Biochemical and Biophysical Research Communications 292, 66—70 (2002) ®
doi:10.1006/bbrc.2002.6620, available online at http://www.idealibrary.com on IIl E &I.

Active Site Mutations of Recombinant
Deacetoxycephalosporin C Synthase

Hwei-Jen Lee,*t* Christopher J. Schofield,** and Matthew D. Lloyd*f*

*Oxford Centre for Molecular Sciences and Dyson Perrins Laboratory, South Parks Road, Oxford OX1 3QY, United
Kingdom; tDepartment of Biochemistry, National Defence Medical Centre, Taipei, Taiwan, Republic of China; and
tDepartment of Pharmacy and Pharmacology, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom

Received February 11, 2002

Site-directed mutagenesis of active site residues of
deacetoxycephalosporin C synthase active site resi-
dues was carried out to investigate their role in catal-
ysis. The following mutations were made and their
effects on the conversion of 2-oxoglutarate and the
oxidation of penicillin N or G were assessed: M180F,
G299N, G300N, Y302S, Y302F/G300A, Y302E, Y302H,
and N304A. The Y302S, Y302E, and Y302H mutations
reduced 2-oxoglutarate conversions and abolished
(<2%) penicillin G oxidation. The Y302F/G300A muta-
tion caused partial uncoupling of penicillin G oxida-
tion from 2-oxoglutarate conversion, but did not un-
couple penicillin N oxidation from 2-oxoglutarate
conversion. Met-180 is involved in binding 2-oxoglu-
tarate, and the M180F mutation caused uncoupling of
2-oxoglutarate from penicillin oxidation. The N304A
mutation apparently enhanced in vitro conversion of
penicillin N but had little effect on the oxidation of pen-
icillin G, under standard assay conditions. © 2002 Elsevier
Science (USA)

Key Words: antibiotic biosynthesis; cephalosporins,
DAOCS; enzyme mechanism; iron(ll); 2-oxoglutarate-
dependent oxygenase; site-directed mutagenesis.

Deacetoxycephalosporin C synthase (DAOCS) cata-
lyzes the ring-expansion of penicillin N to deace-
toxycephalosporin C, during the biosynthesis of
cephem antibiotics in Streptomyces clavuligerus and
other prokaryotes (1-4). The enzyme is part of the
family of iron(ll), 2-oxoglutarate-dependent oxygen-
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ases (5) that includes other enzymes involved in ceph-
alosporin biosynthesis, such as deacetylcephalosporin
C synthase (DACS) and deacetoxy/deacetylcephalo-
sporin C synthase (DAOC/DACS) (6). The former en-
zyme catalyzes the hydroxylation step subsequent to
ring expansion in S. clavuligerus, (7) whilst the latter
catalyzes both the expansion and hydroxylation reac-
tions in Cephalosporium acremonium (8-10).

Understanding of the catalytic mechanism of
DAOCS has been recently advanced by a combination
of X-ray crystallographic (4, 11) and site-directed mu-
tagenesis studies. The latter studies have demon-
strated that Arg-258 is important in controlling the
selection of 2-oxoglutarate as the 2-oxoacid co-
substrate (12), and that several other arginine residues
(especially Arg-160, -162, and -266) are involved in
penicillin substrate binding (13). In addition, residues
at the C-terminus, although not necessarily bound to
the prime substrate at the point of oxidation, appear to
be important for maintaining coupling between
2-oxoglutarate conversion and penicillin oxidation (14).
Here we report site-directed mutagenesis on other res-
idues present in the active site of DAOCS (4).

MATERIALS AND METHODS

Materials. Chemicals were obtained from the Sigma-Aldrich
Chemical Co. or E. Merck and were of analytical grade or higher.
Reagents were also supplied by Amersham Biosciences (protein chro-
matography systems and columns); Bohringer-Mannheim (ATP);
MBI (1Kb and 100 bp DNA gel markers); Bio-Rad (mutagenesis
reagents); New England Bio-Labs (enzymes for molecular biology);
Novagen (vectors); Sigma-Genosys (mutagenesis primers); Phenome-
nex (HPLC columns); Promega (Wizard Plus miniprep DNA purifi-
cation system, Wizard Plus SV miniprep DNA purification system);
Stratagene (competent cells, PCR Script vector, QuikChange mu-
tagenesis kit); and Qiagen Ltd. (RNase A).

Site-directed mutagenesis. The M180F mutant was constructed
using the unique site elimination (USE) system (Amersham Bio-
sciences) (15). The remaining point mutants (G299N, G300N, Y302F/
G300A, Y302S, Y302H, Y302E, N304A) and the 304-NVI1-305 inser-
tion mutant were constructed using the method of Kunkel (16, 17)
(Table 1). Automated DNA sequencing (Department of Biochemistry,
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TABLE 1
Primers Used to Construct the DAOCS Mutants

Mutation Primer sequence Method
M180F 5'-GAGCAGCCCCTGCGGTCCGCGCCGCACTACGAC-3’ USE
G299N 5'-GTAGTTGCCGTTGATCCAATCC-3’ Kunkel
G300N 5'-CACGTAGTTGTTCCCGATCCA-3’ Kunkel
Y302F/G300A 5'-ATGTTCACGAAGTTGCCCC-3’ Kunkel
Y302S 5-ATGTTCACGGAGTTGCCCC-3’ Kunkel
Y302E 5'-GATGTTCACCTCGTTGCCCCC-3’ Kunkel
Y302H 5'-TGTTCACGTGGTTGCCCCC-3' Kunkel
N304A 5'-GCGGCGGATGGCACGTAGTT-3' Kunkel
304-NVI1-305 5'-TGTGCGGCGGATGACGTTCACGTAGTT-3' Kunkel

Note. Bold residues denote the mutation site. USE, unique site elimination. Selection primers: (pst | to nco I) 5'-CGTGACACCA-
CGATGC*CATGGGCAATGGCAACAACG-3'. Kunkel: Method developed by Kunkel (16, 17).

University of Oxford) confirmed the sequences of all mutants before
sub-cloning into the pET11a or pET24a vectors. The required plas-
mids were transformed into E. coli XL1 Blue and E. coli BL21(DE3)
and grown as previously reported (4).

Protein purification and assays. Mutant enzymes were purified
to >85% purity (by SDS-PAGE analysis) as previously described
(13), and analyzed by circular dichroism spectroscopy (4).
2-Oxoglutarate conversion assays were conducted as previously de-
scribed (18), using 0.1 mM penicillin N or 10 mM penicillin G as
substrates. An equivalent volume of water was added when no pen-
icillin substrate was used. Deacetoxycephem products were assayed
using the reported HPLC assays (4). Approximately 0.15 mg of
enzyme was used in each assay. Steady-state kinetic analyses were
carried out by the reported procedures (4). 'H NMR (500 MHz)
spectroscopy was used to confirm the presence of the expected
cephem products (4). Note that the cofactor/(co)substrate conditions
for the different types of assay are not identical. Moreover, the
results of ‘discontinuous’ assays can be difficult to interpret (19, 20).

RESULTS AND DISCUSSION
Construction, Purification, and Assaying of Mutants

The M180F mutation was made in order to probe the
functional significance of this residue, which is known
to be involved in 2-oxoglutarate binding but is also
close to the iron and proposed prime substrate binding
site (4, 11). The G299E, G300E, Y302S, Y302F/G300A,
Y302E, Y302H, and N304A mutations were made in
order to probe their effects on penicillin substrate bind-
ing. The planned Y302F mutant also contained an
additional mutation, G300A. An insertion mutant
(304-NVI1-305), with a valine inserted between Asn-304
and lle-305, was also made to probe the relationship
between these two residues. Automated DNA sequenc-
ing confirmed the presence of the required mutations.

All mutants were purified by anion-exchange and
hydrophobic interaction chromatographies to >85%
purity (as judged by SDS-PAGE analysis). Circular
dichroism analysis of all mutants suggested that no
gross changes in conformation in the mutants com-
pared to the wild-type enzyme had occurred. The ac-
tivity of all mutants was initially analyzed using ‘dis-
continuous’ assays for both 2-oxoglutarate and
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penicillin conversion (Table 2). Two penicillin sub-
strates were assessed: penicillin N [the natural sub-
strate, possessing the p-(a-aminoadipoyl-) side-chain],
and penicillin G (an unnatural substrate, possessing
the phenylacetyl side-chain) (Scheme 1). Modification
of DAOCS to efficiently accept the latter substrate
offers the possibility of directly fermenting deace-
toxycephems with hydrophobic side-chains making
their isolation more efficient than at present. Subse-
guently, steady-state kinetic analysis was carried out
(Table 3) for selected mutants catalyzing significant
penicillin oxidation. Note that these kinetic assays
measure penicillin turnover and that the stoichiometry
of 2-oxoglutarate conversions may exceed that of the
penicillin substrate if the two oxidative steps are un-
coupled. Enzyme inactivation during catalysis may

TABLE 2

Activity Assays for Wild-Type and Mutant DAOCS
with 0.1 mM Penicillin N or 10 mM Penicillin G

Penicillin N Penicillin G
Enzyme 2-0G HPLC 2-0G HPLC
1 Wild-type 100 100 79 65
2 M180F 67 44 60 <2
3 G299N N/D N/D 35 9
4 G300N N/D N/D 64 59
5 Y302S <5 <2 <5 <2
6 Y302F/G300A 52 33 46 6
7 Y302E N/D N/D 30 <2
8 Y302H N/D N/D 14 <2
9 N304A 148 177 41 91
10 304-NVI1-305 N/D N/D 26 3

Note. Assays measured 2-oxoglutarate conversion (18) and penicil-
lin conversion by HPLC (4). 2-Oxoglutarate conversions were cor-
rected for that in the absence of a penicillin substrate; i.e., they
represent stimulation of 2-oxoglutarate utilization. Results are nor-
malized to penicillin N conversion by the wild-type enzyme (specific
activity: 26 nmol/min/mg enzyme), and are based on at least dupli-
cate readings. Standard deviations are ca. 15 and 10% for 2-oxo-
glutarate and penicillin conversion, respectively. N/D, not determined.
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SCHEME 1. The ring expansion reaction catalyzed by DAOCS. G-7-ADCA, phenylacetyl-7-aminodeacetoxycephalosporanic acid.

also occur, and this may be accelerated under uncou-
pled reaction conditions (21).

Activity of C-Terminal Mutants

Glycines-299 and -300 have been previously pro-
posed to be part of a hinge section allowing movement
of the C-terminal region (4), which was proposed to
form a ‘lid’ over the DAOCS active site during catalysis
(14). The planned Y302F mutant also contained an
additional mutation, G300A. Since the conformation of
the probably mobile C-terminus may be different in
solution from that in the crystal structure (14), it is
difficult to assess the effect of this inadvertent muta-
tion.

The G299N and G300N mutations were therefore
made to investigate the effects of substitution of a
bulkier (and hydrophilic) side-chain into this conserved
Gly-Gly hinge region (4). The G299N mutation dramat-
ically reduced penicillin G conversion, suggesting that
the presence of a glycine residue at this location is
important for the function of the C-terminus (4, 14).

TABLE 3

Kinetic Parameters for Penicillin Conversion by Wild-Type
DAOCS and Mutants by HPLC Assay

Km kcal kca(/Km
Mutant (mM) (s™ (Mts™h
(a) Using penicillin N as substrate
Wild-type 0.036 = 0.007 0.05 = 0.007 1388
Y302F/G300A 0.032 + 0.005 0.008 = 0.0014 250
N304A 0.032 = 0.002 0.08 = 0.004 2500
(b) Using penicillin G as substrate
Wild-type 0.7 +£0.1 0.05 = 0.006 71
G300N 0.86 = 0.24 0.029 + 0.002 34
Y302F/G300A 0.22 = 0.02 0.0008 = 0.0001 3.6
N304A 14 +0.2 0.09 = 0.008 64

Note. Values are reported = standard deviation.

Penicillin G oxidation is reduced to a much greater
extent than 2-oxoglutarate conversion (Table 2, entry
3), suggesting that the major effect of this mutation is
to uncouple the two reactions. In contrast, the G300N
mutation only reduced activity to a small extent, and
coupling between 2-oxoglutarate and penicillin G oxi-
dation is maintained (Table 2, entry 4). The Y302F/
G300A double mutation has a relatively small effect on
activity (Table 2, entry 6), suggesting that the effect of
the G300A mutation is relatively small.

The insertion of a valine residue between Asn-304
and lle-305 abolished penicillin G conversion (Table 2,
entry 10). The inserted residue presumably occupies
the same relative position as lle-305 in the wild-type
enzyme, but also results in displacement in the posi-
tion of subsequent C-terminal residues. Previous mu-
tagenesis studies have shown the importance of the
C-terminus (14), and the side-chains of some residues
within it (13), in maintaining coupling between peni-
cillin oxidation and 2-oxoglutarate conversion. The
present study implies that some C-terminal residues
are more important than others, most strikingly illus-
trated by the relative effects of mutation of Gly-299
and Gly-300.

Mutations Located in the Penicillin Binding Site

Two residues (Tyr-302 and Asn-304) within the
C-terminus and close to the predicted penicillin sub-
strate binding site were also targeted for study. The
Y302S mutation abolished oxidation of both penicillin
N and G (Table 2, entry 5). 2-Oxoglutarate conversions
were not enhanced compared to the levels observed in
the absence of a penicillin substrate, suggesting that
(productive) penicillin binding was abolished by this
mutation. In contrast, conversion of 2-oxoglutarate by
the Y302F/G300A mutant was stimulated in the pres-
ence of penicillins N and G (Table 2, entry 6). Some
uncoupling between penicillin N oxidation and
2-oxoglutarate conversion was observed, and this was
much more pronounced when penicillin G was used as
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substrate. In the case of the Y302E and Y302H mu-
tants (Table 2, entries 7 and 8) this uncoupling was
essentially complete. The similar behaviour of the
Y302F/G300A, Y302E and Y302H mutants (together
with the results for the G300N mutant) suggests that
the presence of the G300A mutation has a minor effect
on DAOCS activity.

Steady-state kinetic analysis of the Y302F/G300A
mutant revealed an interesting effect on the conversion
of penicillin N and G. In both cases k., was signifi-
cantly decreased whilst there was relatively little (if
any) change in K. These results suggest Tyr-302 is
more important for the oxidation of the penicillin
rather than for its initial binding. However, in the
absence of a crystal structure of DAOCS with a bound
penicillin substrate it is difficult to assign a specific
role for this residue.

The N304A mutation appears to slightly increase the
rate of both 2-oxoglutarate and penicillin N conversion
(22) under the standard in vitro assay conditions (Ta-
ble 2, entry 9). Steady-state kinetic analysis (Table 3)
showed that the N304A mutation apparently results in
an increase in k. for the conversion of penicillin N
with K, unchanged. In the case of penicillin G the
apparent K, has doubled, but k., has also been in-
creased. Thus, the overall catalytic efficiency for peni-
cillin G is similar to the wild-type enzyme.

The side-chain of the N304 residue has been pro-
posed to bind to the amide bond linking the penicillin
nucleus with the side-chain (4), but these results sug-
gest that this is unlikely. Recently, Chin et al. reported
the effects of the N304L mutation (23), which also
apparently increased the rate of conversion of penicil-
lin G, ampicillin and amoxycillin under a variety of
cofactor conditions. Asn-304 is located relatively close
to the C-terminus of the enzyme, modifications of
which are known to enhanced levels of penicillin con-
version (14). Our results, together with those of Chin et
al. (23), suggest that Asn-304 mutations exert their
effects by modulating C-terminal function. The results
also support the suggestion that the C-terminus of
DAOCS has evolved to maximise coupling between
penicillin oxidation and 2-oxoglutarate conversion
rather than or as well as maximising catalytic activity
(13).

Methionine-180 Has a Role in both 2-Oxoglutarate
and Penicillin Oxidation

Methionine-180 is located in the 2-oxoglutarate co-
substrate binding site of DAOCS. Previous studies
have indicated that substituting Met-180 for a sel-
enomethionine residue had little effect on catalytic ef-
ficiency (4). Isopenicillin N synthase is an oxidase
closely related to DAOCS in which the analogous res-
idue to Met-180 is Phe-211 (A. nidulans enzyme) (24).
The M180F mutation of DAOCS (Table 2, entry 2)
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resulted in clear uncoupling of 2-oxoglutarate conver-
sion from penicillin oxidation from penicillin G oxida-
tion. In the case of penicillin N (the natural substrate)
this uncoupling is much less pronounced, if occurring
at all. These results imply that the side-chain of Met-
180 is also involved in productive binding of the peni-
cillin substrate.

The uncoupling of 2-oxoglutarate conversion from
penicillin (G) oxidation may cause a non-productive
conformation of the co-substrate side-chain at some
point during catalysis, as was proposed to explain the
uncoupling effect of the R258Q mutation (12). Alterna-
tively, the M180F mutation may directly or indirectly
influence the conformation of the penicillin substrate.
Analysis of the available DAOCS crystal structures
show that the side-chain of Met-180 is adjacent to the
carboxylate and keto group of 2-oxoglutarate, and
projects towards Arg-162, which is involved in binding
the penicillin carboxylate (13). Modelling studies sug-
gest that mutation of Met-180 to a phenylalanine res-
idue will result in steric interaction with the side-chain
of Arg-162, thus impairing penicillin binding. In the
case of penicillin G, the high level of uncoupling may be
a reflection of the higher K., value for this substrate in
the wild-type enzyme (4, 19).

CONCLUSIONS

The results in this study are in general agreement
with the catalytic mechanism and binding model for
penicillin substrate previously proposed (4, 14). The
results demonstrate that the effect of individual muta-
tions can differ for different penicillin substrates. Con-
sideration of this factor is an important in efforts to
re-engineer DAOCS (and related oxygenases) to accept
alternative prime substrates. It seems likely that con-
tributions from several specific amino acid residues
and the general conformation of the enzyme, cofactors
and substrates will control the substrate selectivity of
DAOCS. The development of fermentation protocols
involving the ring expansion of penicillin G to cephem
products is desirable, as these may be used as feed-
stock materials for the production of semi-synthetic
antibiotics.

ACKNOWLEDGMENTS

We thank Dr. R. T. Aplin for mass spectrometric analyses and Mrs.
E. McGuinness for NMR analyses. The BBSRC, EPSRC, MRC, the
Wellcome Trust, and the E.U. are thanked for financial assistance.

REFERENCES

1. Jensen, S. E., Westlake, J. W. S., and Wolfe, S. (1985) Deace-
toxycephalosporin C synthase and deacetylcephalosporin C syn-
thase are two separate enzymes in Streptomyces clavuligerus. J.
Antibiot. 38, 263-265.

2. Cortes, J., Martin, J. F., Castro, J. M., Laiz, L., and Liras, P.



Vol. 292, No. 1, 2002

10.

11.

12.

(1987) Purification and characterization of a 2-oxoglutarate-
linked ATP-independent deacetoxycephalosporin C synthase of
Streptomyces lactamdurans. J. Gen. Microbiol. 133, 3165-3174.

. Rollins, M. J., Westlake, D. W. S., Wolfe, S., and Jensen, S. E.

(1988) Purification and initial characterization of deace-
toxycephalosporin C synthase from Streptomyces clavuligerus.
Can. J. Microbiol. 34, 1196-1202.

. Lloyd, M. D., Lee, H.-J., Harlos, K., Zhang, Z. H., Baldwin, J. E.,

Schofield, C. J., Charnock, J. M., Garner, C. D., Hara, T., Ter-
wisscha van Scheltinga, A. C., Valegard, K., Viklund, J. A. C.,
Hajdu, J., Andersson, I., Danielsson, A., and Bhikhabhai, R.
(1999) Studies on the active site of deacetoxycephalosporin C
synthase. J. Mol. Biol. 287, 943-960.

. Prescott, A. G., and Lloyd, M. D. (2000) The iron(ll) and

2-oxoacid-dependent dioxygenases and their role in metabolism.
Nat. Prod. Rep. 17, 367-383.

. Prescott, A. G. (1993) A dilemma of dioxygenases (or where

biochemistry and molecular biology fail to meet). J. Exp. Bot. 44,
849-861.

. Kovacevic, S., and Miller, J. R. (1991) Cloning and sequencing of

the B-lactam hydroxylase gene (cefF) from Streptomyces clavu-
ligerus: Gene duplication may have led to separate hydroxylase
and expandase activities in the Actinomycetes. J. Bacteriol. 173,
398-400.

. Dotzlaf, J. E., and Yeh, W. K. (1987) Copurification and charac-

terization of deacetoxycephalosporin C synthetase/hydroxylase
from Cephalosporium acremonium. J. Bacteriol. 169, 1611-1618.

. Baldwin, J. E., Adlington, R. M., Coates, J. B., Crabbe, M. J. C.,

Crouch, N. P., Keeping, J. W., Knight, G. C., Schofield, C. J.,
Ting, H. H., Vallejo, C. A., Thorniley, M., and Abraham, E. P.
(1987) Purification and initial characterization of an enzyme
with deacetoxycephalosporin C synthetase and hydroxylase ac-
tivities. Biochem. J. 245, 831-841.

Scheidegger, A., Kuenzi, M. T., and Nuesch, J. (1984) Partial
purification and catalytic properties of a bifunctional enzyme in
the biosynthetic pathway of beta-lactams in Cephalosporium
acremonium. J. Antibiot. 37, 522-531.

Valegard, K., Terwisscha van Scheltinga, A. C., Lloyd, M. D.,
Hara, T., Ramaswamy, S., Perrakis, A., Thompson, A., Lee,
H.-J., Baldwin, J. E., Schofield, C. J., Hajdu, J., and Andersson,
l. (1998) Structure of a cephalosporin synthase. Nature 394,
805-809.

Lee, H.-J., Lloyd, M. D., Clifton, I. J., Harlos, K., Dubus, A.,
Baldwin, J. E., Frere, J.-M., and Schofield, C. J. (2001) Probing
the cosubstrate selectivity of deacetoxycephalosporin C syn-

70

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

thase: The role of arginine-258. J. Biol. Chem. 276, 18290—
18295.

Lipscomb, S. J., Lee, H.-J., Mukherji, M., Baldwin, J. E.,
Schofield, C. J., and Lloyd, M. D. (2002) The role of arginine
residues in substrate binding and catalysis by deacetoxycepha-
losporin C synthase. Eur. J. Biochem. in press.

Lee, H.-J., Lloyd, M. D., Harlos, K., Clifton, I. J., Baldwin, J. E.,
and Schofield, C. J. (2001) Kinetic and crystallographic studies
on deacetoxycephalosporin C synthase (DAOCS). J. Mol. Biol.
308, 937-948.

Deng, W. P., and Nickoloff, J. A. (1992) Site-directed mutagen-
esis of virtually any plasmid by eliminating a unique site. Anal.
Biochem. 200, 81-88.

Kunkel, T. A. (1985) Rapid and efficient site-specific mutagene-
sis without phenotypic selection. Proc. Natl. Acad. Sci. USA 82,
488-492.

Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987) Rapid and
efficient site-specific mutagenesis without phenotypic selection.
Meth. Enzymol. 154, 367-382.

Lee, H.-J., Lloyd, M. D., Harlos, K., and Schofield, C. J. (2000)
The effect of cysteine mutations on the activity of recombinant
deacetoxycephalosporin C synthase from S. clavuligerus. Bio-
chem. Biophys. Res. Commun. 267, 445—448.

Dubus, A., Lloyd, M. D., Lee, H.-J., Schofield, C. J., Baldwin,
J. E., and Frere, J.-M. (2001) Substrate selectivity studies on
deacetoxycephalosporin C synthase using a direct spectrophoto-
metric assay. Cell. Mol. Life Sci. 58, 835—-843.

Shibata, N., Lloyd, M. D., Baldwin, J. E., and Schofield, C. J.
(1996) Adipoyl-6-APA is a substrate for deacetoxycephalosporin
C synthase (DAOCS). Bioorg. Med. Chem. Lett. 6, 1579-1584.
Liu, A, Ho, R. Y. N., Que, L., Ryle, M. J., Phinney, B. S., and
Hausinger, R. P. (2001) Alternative reactivity of an alpha-
ketoglutarate-dependent iron(ll) oxygenase: Enzyme self hy-
droxylation. J. Am. Chem. Soc. 123, 5126-5127.

Lee, H.-J. (1999) D. Phil. thesis, University of Oxford.

Chin, H. S., Sim, J., and Sim, T. S. (2001) Mutation of N304 to
leucine in Streptomyces clavuligerus deacetoxycephalosporin C
synthase creates an enzyme with increased penicillin analogue
conversion. Biochem. Biophys. Res. Commun. 287, 507-513.
Roach, P. L., Clifton, I. J., Hensgens, C. M. H., Shibata, N.,
Schofield, C. J., Hajdu, J., and Baldwin, J. E. (1997) Structure of
isopenicillin N synthase complexed with substrate and the mech-
anism of penicillin formation. Nature 387, 827-830.



	MATERIALS AND METHODS
	TABLE 1

	RESULTS AND DISCUSSION
	TABLE 2
	SCHEME 1
	TABLE 3

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

