�-l-amino acid:oxygen

oxidoreductase (defructosylating); EC 1.5.3] is a ¯avoprotein that

catalyzes the oxidation of fructosyl amino acids to generate gluco-

sone, amino acid and hydrogen peroxide,

fructosyl amino acid�O2 ! amino acid� glucosone �H2O2:

Fructosyl amino acid oxidase is a candidate for the enzymatic

detection of nonenzymatically glycated proteins. This nonenzymatic

reaction is called glycation in order to distinguish it from the enzy-

matic glycosylation of proteins. The glycation of protein has been

implicated in the development of diabetic complications and in the

aging process (Bunn et al., 1976; Chiou et al., 1981; Monnier &

Cerami, 1982). The glycation of blood proteins such as haemoglobin

and albumin is enhanced in diabetics with high blood glucose. The

amount of these glycated proteins re¯ects the level of blood glucose

in periods corresponding to the half-life of the protein (14±20 d for

albumin and 1±2 months for haemoglobin). Since the glycation of

blood proteins is not affected by transient increases in blood glucose,

the levels of glycated proteins are good indices for monitoring

diabetes mellitus patients during therapy.

Horiuchi et al. (1989) discovered fructosyl amino acid oxidase from

Corynebacterium sp. 2-4-1 (FAOX-C) and we have succeeded in

cloning the FAOX-C gene and expressing it in Escherichia coli

(Sakaue et al., 2002). FAOX-C showed high activity towards d-fruc-

tosyl-l-valine (FV), but no activity toward N"-fructosyl lysine ("FLys)

and N"-fructosyl N�-formyl lysine ("FfLys). Hirokawa & Kajiyama

(2002) reported that an AgaE-like protein in Agrobacterium sp. has

FAOX-C-like activity. In addition, we succeeded in the thermo-

stablization of FAOX-C (FAOX-TE) without loss of speci®city and

activity by directed evolution (Sakaue & Kajiyama, 2003). On the

other hand, many investigators have discovered fungal FAOXs

(Horiuchi & Kurokawa, 1991; Sakai, Yoshida, Isogai et al., 1996;

Sakai, Yoshida, Tani et al., 1996; Takahashi et al., 1997; Wu et al., 2000;

Yoshida et al., 1995, 1996), but these enzymes from fungi showed

activity toward "FLys and "FfLys. We consider there to be two types

of FAOXs in terms of substrate speci®cities. These two types have a

low homology at the amino-acid sequence level. Fungal FAOXs have

a high homology with sarcosine oxidases. Recently, Hirokawa and

coworkers (Hirokawa, Gomi, Bakke et al., 2003; Hirokawa, Gomi &

Kajiyama, 2003) screened and cloned fungal fructosyl peptide

oxidases, the sequences of which were similar to those of fungal

FAOXs. We expect to obtain much information on the mechanism of
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catalysis and substrate speci®city from crystallographic studies of

FAOX. In this paper, we report the crystallization and preliminary

X-ray analysis of bacterial FAOX.

2. Materials and methods

2.1. Expression and purification

Recombinant FAOX-TE was overexpressed in Escherichia coli and

puri®ed as described previously (Sakaue & Kajiyama, 2003). The

puri®ed protein was centrifuged to remove insoluble extracts and

sterilized by Ultrafree-MC (Amicon). The protein was concentrated

to 5±50 mg mlÿ1 in 20 mM potassium phosphate buffer pH 8.0 and

stored at 253 K. In optimized crystallizations, we dialyzed FAOX-TE

to 0.1 M MOPS pH 7.0 (for rhombic shaped crystals; Fig. 1a) or 0.1 M

Tris±HCl pH 8.0 (for rod-shaped crystals; Fig. 1b).

2.2. Crystallization

All crystallization trials were performed using the hanging-drop

vapour-diffusion method at 277 and 298 K. Initial experiments to

determine the crystallization conditions were undertaken using

Crystal Screen 1 (Hampton Research) by mixing 5 ml protein solution

(5±50 mg mlÿ1 protein) with 5 ml reservoir solution and equilibrating

the drops over 1 ml of their respective reservoirs. Initial trials showed

that sodium citrate was an effective precipitant for the crystallization

of FAOX-TE. Conditions were further optimized by varying the

concentrations of protein and additives, as well as the pH of the

buffer.

2.3. Data collection and processing

For the X-ray diffraction experiment, the FAOX-TE crystals were

¯ash-cooled in a cryosolution composed of crystallization compo-

nents with a higher concentration of precipitating reagent: 1.6 M

sodium citrate and 0.1 M MOPS pH 7.0 for rhombic shaped crystals

and 1.6 M sodium citrate and 0.1 M Tris±HCl pH 8.0 for rod-shaped

crystals. X-ray diffraction data were collected at 100 K with

synchrotron radiation of wavelength 1.0 AÊ at BL44B2 of SPring-8

(Hyogo, Japan) on an MAR CCD 165 detector. The oscillation angle

was 1.0� and the exposure time was 10 s. The crystal-to-detector

distances for the rhombic shaped and rod-shaped crystals were 90 and

180 mm, respectively. The data were integrated and scaled with

CrystalClear (P¯ugrath, 1999).

3. Results and discussion

Two types of crystals of FAOX-TE, rhombic shaped and rod-shaped

crystals, were obtained in initial trials with sodium citrate as the

precipitant in HEPES buffer pH 7.0±8.0 at 298 K. We optimized the

crystallization conditions by varying the concentration of sodium

citrate, the buffer and the pH. Rhombic shaped crystals were grown

using 1.5 M sodium citrate and 0.1 M MOPS pH 7.0 and rod-shaped

crystals were grown using 1.5 M sodium citrate and 0.1 M Tris±HCl

pH 8.0. The rhombic shaped crystals diffracted to better than 2.0 AÊ

resolution, but the crystals were stacked. Microseeding was effective

in reducing the crystal stacking. X-ray diffraction data were collected

at 1.8 AÊ with an Rmerge of 4.4% and a completeness of 98.4%. The

crystals belong to space group C2, with unit-cell parameters a = 101.08,

b = 63.36, c = 83.07 AÊ , �= 108.80�. Assuming one FAOX-TE molecule

to be present in the asymmetric unit, the Matthews coef®cient VM is

3.2 AÊ 3 Daÿ1, corresponding to a solvent content of 62% (Matthews,

1968). The rod-shaped crystals diffracted to 2.7 AÊ resolution and

belong to space group P4122 or P4322, with unit-cell parameters

a = b = 119.09, c = 164.66 AÊ . Assuming two molecules to be present in

the asymmetric unit, the Matthews coef®cient VM is 3.6 AÊ 3 Daÿ1,

corresponding to a solvent content of 66%. The diffraction data had

an Rmerge of 12.4% and a completeness of 100.0%. The data-collec-

tion statistics of each crystal are summarized in Table 1. Both types of

crystal were redissolved in the buffer and subjected to SDS±PAGE.

The results showed that these crystals did not consist of degradation

fragments of FAOX-TE (data not shown).

Several similar structures have been deposited in the PDB, of

which sarcosine oxidase (SAOX; PDB code 1el5) showed 27%

sequence identity. However, we could not solve the structure of

FAOX-TE by the molecular-replacement (MR) method using SAOX

as a search model. Therefore, the structure will be solved by multi-
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Figure 1
Two types of yellow crystals of FAOX-TE in a hanging drop. (a) shows rhombic
prismatic crystals and (b) shows rod-like yellow crystals. The bar corresponds to
0.5 mm.

Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Rhombic shaped Rod-shaped

Space group C2 P4122 or P4322
Unit-cell parameters (AÊ , �) a = 101.08, b = 63.36,

c = 83.07, � = 108.80
a = b = 119.09,

c = 164.66
Resolution range (AÊ ) 48±1.8 (1.86±1.8) 45±2.7 (2.8±2.7)
No. observed re¯ections 165367 482519
No. unique re¯ections 45347 33249
Completeness (%) 98.4 (95.3) 100 (99.9)
Multiplicity 3.65 (3.58) 14.51 (14.74)
Rmerge² (%) 4.4 (21.2) 12.4 (39.8)
I/�(I) 16.7 (5.0) 15.9 (6.7)

² Rmerge =
P

h

P
i jI�h�i ÿ hI�h�ij=

P
h

P
i I�h�i , where I(h)i is the intensity of re¯ection h,P

h is the sum over all measured re¯ections and
P

i is the sum over I measurements of a
re¯ection.



wavelength anomalous dispersion (MAD) methods with a Hg deri-

vative using synchrotron X-ray radiation at SPring-8.

We thank N. Yamaji and Y. Imai for continuous support, encour-

agement and valuable discussions.
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