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The b-lactamase gene from Streptomyces fradiae Y59 was cloned and sequenced. To determine which amino
acid residues are critical in binding activity to blue dextran, chimera b-lactamases were constructed and their
binding abilities were determined. The results suggested that blue dextran binding may depend more on overall
conformation of about two-thirds of the b-lactamase molecule from the N terminus than on the primary
structure.

Many Streptomyces species produce b-lactamase constitu-
tively regardless of their resistance to b-lactam antibiotics (9,
14). The amino acid sequences of these b-lactamases show
clearly that like other b-lactamases from gram-positive bacte-
ria (11), they are class A enzymes. However, some Streptomyces
species also produce b-lactamases which can hydrolyze clox-
acillin at a rate of about 10% of that of benzylpenicillin, and
the rate of hydrolysis of benzylpenicillin is not retarded in the
presence of methicillin. Thus, b-lactamases from Streptomyces
species can be further classified into two groups, group I and
group II, on the basis of their amino acid sequences. Moreover,
these groups coincide well with classifications on the basis of
their properties in binding blue dextran (11, 20). Group I
b-lactamases, which do not bind blue dextran, are similar to
b-lactamases from Bacillus licheniformis and Bacillus cereus,
whereas group II b-lactamases, which bind blue dextran, are
similar to b-lactamases encoded by genes on the chromosomes
of gram-negative bacteria such as Yersinia enterocolitica (21)
and Citrobacter diversus (17). This property of binding to blue
dextran is similar to that among class D b-lactamases. Inter-
estingly, however, while blue dextran-binding proteins are in
general known to bind dinucleotides such as NADP1 (23),
spectroscopic analysis suggested that the b-lactamase isolated
from fermentation broth did not contain NAD1 or NADP1. In
addition, the presence of these nucleotides did not affect the
enzymatic activity of the b-lactamase used. Thus, the physio-
logical significance of the property of dinucleotide binding
remains to be clarified. It is therefore interesting to know the
evolutionary relationship between group II b-lactamases and
proteins which bind NADP1, such as dehydrogenases, and
between group II b-lactamases and group I b-lactamases.
Previously, we cloned and sequenced the genes of group II

b-lactamases from S. cellulosae (12, 25) and S. lavendulae (20).
Here, we describe the cloning, sequencing, and results of site-
directed mutagenesis of amino acid residues important in bind-
ing to blue dextran.
S. lividans 1326 (8) was the kind gift of D. A. Hopwood

(John Innes Institute, Norwich, United Kingdom). Streptomy-
ces plasmid DNA was prepared by alkaline lysis (16) and sper-
mine treatment (5). Escherichia coli plasmid DNA was isolated
by the method of Holmes and Quigley (3). DNA fragments

were purified by electroelution (22). Site-directed mutagenesis
was carried out by the method of Kunkel et al. (7) with a
Mutan-K kit (Takara Shuzo Co., Kyoto, Japan). Oligonucleo-
tides were synthesized with a 381-A DNA synthesizer from
Applied Biosystems Co. The nucleotide sequence was deter-
mined by the method of Sanger et al. (19) by using Sequenase
2 (U.S. Biochemical Corp., Cleveland, Ohio) and 7-deaza-
dGTP. Thiostrepton was the kind gift of S. J. Lucania, Squibb
and Sons, Inc. (New Brunswick, N.J.). b-Lactamase activity
was determined by modified iodometric and microiodometric
methods as described previously (9, 14).
DNA fragments from S. fradiae Y59 were hybridized with a

1.9-kb SacI-XbaI fragment from S. cellulosae KCCS0127 (25).
By using this property, the hybridized fragment was cloned.
The nucleotide sequence of the essential 2.2-kb fragment was
then determined with the Sequenase 2 kit. Comparison of the
nucleotide sequence with a b-lactamase from S. fradiae (2)
showed that only one nucleotide in the open reading frame
region was different; namely, the guanine at nucleotide 497 was
replaced by an adenine in the S. fradiae Y59 b-lactamase gene.
Comparison of the amino acid sequence with those of other
b-lactamases indicated that it was a class A, group II b-lacta-
mase (11, 20). This classification is supported by the finding
that mutants A (S-823A), E (E-1823N), and W (P-1833Q)
showed no enzymatic activity.
To date, two types of conserved amino acid sequences have

been implicated in dinucleotide binding: a glycine-rich se-
quence, like GXGXXG (18), and an RHXXXXR sequence
(6), in which X is any amino acid. However, it was difficult to
find such a sequence in the b-lactamase from S. fradiae Y59.
Thus, we wanted to know which amino acid residues or what
part of the molecule is implicated in the binding of blue dex-
tran and/or dinucleotides. To investigate this problem, we first
constructed chimeric b-lactamases between blue dextran-bind-
ing (S. fradiae) and non-blue dextran-binding (S. cacaoi) b-lac-
tamases and measured their blue dextran binding activities.
Figure 1 compares the amino acid sequence of S. fradiae b-lac-
tamase with that of S. cacaoi b-lactamase (15, 24). To construct
chimera b-lactamase genes, each gene was divided into three
parts (Fig. 2A). In junction I, each gene was digested with
Eco47III and the fragments from S. fradiae were mixed with
those from S. cacaoi (Fig. 2B). Ligation of these mixtures gave
two chimera genes. In junction II, in contrast, a sequence of 10
bases (GAGGGTCACC) from S. fradiae (underlined in Fig.
2B) was changed to TCGACCCCGG by using the synthetic
oligonucleotide, and the product was then digested with SmaI.
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The gene from S. cacaoi was also digested with SmaI, and the
products were mixed with the modified digested products of S.
fradiae. As was the case for junction I, ligation of these mix-
tures yielded two chimera genes. Four types of chimera plas-
mid were constructed (f1, f2, f3, and f4 [Fig. 2A]). These
plasmids were introduced into S. lividans 1326, and transfor-
mants were cultured in modified E medium (9) that contained
CaCl2 instead of CaCO3. The b-lactamase enzymes were iso-
lated as crude powders by the addition of ammonium sulfate,

dialyzed against distilled water, and lyophilized. A Sephadex
G-75 column (1 by 30 cm) in 0.1 M phosphate buffer (pH 7)
was used to determine whether b-lactamase enzyme was bound
to the column when a b-lactamase sample was applied to the
column together with blue dextran 2000, as described previ-
ously (13, 25). When the crude enzyme from S. fradiae Y59 was
loaded onto the column and eluted with the same buffer, the
peak of enzyme activity appeared in the position expected from
its molecular weight (Fig. 2A). In contrast, when the same

FIG. 1. Comparison of amino acid sequences of b-lactamases from S. fradiae Y59 and S. cacaoi KCCS0352. Each number refers to the position of the amino acid
residue in the corresponding enzyme. Asterisks and dots, identical and homologous amino acid residues between the two enzymes, respectively. Hyphens, no
corresponding amino acid.

FIG. 2. Structures of chimera genes (A) and the nucleotide and corresponding amino acid sequences in two junction regions and the construction scheme of chimera
genes between b-lactamases from S. fradiae and S. cacaoi (B). (A) Dark box, sequence from S. fradiae; hatched box, sequence from S. cacaoi. Numbers below boxes
refer to the positions of corresponding amino acid residues. Binding activity to blue dextran is indicated at the right. 11, strong binding; 1, moderate binding; 2, no
binding. (B) Numbers refer to the positions of the amino acid residues from the N terminus.
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preparation was applied to the column together with blue
dextran, the peak of enzyme activity appeared in the void
volume (Fig. 2A). With the crude enzyme from S. cacaoi, the
peak of enzyme activity did not shift whether or not blue
dextran was present. When the sample from mutant f3 was
applied to the column together with blue dextran, the peak of
enzyme activity was shifted to the void volume (Fig. 2A). In
contrast, when the sample from mutant f1 was applied with
blue dextran, most of the enzyme activity appeared in the same
position as it did without blue dextran (Fig. 2A). The b-lacta-
mases of point mutants B (M-833T), G (V-1933T and
T-1943R), and O (A-883Q) behaved similarly to that of S.
fradiae itself (data not shown). These results clearly show that
one-third of the molecule from the C terminus of the b-lacta-
mase of S. fradiae, that is, amino acids 194 to 306, is not
implicated in the binding of blue dextran but exerts a negative
effect on binding (compare the results for f2 and f4 in Fig. 2A).
To investigate binding ability more quantitatively, TSK AF-

blue Toyopearl 650ML gel was used. This gel is TSK Toyopearl
HW-65 gel covalently bound to Cibacron blue F3GA (Tosoh
Co., Tokyo, Japan). When the crude enzyme of S. fradiae was
applied to a column composed of 1 ml of the gel and was eluted
with 0.1 M phosphate buffer (pH 7.0) containing increasing
(stepwise) amounts of NaCl (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and
1.6 M) and fractions of 5 ml each were collected at each step,
enzyme activity appeared as shown in Table 1. Thus, most of
the b-lactamase activities of mutants f1 and f2 passed through
the column, while those of mutant f3 behaved similarly to the
S. fradiae enzyme. On the other hand, while about one-half of
the b-lactamase activity of mutant f4 passed through the col-
umn, the rest interacted weakly with blue dextran, indicating
that two-thirds of the molecule from the N terminus of the
b-lactamase of S. fradiae has an important role in binding to
the blue dextran gel and that the exchange of one-third of the
molecule from the N terminus of the b-lactamase of S. fradiae
with that of S. cacaoi provided the S. cacaoi enzyme with weak
binding ability to the blue dextran gel.
To study which amino acid residues play a critical role in this

binding activity, several mutant genes of b-lactamases were
constructed by site-directed mutagenesis, mainly in consider-
ation of two points. First, the common amino acid residues in
the three group II b-lactamases were changed to the corre-
sponding amino acid residues in the b-lactamase of S. cacaoi.
Second, the region of mutation was restricted to amino acid
residues 40 to 194. Among these, the behavior of b-lactamases
of mutants B (M-833T), G (V-1933T and T-1943R), and O
(A-883Q) with the Sephadex G-75 column was similar to that
of S. fradiae itself, as described above. As expected, mutant E
(E-1823N) showed no b-lactamase activity, indicating that
glutamic acid at residue 182 is involved in this b-lactamase
activity (4). The b-lactamases from mutants J, M, N, P, R, S,
and T showed behavior toward the blue dextran gel very sim-
ilar to that of S. fradiae b-lactamase (Table 1). Similarly, the
peak of enzyme activity did not shift with the b-lactamases of
mutants X (H-533V), Y (S-1703Q and V-1713L), Z (T-
863I and I-873L), dA (d115K and d116R), and dB (d125L
and d126P) (data not shown). Interestingly enough, however,
the b-lactamase of mutant Q was bound more strongly and that
of mutant U was bound slightly less strongly to the blue dex-
tran gel column than was S. fradiae b-lactamase. We thus
concluded that blue dextran and/or dinucleotide binding may
depend more on the overall three-dimensional structure of dye
binding and dinucleotide binding sites than on the primary
structure of this domain. Branlant and Branlant (1) reported a
similar situation in noting that the NAD1 binding of E. coli
D-glyceraldehyde-3-phosphate dehydrogenase depended more
on the overall conformation of the coenzyme binding site than
on the primary structure of this domain.
Apart from blue dextran binding, these exchanges of parts of

the molecule gave b-lactamases less than 1% of the specific
enzyme activity, except for mutant f1, whose specific activity
was about 10% of that of the original molecule (Table 1). In
addition, the replacement of amino acid residues by site-di-
rected mutagenesis produced b-lactamases with various spe-
cific enzyme activities. While mutants J and M showed greater
specific activities, other mutants had lower activities despite

TABLE 1. Distribution of b-lactamase activity in fractions from the blue dextran gel

Strain
% Total activity in elution buffer with NaCl concn (M) of: Relative

b-lactamase
activityPass-througha 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

S. fradiae Y59 —b — 2.6 7.8 11.7 17.2 17.2 18.2 13.3 9.7 100
S. cacaoi KCCS0352 81.3 18.5 — — — — — — — — 320
f1 68.4 25.3 4.5 1.7 — — — — — — 9
f2 87.3 12.7 — — — — — — — — 0.1
f3 3.0 — 4.8 7.9 14.8 15.5 18.4 15.9 11.9 7.9 0.1
f4 41.9 14.2 20.1 11.1 6.6 6.1 — — — — 0.04
J (G-653R and
T-663D)

— — 4.4 9.5 13.3 15.7 16.7 15.4 13.4 9.2 240

M (R-513K and
T-523K)

— — 1.9 6.6 14.4 19.7 21.8 19.5 10.6 4.2 150

N (R-563H and
L-573P)

2.0 — 3.5 7.7 12.7 16.7 20.3 15.2 13.4 8.5 0.2

P (D-953Q) 2.0 — — 3.6 8.3 15.0 19.7 19.2 16.6 13.9 100
Q (E-503Q) — — — — 3.8 7.8 12.5 15.5 18.7 15.5 15.5 10.8 20
R (P-793A and
I-803Y)

— — — — — — 100 — — — 0.01

S (R-943L and
D-973L)

— — — 5.1 15.4 24.0 24.0 18.0 9.9 3.4 4

T (E-1013R) — 1.5 — 3.3 7.6 14.2 19.4 19.6 17.3 15.1 90
U (D-1573Q) 7.9 — 2.6 2.6 2.6 23.7 19.7 14.5 14.5 11.8 2

a Passed through the fraction.
b—, no detectable activity.
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the exchange of amino acid residues with the corresponding
residues of S. cacaoi b-lactamase (Table 1). Thus, mutant R
produced almost no enzyme activity (Table 1), suggesting that
the replacement of amino acid residues adjacent to the essen-
tial SXFK region with those of S. cacaoi affected the three-
dimensional structure drastically, even though these b-lacta-
mases share the essential SXFK sequence. Therefore, it is
suggested that although the physiological role of b-lactamases
in Streptomyces species is unclear at present (10), the differ-
ences in various properties between group I and group II
b-lactamases from Streptomyces species are much greater than
expected from the differences in these amino acid sequences.
Nucleotide sequence accession number. The nucleotide se-

quence reported here has been deposited in the DDBJ and
GenBank databases under accession number D13898.

We are grateful to D. A. Hopwood and S. J. Lucania for their kind
gifts of Streptomyces strains and thiostrepton, respectively, to K. Ueda
and S. Horinouchi for their helpful advice, and to N. Eguchi and Y.
Tanaka for their syntheses of oligonucleotides. We are also indebted to
the Institute of Medical Science, the University of Tokyo, and the
National Institute of Genetics, Mishima, Japan, for permission to use
the AlphaAXP and Unix systems for genetic analysis.
This work was supported in part by a grant-in-aid from the Ministry

of Education, Science and Culture of Japan and a special grant from
the Meiji College of Pharmacy.

REFERENCES

1. Branlant, G., and C. Branlant. 1985. Nucleotide sequence of the Escherichia
coli gap gene. Different evolutionary behavior of the NAD1-binding domain
and of the catalytic domain of D-glyceraldehyde-3-phosphate dehydrogenase.
Eur. J. Biochem. 150:61–66.

2. Forsman, M., B. Haeggstroem, L. Lindgren, and B. Jaurin. 1990. Molecular
analysis of b-lactamases from four species of Streptomyces: comparison of
amino acid sequences with those of other b-lactamases. J. Gen. Microbiol.
136:589–598.

3. Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for the prep-
aration of bacterial plasmids. Anal. Biochem. 114:193–197.

4. Joris, B., J.-M. Ghuysen, G. Dive, A. Renard, O. Dideberg, P. Charlier, J. M.
Frere, J. A. Kelly, J. C. Boyington, P. C. Moews, and J. R. Knox. 1987. The
active-site-serine penicillin-recognizing enzymes as members of the Strepto-
myces R61 DD-peptidase family. Biochem. J. 250:313–324.

5. Kieser, T. 1984. Factors affecting the isolation of cDNA from Streptomyces
lividans and Escherichia coli. Plasmid 12:19–36.

6. Kraunth-Siegel, R. L., R. Blatterspiel, M. Saleh, E. Schiltz, R. H. Schirmer,
and R. Untucht-Grau. 1982. Glutathione reductase from human erythro-
cytes. The sequences of the NADPH domain and of the interface domain.
Eur. J. Biochem. 121:259–267.

7. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and efficient

site-specific mutagenesis without phenotypic selection. Methods Enzymol.
154:367–382.

8. Lomovskaya, N. D., N. M. Mkrtumian, N. L. Gostimskaya, and V. N. Da-
nilenko. 1972. Characterization of temperate actinophage fC31 isolated
from Streptomyces coelicolor A3(2). J. Virol. 9:258–262.

9. Ogawara, H. 1975. Production and property of b-lactamases in Streptomyces.
Antimicrob. Agents Chemother. 8:402–408.

10. Ogawara, H. 1981. Antibiotic resistance in pathogenic and producing bac-
teria, with special reference to b-lactam antibiotics. Microbiol. Rev. 45:591–
619.

11. Ogawara, H. 1993. Phylogenetic tree and sequence similarity of b-lactama-
ses. Mol. Phylogenet. Evol. 2:97–111.

12. Ogawara, H. 1993. Sequence of a gene encoding b-lactamase from Strepto-
myces cellulosae. Gene 124:111–114.

13. Ogawara, H., and S. Horikawa. 1979. Purification of b-lactamase from Strep-
tomyces cellulosae by affinity chromatography on blue Sepharose. J. Antibiot.
32:1328–1335.

14. Ogawara, H., S. Horikawa, S. Shimada-Miyoshi, and K. Yasuzawa. 1978.
Production and property of beta-lactamases in Streptomyces: comparison of
the strains isolated newly and thirty years ago. Antimicrob. Agents Che-
mother. 13:865–870.

15. Ogawara, H., A. Mantoku, and S. Shimada. 1981. b-lactamase in Streptomy-
ces cacaoi. Purification and properties. J. Biol. Chem. 256:2649–2655.

16. Omura, S., H. Ikeda, and H. Tanaka. 1981. Extraction and characterization
of plasmids from macrolide antibiotic-producing Streptomyces. J. Antibiot.
34:478–482.

17. Perilli, M., N. Franceschini, B. Segatore, G. Amicosante, A. Oratore, C.
Duez, B. Joris, and J. M. Frere. 1991. Cloning and nucleotide sequence of
the gene encoding the b-lactamase from Citrobacter diversus. FEMS Micro-
biol. Lett. 83:79–84.

18. Porter, T. D., and C. B. Kasper. 1986. NADPH-cytochrome P-450 oxi-
doreductase: flavin mononucleotide and flavin adenine dinucleotide domains
evolved from different flavoproteins. Biochemistry 25:1682–1687.

19. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

20. Sendouda, A., H. Urabe, and H. Ogawara. 1993. Cloning, nucleotide se-
quence and expression of a b-lactamase gene from Streptomyces lavendulae.
FEMS Microbiol. Lett. 112:343–348.

21. Seoane, A., and J. M. Garcia Lobo. 1991. Nucleotide sequence of a new class
A b-lactamase gene from the chromosome of Yersinia enterocolitica: impli-
cations for the evolution of class A b-lactamases. Mol. Gen. Genet. 228:215–
220.

22. Smith, H. O. 1980. Recovery of DNA from gels. Methods Enzymol. 65:371–
381.

23. Thompson, S. T., K. H. Chase, and E. Stellwagen. 1975. Blue-dextran Sepha-
rose: an affinity column for the dinucleotide fold in protein. Proc. Natl. Acad.
Sci. USA 72:669–672.

24. Urabe, H., and H. Ogawara. 1992. Nucleotide sequence and transcriptional
analysis of activator-regulator proteins for b-lactamase in Streptomyces ca-
caoi. J. Bacteriol. 174:2834–2842.

25. Urabe, H., K. Toyama, and H. Ogawara. 1990. Cloning from Streptomyces
cellulosae of the gene encoding b-lactamase, a blue dextran-binding protein.
J. Antibiot. 43:1483–1488.

VOL. 39, 1995 NOTES 263


