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Arthrobacter endo-b-N-acetylglucosaminidase (Endo-A), a member of glycoside
hydrolase (GH) family 85, catalyses the hydrolysis and transglycosylation of
asparagine-linked oligosaccharides of glycoproteins with retention of anomeric
configuration. Glu-173 of Endo-A is a catalytically essential amino acid residue,
and the corresponding residue is conserved in all GH family 85 members. The
catalytic activity of Endo-A E173A mutant was rescued by the addition of sodium
azide or sodium formate. Furthermore, the produced b-glycosyl azide (Man5GlcNAc-
b-N3) retained the anomeric configuration, indicating that Glu-173 is the catalytic
acid–base residue of Endo-A. This is the first identification of the catalytic residue
for GH family 85 endo-b-N-acetylglucosaminidases.

Key words: azide, catalytic acid–base residue, chemical rescue, endo-b-
N-acetylglucosaminidase, inactive mutant.

Abbreviations: Endo-A, endo-b-N-acetylglucosaminidase from Arthrobacter protophormiae; Endo-H,
endo-b-N-acetylglucosaminidase from Streptococcus plicatus; Endo-M, endo-b-N-acetylglucosaminidase
from Mucor hiemalis; GH, glycoside hydrolase; GlcNAc, N-acetylglucosamine; Man, mannose.

Endo-b-N-acetylglucosaminidase (EC 3.2.1.96) catalyses
the hydrolysis of the N,N’-diacetylchitobiose moiety of
asparagine-linked oligosaccharides of various glycopro-
teins. The enzymes are classified into the glycoside
hydrolase (GH) family 18 and 85. GH family 85 endo-b-
N-acetylglucosaminidases are widely distributed in
mammal (1), plant (2), nematode (3), fungus (4) and
bacteria (5–7). Among them, Endo-A from Arthrobacter
protophormiae and Endo-M from Mucor hiemalis have
been used for the synthesis of neoglycoconjugates,
neoglycopeptides and neoglycoproteins by means of
their transglycosylation activities (8, 9). These enzymes
can stereo- and regioselectively exchange various oligo-
saccharides on glycoproteins without damaging them.
However, the 3D structure of GH family 85 endo-b-
N-acetylglucosaminidase has not been resolved, and the
catalytic residue is still unclear. In our previous
study (10), we identified a catalytically essential gluta-
mate residue at position 173 in Endo-A by mutagenesis
experiments. The corresponding amino acid residue was
also reported to be catalytically essential in several other
GH family 85 members (4, 5, 11). The catalytic residues
of retaining glycosidases have been identified by chemi-
cal rescue experiments in combination with site-directed
mutagenesis (12). In the present study, we attempted to
determine a catalytic residue of Endo-A by chemical

rescue using an alanine-substitution mutant of Glu-173
(E173A mutant).

MATERIALS AND METHODS

Expression and Purification of Wild-Type and Mutant
Enzymes—A previously constructed pET32a-Endo-A
plasmid (10) was digested with NcoI and NotI, and the
Endo-A ORF fragment was inserted into the correspond-
ing sites of pET-23d (þ) (Novagen). pET23d-Endo-A
E173A mutant was constructed by QuikChange site-
directed mutagenesis kit (Stratagene) using the muta-
genic forward primer (50-GGTTTATTAACCAAGCAACA
GAAGGGG-30, the position of the mutated sequence is
underlined) and the complementary primer. The desired
mutation was confirmed by DNA sequencing. The
resulting plasmids were introduced into E. coli BL21
(�DE3), and the cells were grown in LB medium
containing ampicillin (150 mg/ml) at 378C. After OD600

reached 0.4, isopropyl b-D-thiogalactoside (IPTG) was
added at the final concentration of 0.4 mM. The
culture was then incubated for a further 3 h at 378C
before harvesting the cells by centrifugation. The
cell pellet was resuspended in BugBuster reagent
(Novagen) to generate the soluble protein extract.
The recombinant protein was then purified by DEAE-
Toyopearl 650M column chromatography as described
previously (6).
Preparation of Substrate and Measurement of

Enzymatic Activity—Man5GlcNAc2Asn was prepared
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from ovalbumin glycopeptides by the method of Huang
et al. (13). Endo-b-N-acetylglucosaminidase activity was
assayed with dansylated Man5GlcNAc2Asn. The standard
assay of endo-b-N-acetylglucosaminidase activity was
performed with 40 nmol of Man5GlcNAc2Asn-dansyl in
20 ml of 100 mM sodium acetate buffer (pH 6.0) at 378C
for 5 min. The reaction mixture terminated by the
addition of trichloroacetic acid was directly analysed by
HPLC as described previously (14). One unit of enzy-
matic activity was defined as the amount of enzyme
yielding 1 mmol of GlcNAc-Asn-dansyl per minute at
378C. The activity of the E173A mutant rescued by
azide was measured at 378C for 30 min in 20 ml of
100 mM sodium acetate buffer (pH 6.0), sodium azide at
the concentrations indicated, 7.5 mg of E173A mutant and
20 nmol of Man5GlcNAc2Asn-dansyl. The formate rescue
analysis was performed at 378C for 30 min in 20 ml of
sodium formate buffer (pH 4.0) at the concentrations
indicated, 7.5mg of E173A mutant and 20 nmol of
Man5GlcNAc2Asn-dansyl. The activities were measured
as described earlier for the standard assay.
Enzymatic Synthesis of Glycosyl Azide—One millimo-

lar Man5GlcNAc2Asn was incubated with 17.8mg of the
E173A mutant in 0.32 ml of 100 mM acetate buffer
(pH 6.0) in the presence of 2 M sodium azide. After
incubation for 24 h at 378C, the reaction mixture was
concentrated by lyophilization and then subjected to
HPLC.
TLC and HPLC Analyses—The reaction product was

analysed by TLC and HPLC. TLC analysis was carried
out using silica gel 60 plates (Merck Art. 5626) in a
solvent system of n-propanol/acetic acid/water, 3/3/2
(v/v/v), and the oligosaccharides were visualized by
orcinol-H2SO4 reagent. HPLC was carried out using a
Hitachi D-7500 chromatograph system equipped with a
L-7420 UV-VIS detector. The reaction mixture was
concentrated by lyophilization and then fractionated on
a TSKgel Amide-80 column (4.6� 250 mm, Tosoh) under
isocratic conditions using 55% acetonitrile at a flow rate
of 1.0 ml/min at 408C. The eluate was monitored for
absorbance of the N-acetyl group at 214 nm.
Mass Spectrometry and 1H NMR Spectroscopy—

Matrix-assisted laser desorption ionization time-of-flight
(MALDI TOF) mass spectrometry was performed with a
Voyager DE-STR mass spectrometer (Applied Biosystems)
using 2,5-dihydroxybenzoic acid as the matrix. 1H NMR
spectra were recorded on a JEOL ECA-600 instrument.
Man5GlcNAc-N3 was lyophilized three times in D2O prior
to NMR experiments. The structure was also confirmed by
1H-1H COSY NMR analysis.

RESULTS

Chemical Rescue of Endo-A E173A Mutant by Sodium
Formate and Sodium Azide—Recombinant wild-type
Endo-A and the E173A mutant were engineered for
heterologous expression in E. coli BL21(�DE3). The
recombinant proteins were each purified to homogeneity
from the respective cell lysates in a single-step purifica-
tion using anion exchange chromatography (Fig. 1).
Kinetic parameters for wild-type Endo-A were deter-
mined; Km 0.207 mM and kcat 365.0 s�1. Although the

precise kinetic parameters could not be established,
Endo-A E173A mutant enzyme displayed at least
105-fold lower activity than that of the wild-type
enzyme. The effect of external nucleophiles on the
activity of the E173A mutant was further investigated
by using different concentrations of sodium azide and
formate. As shown in Fig. 2, the activity of the mutant
was rescued by the addition of azide or formate. In the
presence of 2 M sodium azide and 250 mM sodium
formate, the enzymatic activities were 127- and 40-fold
greater than in the absence of external nucleophiles,
respectively. The kinetic parameters of Endo-A E173A
mutant in the presence of 2 M sodium azide were
calculated; Km 0.876 mM and kcat 0.0458 s�1. However,
the kcat/Km value (0.0523 s�1mM�1) was 30,000-fold
lower than that of wild-type Endo-A (1760 s�1mM�1),
indicating that the enzymatic activity was only partially
rescued by the external nucleophiles.
Analysis of Glycosyl Azide—We examined the forma-

tion of the glycosyl azide by Endo-A E173A mutant using
Man5GlcNAc2Asn as the substrate in the presence of 1 M
sodium azide as described in ‘Materials and methods’
section. The reaction mixture produced was separated

94

67

43

30

20

kDa

M 1 M2

Fig. 1. SDS–PAGE analysis of the recombinant wild-type
Endo-A and the E173A mutant. The proteins were subjected
to SDS–PAGE using a 10% polyacrylamide gel, and visualized
by Coomassie Brilliant Blue R-250 staining. Lane 1, purified
recombinant Endo-A; lane 2, purified Endo-A E173A mutant;
lane M, molecular size markers. The arrow indicates the
position of the recombinant Endo-A.
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by HPLC (Fig. 3A), and the newly generated peak
fractions were collected. The reaction product was
confirmed in the peak fraction of 5.9 min by TLC
analysis, but the peak fractions of 3.0 and 5.5 min were
not visible on TLC (data not shown). Furthermore, an
aliquot of the peak fraction of 5.9 min was analysed by
HPLC. The retention time (Fig. 3B-a, 6.21 min) was
separated from that of Man5GlcNAc (Fig. 3B-b, 7.95 min)
and Man5GlcNAc2Asn (Fig. 3B-c, 11.0 min). We then
used the peak fraction of 5.9 min for MALDI TOF-MS
and proton NMR measurements. MALDI TOF-MS ana-
lysis gave a molecular ion at m/z 1079.48, corresponding
to the sodium adduct of glycosyl azide Man5GlcNAc-N3

(calculated for C38H64N4O30Na [MþNa]þ, 1079.35). The
anomeric configuration of glycosyl azide was identified by
proton NMR analysis (Fig. 4). The chemical shift, d4.68,
and the coupling constant, J¼ 8.9 Hz, of reducing
terminal proton were quite similar to the doublet of
axial anomeric hydrogen of b-N-acetylglucosaminyl azide
(d4.74, J¼ 9.0 Hz) (15), which indicates that a b-glycosyl
azide (Man5GlcNAc-b-N3) was formed.

Furthermore, the glycosyl azide products formed
during the reaction were analysed by TLC (Fig. 5A).
Aliquots of the reaction mixture were taken at various
time points and immediately boiled prior to TLC

analysis. A spot appeared after 1-h incubation with
sodium azide (Fig. 5A-b lane 2), which was not visible
when the reaction was performed in the absence of
external nucleophile (Fig. 5A-a lane 2). The purified
Man5GlcNAc-N3 was also hydrolysed by Endo-A E173A
mutant (Fig. 5B) and wild-type Endo-A (data not shown),
which supported that the newly generated glycosyl azide
was gradually hydrolysed on additional incubation
(Fig. 5A-b lanes 7–9).

DISCUSSION

The catalytic acid–base residue of GH family 18 enzymes
has been identified (e.g. Glu-132 in Endo-H from
Streptococcus plicatus) (16–18). GH family 18 and
85 members have a consensus motif, (LIVMFY)(DNEH)
G(LIVMFW)(DNLF)(LIVMF)(DN)XE, in which the
glutamic acid underlined was Glu-132 in Endo-H and
Glu-173 in Endo-A (4). However, the consensus motif
provides no direct evidence for the catalytic rescue of GH
family 85 enzymes. In the present study, inactive E173A
mutant of Endo-A was rescued in the presence of
sodium azide and produced a b-glycosyl azide from
Man5GlcNAc2Asn. Because the transglycosylation
products of Endo-A retain b-anomeric configuration
(19, 20), the reaction mechanism of this enzyme is
presumably retaining. The acid–base catalyst mutants
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Fig. 2. (A) Enzymatic activity of the Endo-A E173A
mutant in the presence of sodium azide and sodium
formate. (B) Assays were performed at 378C for 30 min using
Man5GlcNAc2Asn-dansyl as described in the text.

a

b

155

Time (min)

100

A
bs

or
ba

nc
e 

(2
14

nm
)

c

d

B

Man5GN

Man5GN2Asn

155

Time (min)

100

A
bs

or
ba

nc
e 

(2
14

nm
)

Man5GN

Man5GN2Asn

A

Man5GN-N3

Man5GN-N3

Fig. 3. (A) HPLC analysis of the reaction mixtures incu-
bated with Man5GlcNAc2Asn and Endo-A E173A mutant
in the presence of sodium azide. (B) HPLC profile of the
purified glycosyl azide (a), Man5GlcNAc (b), Man5GlcNAc2Asn
(c) and the sample mixture (d).

Chemical Rescue Endo-b-N-Acetylglucosaminidase Mutant 303

Vol. 142, No. 3, 2007

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


of b-retaining glycosidases are known to produce
b-glycosyl azide in the azide rescue studies (12). These
data indicate that the Glu-173 residue acts as the
catalytic acid–base residue of Endo-A. Furthermore,
it has been proposed that the carbonyl oxygen of the
2-acetamide group in the substrate of GH family
18 chitinases (21) and endo-b-N-acetylglucosaminidases
(18), family 20 hexsosaminidases (22), family 56
hyaluronidases (23) and family 84 O-GlcNAc-ases (24)
acts as the nucleophile to form an oxazolinium
intermediate. In the case of GH family 85 endo-b-
N-acetylglucosaminidase, synthetic oligosaccharide
oxazolines were used as the donor for the Endo-A and
Endo-M transglycosylation reaction (25–27). These facts
suggest that Endo-A possesses a substrate-assisted
catalytic mechanism in which Glu-173 acts as the
catalytic acid–base (Fig. 6A). Therefore, the reaction
mechanism of the catalytic mutant is suggested that
azide act as base instead of Glu-173 (Fig. 6B).
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Fig. 5. (A) TLC analysis of the reaction mixtures
incubated with Man5GlcNAc2Asn and Endo-A E173A
mutant in the presence of sodium azide. 0.4 mg/ml of
Endo-A E173A mutant was incubated with 1.0 mM
Man5GlcNAc2Asn in the absence (a) or presence (b) of 1 M
sodium azide at 378C for 0 h (lane 1), 1 h (lane 2), 2 h (lane 3),
4 h (lane 4), 8 h (lane 5), 12 h (lane 6), 24 h (lane 7), 48 h (lane 8)

and 72 h (lane 9). Lane S, Man5GlcNAc. (B) TLC analysis of
hydrolysis of purified glycosyl azide by Endo-A E173A mutant.
0.4 mg/ml of Endo-A E173A mutant was incubated with 1.0 mM
of purified Man5GlcNAc-N3 at 378C for 0 min (lane 1), 10 min
(lane 2), 20 min (lane 3), 40 min (lane 4) and 80 min (lane 5).
Lane S, Man5GlcNAc.
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GH family 85 enzymes possess a potential to synthe-
size neoglycoproteins by utilizing the transglycosylation
activity (8, 9). We previously identified a critical
residue for the transglycosylation activity, but the
residue had no effect on the hydrolysis activity
[e.g. W216R for the Endo-A (10) and W228R for
Endo-M (4)]. GH families 85 and 18 enzymes possess
no sequence homology except for the consensus motif,
and any GH family 18 endo-b-N-acetylglucosaminidases
have not been reported to exhibit transglycosylation
activity (8). In the present study, we identified the
catalytic acid–base residue of Endo-A. This is the first
identification of the catalytic acid–base residue for GH
family 85 endo-b-N-acetylglucosaminidases. This finding
will help to elucidate the transglycosylation mechanism
of GH family 85 enzymes.

We wish to thank Dr T. Katayama of Ishikawa Prefectural
University, Ishikawa, Japan, for the helpful advice.
This work was partly supported by a Grant-in-Aid for
Japan Society for the Promotion of Science (JSPS) fellows to
K.F. from the Ministry of Education, Science, Sports and
Culture of Japan.

REFERENCES

1. Suzuki, T., Yano, K., Sugimoto, S., Kitajima, K.,
Lennarz, W.J., Inoue, S., Inoue, Y., and Emori, Y. (2002)
Endo-b-N-acetylglucosaminidase, an enzyme involved in
processing of free oligosaccharides in the cytosol.
Proc. Natl. Acad. Sci. USA 99, 9691–9696

2. Maeda, M. and Kimura, Y. (2005) N-Glycan metabolism and
plant cell differentiation and growth. Trends Glycosci.
Glycotech. 17, 205–214

3. Kato, T., Fujita, K., Takeuchi, M., Kobayashi, K.,
Natsuka, S., Ikura, K., Kumagai, H., and Yamamoto, K.
(2002) Identification of an endo-b-N-acetylglucosaminidase

gene in Caenorhabditis elegans and its expression in
Escherichia coli. Glycobiology 12, 581–587

4. Fujita, K., Kobayashi, K., Iwamatsu, A., Takeuchi, M.,
Kumagai, H., and Yamamoto, K. (2004) Molecular
cloning of Mucor hiemalis endo-b-N-acetylglucosaminidase
and some properties of the recombinant enzyme.
Arch. Biochem. Biophys. 432, 41–49

5. Fujita, K., Takami, H., Yamamoto, K., and Takegawa, K.
(2004) Characterization of endo-b-N-acetylglucosaminidase
from alkaliphilic Bacillus halodurans C-125. Biosci.
Biotechnol. Biochem. 68, 1059–1066

6. Takegawa, K., Yamabe, K., Fujita, K., Tabuchi, M.,
Mita, M., Izu, H., Watanabe, A., Asada, Y., Sano, M.,
Kondo, A., Kato, I., and Iwahara, S. (1997) Cloning,
sequencing, and expression of Arthrobacter protophormiae
endo-b-N-acetylglucosaminidase in Escherichia coli. Arch.
Biochem. Biophys. 338, 22–28

7. Muramatsu, H., Tachikui, H., Ushida, H., Song, X., Qiu, Y.,
Yamamoto, S., and Muramatsu, T. (2001) Molecular
cloning and expression of endo-b-N-acetylglucosaminidase
D, which acts on the core structure of complex type
asparagine-linked oligosaccharides. J. Biochem. 129,
923–928

8. Takegawa, K., Tabuchi, M., Yamaguchi, S., Kondo, A.,
Kato, I., and Iwahara, S. (1995) Synthesis of
neoglycoproteins using oligosaccharide-transfer activity
with endo-b-N-acetylglucosaminidase. J. Biol. Chem. 270,
3094–3099

9. Fujita, K. and Yamamoto, K. (2006) A remodeling system for
the oligosaccharide chains on glycoproteins with microbial
endo-b-N-acetylglucosaminidases. Biochim. Biophys. Acta.
1760, 1631–1635

10. Fujita, K. and Takegawa, K. (2001) Tryptophan-216
is essential for the transglycosylation activity of endo-
b-N-acetylglucosaminidase A. Biochem. Biophys.
Res. Commun. 283, 680–686

11. Yamamoto, S., Muramatsu, H., and Muramatsu, T. (2005)
Mutational studies on endo-b-N-acetylglucosaminidase D
which hydrolyzes core portion of asparagine-linked complex
type oligosaccharides. Glycoconj. J. 22, 35–42

A

B

CH3 CH3

O

+HN

OH

HO

CH3

O

−N3
O

HN

OH

HO
N3

CH3

O

E173A E173A

O

+HN

OH

HO

CH3

O

O−O
H

O
H

CH2

CH2

O

HN

OH

HO

CH3

O

O

CH2

O

CH2

O R
H O

HN

OH

HO

CH3

O

O H

O −O

CH2

E173 E173 E173

CH2

Fig. 6. Schematic drawing of reaction mechanism
of Endo-A. (A) Proposed hydrolysis mechanism of

Endo-A. (B) Reaction mechanism of chemical rescue by
sodium azide.

Chemical Rescue Endo-b-N-Acetylglucosaminidase Mutant 305

Vol. 142, No. 3, 2007

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


12. Ly, H.D. and Withers, S.G. (1999) Mutagenesis of glycosi-
dases. Annu. Rev. Biochem. 68, 487–522

13. Huang, C.C., Mayer, H.E.J., and Montgomery, R. (1970)
Microheterogeneity and paucidispersity of glycoproteins;
Part 1. The carbohydrate of chicken ovalbumin.
Carbohydr. Res. 13, 127–137

14. Takegawa, K., Nakoshi, M., Iwahara, S., Yamamoto, K., and
Tochikura, T. (1989) Induction and purification of endo-
b-N-acetylglucosaminidase from Arthrobacter
protophormiae grown in ovalbumin. Appl. Environ.
Microbiol. 55, 3107–3112

15. Szilágyi, L. and Györgydeák, Z. (1985) A 13C-N.M.R.
investigation of glycosyl azides and other azido sugars:
Stereochemical influences on the one-bond 13C-1H coupling
constants. Carbohydr. Res. 143, 21–41

16. Tews, I., Terwisscha van Scheltinga, A.C., Perrakis, A.,
Wilson, K.S., and Dijkstra, B.W. (1997) Substrate-assisted
catalysis unifies two families of chitinolytic enzymes. J. Am.
Chem. Soc. 119, 7954–7959

17. Rao, V., Cui, T., Guan, C., and Van Roey, P. (1999)
Mutations of endo-b-N-acetylglucosaminidase H active site
residue Asp130 and Glu132: activities and conformations.
Protein Sci. 8, 2338–2346

18. Waddling, C.A., Plummer Jr, T.H., Tarentino, A.L., and Van
Roey, P. (2000) Structural basis for the substrate specificity
of endo-b-N-acetylglucosaminidase F(3). Biochemistry 39,
7878–7885

19. Takegawa, K., Yamaguchi, S., Kondo, A., Iwamoto, H.,
Nakoshi, M., Kato, I., and Iwahara, S. (1991)
Transglycosylation activity of endo-b-N-acetylglucosamini-
dase from Arthrobacter protophormiae. Biochim. Int. 24,
849–855

20. Fan, J.Q., Takegawa, K., Iwahara, S., Kondo, A., Kato, I.,
Abeygunawardana, C., and Lee, Y.C. (1995) Enhanced
transglycosylation activity of Arthrobacter protophormiae

endo-b-N-acetylglucosaminidase in media containing organic
solvents. J. Biol. Chem. 270, 17723–17729

21. Terwisscha van Scheltinga, A.C., Armand, S., Kalk, K.H.,
Isogai, A., Henrissat, B., and Dijkstra, B.W. (1995)
Stereochemistry of chitin hydrolysis by a plant
chitinase/lysozyme and X-ray structure of a complex with
allosamidin: evidence for substrate assisted catalysis.
Biochemistry 34, 15619–15623

22. Mark, B.L., Vocadlo, D.J., Knapp, S., Triggs-Raine, B.L.,
Withers, S.G., and James, M.N. (2001)
Crystallographic evidence for substrate-assisted catalysis
in a bacterial b-hexosaminidase. J. Biol. Chem. 276,
10330–10337

23. Markovic-Housley, Z., Miglierini, G., Soldatova, L.,
Rizkallah, P.J., Muller, U., and Schirmer, T. (2000)
Crystal structure of hyaluronidase, a major allergen of bee
venom. Structure 8, 1025–1035

24. Macauley, M.S., Whitworth, G.E., Debowski, A.W., Chin, D.,
and Vocadlo, D.J. (2005) O-GlcNAcase uses substrate-
assisted catalysis: Kinetic analysis and development
of highly selective mechanism-inspired inhibitors.
J. Biol. Chem. 280, 25313–25322

25. Fujita, M., Shoda, S., Haneda, K., Inazu, T., Takegawa, K.,
and Yamamoto, K. (2001) A novel disaccharide substrate
having 1,2-oxazoline moiety for detection of transglycosylat-
ing activity of endoglycosidases. Biochim. Biophys. Acta.
1528, 9–14

26. Zeng, Y., Wang, J., Li, B., Hauser, S., Li, H., and Wang, L.X.
(2006) Glycopeptide synthesis through endo-glycosidase-
catalyzed oligosaccharide transfer of sugar oxazolines:
probing substrate structural requirement. Chemistry 12,
3355–3364

27. Li, B., Song, H., Hauser, S., and Wang, L.X. (2006) A highly
efficient chemoenzymatic approach toward glycoprotein
synthesis. Org. Lett. 8, 3081–3084

306 K. Fujita et al.

J. Biochem.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

