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ABSTRACT The principal cause of bacterial resistance to
penicillin and other -lactam antibiotics is the acquisition of
plasmid-encoded S-lactamases, enzymes that catalyze hydro-
lysis of the PB-lactam bond and render these antibiotics
inactive. Clavulanic acid is a potent inhibitor of B-lactamases
and has proven clinically effective in combating resistant
infections. Although clavulanic acid and penicillin share
marked structural similarities, the biosyntheses of their bi-
cyclic nuclei are wholly dissimilar. In contrast to the efficient
iron-mediated oxidative cyclization of a tripeptide to isopeni-
cillin N, the critical B-lactam ring of clavulanic acid is
demonstrated to form by intramolecular closure catalyzed by
a new type of ATP/Mg?*-dependent enzyme, a (-lactam
synthetase (-LS). Insertional inactivation of its encoding
gene in wild-type Streptomyces clavuligerus resulted in complete
loss of clavulanic acid production and the accumulation of
N2-(carboxyethyl)-L-arginine (CEA). Chemical complementa-
tion of this blocked mutant with authentic deoxyguanidino-
proclavaminic acid (DGPC), the expected product of the 3-LS,
restored clavulanic acid synthesis. Finally, overexpression of
this gene gave the B-LS, which was shown to mediate the
conversion of CEA to DGPC in the presence of ATP/Mg2>*.
Primary amino acid sequence comparisons suggest that this
mode of B-lactam formation could be more widely spread in
nature and mechanistically related to asparagine synthesis.

Penicillin and related B-lactam antibiotics have been a main-
stay in the treatment of infections for 50 years. Their effec-
tiveness in medicine, however, like other classes of known
antibiotics, has come under increasing challenge from the rise
of multiply drug-resistant pathogenic bacteria (1, 2). Promi-
nant among the resistance mechanisms to penicillin and other
B-lactams are the B-lactamases, which hydrolyze these antibi-
otics and disarm their ability to inhibit bacterial cell wall
biosynthesis. Clavulanic acid is a naturally occurring inhibitor
of B-lactamase enzymes, whose value in combating antibiotic
resistance has been demonstrated clinically (3). A new mech-
anism of B-lactam biosynthesis has been identified in the
clavulanate pathway, which may play an analogous role in the
formation of the carbapenems, another clinically important
family of these antibiotics. Application of these enzymes in the
preparation of these and other antibiotics may be envisioned.

As largely the products of fermentation, mechanistic and
practical interests have given impetus to the study and genetic
manipulation of antibiotic biosynthesis (4—7). Great effort has
been focused on understanding the formation of these impor-
tant natural products and to identifying the genes that encode
their biosynthetic pathways. The p-lactam antibiotic family can
be divided into at least four known groups, of which the
biosynthetic study of penicillin N (Fig. 1, 2) is by far the most
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advanced. A tripeptide precursor 1 is produced by a nonribo-
somal peptide synthetase (8, 9), which is cyclized with impres-
sive efficiency by isopenicillin N synthase in the presence of
ferrous ion and molecular oxygen to isopenicillin N (Fig. 1, 2;
subsequent boldface numbers will refer to corresponding
sections of figure). Research has culminated recently in the
x-ray crystal structure of isopenicillin N synthase with iron and
substrate bound (10). The structural features of this complex,
in addition to a vast base of earlier experimental data, have led
to the proposal of a detailed catalytic mechanism involving
successive oxidative cyclization reactions mediated by iron and
oxygen resulting in the formation of two rings and two
molecules of water (10, 11).

The highly efficacious p-lactamase inhibitor clavulanic acid
(5) bears strong structural similarity to isopenicillin N (2), but
its primary modes of biochemical activity and synthesis differ
sharply (3). Unlike the economical two-step biosynthesis of
isopenicillin N (2), the fused bicyclic motif in clavulanic acid
is assembled in at least eight steps from the building blocks of
primary metabolism. The earliest proposed intermediate in
clavulanic acid biosynthesis is CEA (3) (12, 13). An isotopically
labeled sample of this material was shown to give an intact,
albeit low, incorporation into 5 when administered to a
fermentation of Streptomyces clavuligerus. Similarly, the mono-
cyclic B-lactam 4 (DGPC) was prepared in labeled form and
analogously incorporated into clavulanic acid, suggesting a
precursor relationship of the former to the latter.

In this paper we describe the first evidence that the transfor-
mation of CEA (3) to DGPC (4) is catalyzed by a single enzyme
in the presence of ATP/Mg?*. This intramolecular amide bond
formation is previously unknown and has led to the designation
of a B-LS. The B-LS is encoded by orf3, a component of the
clavulanic acid gene cluster (14) having deduced amino acid
similarity to a subset of the amidotransferases (15). It is located
approximately 1 kb upstream of orf5, which encodes clavaminate
synthase (16), a later enzyme in the pathway responsible for
formation of the bicyclic nucleus of clavulanic acid (17). Targeted
disruption of orf3 in the wild-type S. clavuligerus led to complete
blocking of clavulanic acid production and the accumulation of
CEA. Chemical complementation of orf3 mutants with authentic
DGPC was shown to restore clavulanic acid production. Finally,
separate overexpression of orf3 afforded B-LS, which was dem-
onstrated to catalyze the in vitro conversion of CEA (3) to DGPC
(4) in the presence of ATP/Mg?*.

EXPERIMENTAL PROCEDURES

Gene Disruption. All restriction enzymes were purchased
from New England Biolabs. Plasmid pLRF16 contained a

Abbreviations: B-LS, B-lactam synthetase; CEA, N2-(carboxyethyl)-
L-arginine; DGPC, deoxyguanidinoproclavaminic acid; AS-B, aspar-
agine synthetase, Class-B.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF071051).

*To whom reprint requests should be addressed. e-mail: Townsend@
jhunix.hcf.jhu.edu.



Chemistry: Bachmann et al.

Proc. Natl. Acad. Sci. USA 95 (1998) 9083

H H H
RHN ' SH ] [
];/ H IPNS RHN S, .- O
N\/&_ ++ N\)\ + 2
G Y Fe™ + 0, g .
COOH COOH
1 2
2 1 3 4 I-..|
Hooc/\ . . NH B-LS NH  Steps o) OH
HN ATP/Mg* ),:N A - W
N~ "NH N
N , G W\H NH, ,
COCH COOH COOH
3 4 5
N’OHH H H
HOOCYVOAQ—LH/N : oH .
NH, o} j;—l‘\l\/@ J;I\Q
o , o
COOH COOH

6
FiG. 1.

Reaction of isopenicillin N synthase, an overview of clavulanic acid biosynthesis and representative members of the B-lactam antibiotic

classes. In penicillin biosynthesis, 8-(L-aminoadipoyl)-L-cysteinyl-D-valine (ACV) (1) is cyclized to isopenicillin N (2) by isopenicillin N synthase
in the presence of ferrous ion and molecular oxygen. Clavulanic acid biosynthesis differs in that N?-(2-carboxyethyl)arginine (CEA) (3) cyclizes
first to the monocyclic B-lactam deoxyguanidinoproclavaminate (DGPC) (4) mediated by B-lactam synthetase (8-LS) and ATP/Mg?*. Several
subsequent transformations of this molecule are required to form clavulanic acid (5). The penam/cephem group is represented here by isopenicillin
N (2), the clavams by clavulanic acid (5), the monocyclic B-lactams by nocardicin A (6), and the carbapenems by carbapenem-3-carboxylic acid (7).

2.0-kb blunt-ended Kpnl-Bg/II S. clavuligerus chromosomal
fragment, comprising the full orf3 gene with a 5’ flanking
region, in EcoRV digested pKC1139 (18). The thiostrepton
resistance gene (tsr) in pIJ680 (19) was excised as a 1.08-kb
Bcll-Bcll fragment and inserted into the unique internal Ncol
site of orf3 by blunt-ended ligation. Plasmid pLRF25, used for
the disruption of orf3 gene, was prepared by insertion of the
inactivated orf3 into the replicationally unstable vector
pLRF66 derived from plJ680. The resulting plasmid was used
to transform S. clavuligerus protoplasts. The transformants
containing pLRF25 were subjected to two rounds of sporula-
tion in the absence of antibiotic selection. These spores were
grown on thiostrepton-containing plates and then replicated
on neomycin-containing plates. The resulting TsrR Neo® col-
onies were presumptive gene replacement integrants.

Southern Hybridization. Genomic DNA was completely
digested with Sphl, Bcll, or Kpnl-Sacl and the fragments,
separated by agarose gel electrophoresis, were transferred to
nylon membranes. [a->?P]dCTP was used to label DNA probes
by the random priming method. Hybridization was carried out
for 16 hr at 55°C in a solution containing 5X SSC buffer, 50%
formamide, 5X Denhardt’s solution, and 1% SDS (20).

Analysis of Antibiotics. Bioassays were conducted by the
method of agar plate diffusion with appropriate indicator
organisms seeded on nutrient agar. Clavulanic acid was de-
tected by B-lactamase inhibition by using Klebsiella pneu-
moniae subsp. pneumoniae (ATCC 29665) and benzylpenicillin
(21), whereas penicillin, cephalosporin, and cephamycin were
detected with Escherichia coli SC 12155 (22). Clavulanic acid
was also detected by reaction with imidazole, as described (23,
24).

Isolation of CEA. A 0.5 liter culture of mutant RFL35 was
grown in SA medium (25) containing 10 pg/ml thiostrepton
for 100 hr. The fermentation broth was centrifuged to remove
cells, lyophilized, and taken up in 75% ethanol to remove high
molecular weight biomolecules. The extract was then passed
through an Amberlite IRA-68 (Aldrich) column to remove
anionic impurities followed by lyophilization. The cationic
compounds in this lyophilizate were then isolated by solid
phase extraction over SCX preparative filter columns (Var-
ian). The extract was purified further by C-18 HPLC chroma-

tography by using a Prodigy Su. ODS(3) column (250 X 10 mm;
Phenomenex, Torrance, CA) with water as eluant.

Sakaguchi Analysis. Guanidino-containing compounds
were detected in cultures of mutants and during product
isolation by employing modified Sakaguchi conditions (12, 26).
Fifty microliters of sample was incubated with 50 ml of 0.1%
8-hydroxyquinoline for one min. Fifty microliters of 0.2%
bromine/0.5 N NaOH was added, followed immediately by 350
ml distilled, deionized H,O. Absorbance at 500 nm was
correlated with the presence of the guanidino function by
construction of a standard curve by using arginine.

Overproduction of B-LS. B-LS was cloned into the pET-
24a(+) (Novagen) vector and was used to transform
BL21(DES3) cells. Cell paste was disrupted by French press and
DNA was precipitated by the addition of KCl and MnCl, to
final concentrations of 100 mM and 30 mM, respectively. After
dialysis, the cell extract was purified by Q-Sepharose (Sigma)
chromatography by using a 0-500 mM KClI gradient. B-LS
activity in column fractions was assayed by monitoring ATP
hydrolysis in the presence of CEA as described below. Frac-
tions containing B-LS activity eluted at 280 mM KCI and
corresponded to the induced protein by SDS/PAGE. Pooled
fractions were concentrated to 3 ml in an Amicon ultrafiltra-
tion cell fitted with a PM10 membrane.

ATP hydrolysis was monitored by using the EnzCheck
pyrophosphate assay kit (Molecular Probes). In this assay, PPi
is converted to Pi by inorganic pyrophosphatase. 2-Amino-6-
mercapto-7-methylpurine ribonucleoside is enzymatically
phosphorylated to the spectrophotometrically distinct 2-ami-
no-6-mercapto-7-methylpurine, resulting in a shift of the ab-
sorbance maximum from 330 to 360 nm.

In Vitro Reaction. Enzymatic reactions of CEA ['H NMR
(400 MHz, D,O) & 1.4-1.6 (sym m, 2H, H-4), 1.83 (m, 2H,
H-3), 2.69 (t,J = 6.7 Hz, 2H, C-2"), 3.06 (t,J = 7.3 Hz, 2H,
H-5), 3.20 (t,J = 6.7 Hz, 2H, C-1"), 3.80 (dd, J = 5.0, 7.2 Hz,
1H, H-2)] and partially purified B-LS were carried out in 100
mM Pipes buffer (pH 7.5), 50 mM NaCl, 10 mM MgCl,, 10 mM
ATP, and 6 mM CEA. After 3 hr reaction, the enzyme was
removed by centrifugal filtration (UltraFree 10,000 MWCO;
Millipore) and purified by C-18 HPLC on a Phenomenex
Prodigy 5u ODS(3) column (250 X 10 mm) with 50 mM



9084 Chemistry: Bachmann et al.

ammonium bicarbonate as eluant (5 ml/min). DGPC (27) had
a retention time of 13.75 min under these conditions.

RESULTS

Construction of Disruption Mutant. To access the role of
Orf 3 in clavulanic acid biosynthesis, the corresponding gene
was disrupted by inserting the thiostrepton resistance gene (tsr)
into the unique internal Ncol site. S. clavuligerus was trans-
formed with the corresponding plasmid, pRFL25, which also
conferred neomycin resistance. Only colonies found to be
resistant to thiostrepton and sensitive to neomycin were stud-
ied as potential double crossover products between the chro-
mosomal orf3 and the disrupted copy from pLRF25. Successful
gene replacement in one of the TsrR NeoS integrant strains, S.
clavigerus RFL35, was confirmed by Southern hybridization
analysis (Fig. 2). Orf3 probes consistently showed hybridization
to fragments from digested RFL35 DNA, which were 1.1 kb
longer than those observed in screening wild-type digestions
indicating insertion of the tsr gene. The tsr probe selected for
fragments of exactly the same size as those obtained with the
orf3 probe, but tsr hybridizing fragments were absent in the
wild-type chromosomal screening. These results demonstrated
that in RFL35 the native orf3 had been replaced by the
disrupted copy in a double crossover event.

Analysis of Mutant RFL35. Cultures of S. clavuligerus
RFL35 were grown in SA fermentation medium (25) and
analyzed for the production of clavulanic acid both by bioassay
(28) and by reaction with imidazole (23, 24). No clavulanic acid
was detectable in the supernatants of RFL35 cultures. To
ensure that the double crossover mutation had no deleterious
effect on other aspects of secondary metabolism, bioassay with
the B-lactam supersensitive E. coli SC 12155 (22) was per-
formed. This experiment showed that RFL35 exhibited the
same levels of penicillin and cephamycin production as did the
wild type, confirming that the disruption of orf3 had no effect
on their production.

To establish the role of the orf3 gene product in clavulanic
acid biosynthesis, chemical complementation of orf3 disrup-
tion mutants with DGPC (4) was carried out. Synthetic DGPC,
the hypothetical product of Orf 3, was fed to 24-hr cultures of
RFL35 at a final concentration of 2 mM. Clavulanic acid
production was then followed over the course of several days
by imidazole assay and bioassay to determine whether the
addition of DGPC restored the clavulanic acid pathway. After
24 hr, clavulanic acid (5) was clearly seen in the supplemented
RFL35 and absent in a RFL35 control culture (Fig. 3). Indeed,
at no time was any clavulanic acid production detected in the
control cultures. However, the control cultures of RFL35 were
observed to accumulate large quantities (1.8-2.8 mM) of a
metabolite containing a guanidino functional group, as deter-
mined by a modified Sakaguchi color reaction (12, 26). The
level of production of Sakaguchi-positive materials was at least
three times higher than in the wild type. Because DGPC (4)
was presumably not present in the cells of RFL35, as shown by
the chemical supplementation experiments, the accumulated
metabolite was believed to be CEA (3). In an attempt to
confirm this proposal, an extract was prepared from a 60-hr
fermentation of S. clavuligerus RFL35. The extract was puri-
fied further by IRA 68 anion exchange and Varian SCX cation
exchange chromatography, followed by reversed-phase HPLC
purification on a Cg column. By comparison with an authentic
sample, 'H NMR spectroscopy showed the major metabolite
to be CEA. Although ion exchange conditions do not preclude
the possibility that the isolated CEA arose from hydrolysis of
DGPC, our chemical complementation experiments would
suggest that this is not the case.

Expression of B-LS and Characterization. Orf3 was cloned
into the pET-24a(+) expression vector and transformed into
E. coli BL21(DE3). The overproduced protein was substan-
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FiG. 2. (a) Restriction map showing the predicted result of a
double crossover between homologous regions of orf3 in pLRF25 and
the S. clavuligerus chromosome. Solid box represents the #sr gene, open
box represents the neomycin resistance gene, and the crosshatched box
represents orf3. Abbreviations: B, Bcll; C, Clal; E, EcoR1; Ev, EcoRV;
H, HindIII; K, Kpnl; N, Ncol; P, Pvull; Sa, Sacl; Sp, Sphl. (b) Southern
hybridization of S. clavuligerus chromosomal DNA from RFL35 and
wild type with orf3-specific probe (probe 1) and tsr-specific probe
(probe 2, after striping gel of probe 1). Lanes: 1, RFL35/Bcll; 2,
WT/Bcll; 3, RFL35/Sphl; 4, WT/Sphl; 5, RFL35/Kpnl-Sacl; 6,
WT/Kpnl-Sacl; Mr, A/HindIII.

tially purified by Q-Sepharose ion exchange chromatography.
Owing to its homology to Class B asparagine synthases (AS-B,
vide infra), activity of the partially purified protein was assayed
for the ability to hydrolyze ATP in the presence of CEA (3) by
using reaction conditions modeled on those of AS-B (29). For
this purpose, the EnzCheck pyrophosphate assay kit (Molec-
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F1G. 3. Colorimetric assays. Accumulated intermediates in RFL35
vs. wild-type (WT) strains are evident by Sakaguchi color reaction in
A. (B) Chemical complementation of RFL35 with deoxyguanidino-
proclavaminate, visible by imidazole assay in as little as 24 hr.

ular Probes) was used. Greater than 50 times the background
rate of ATP hydrolysis was observed in the presence of CEA.
Omission of inorganic pyrophosphatase in this assay gave only
basal levels of phosphate, indicating that the protein overpro-
duced from orf3 catalyzed the hydrolysis of ATP to specifically
release pyrophosphate in the presence of the putative sub-
strate, CEA. ATP hydrolysis was shown to be dependent on
CEA concentration and independent of other added cofactors.
These experiments established that B-LS uses CEA as a
substrate in the presence of ATP/Mg?*, and supported the
proposed role of the enzyme in the biosynthetic pathway.

To establish unambiguously the identity of the product, the
in vitro reaction of overproduced B-LS with CEA in the
presence of ATP/Mg?* was followed by reversed-phase HPLC
chromatography on a C;g column. Compared with controls, a
new peak was observed, which increased in a time-dependent
manner and coeluted with a standard sample of DGPC.
'"H-NMR analysis of this new product showed it to correspond
to DGPC (4) (27).

DISCUSSION

Orf3 encodes a 54.5 kDa protein whose amino acid sequence
analysis shows up to 33% identity and 49% similarity (BLAST
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2) with the primary metabolic class of amidotransferases (15)
known as the asparagine synthetases, Class B (AS-B) (30).
AS-B catalyzes the conversion of aspartic acid to asparagine in
the presence of ATP/Mg?*, transferring a nitrogen from
either glutamine or ammonia. The mechanism of glutamine
nitrogen transfer mediated by asparagine synthetase has not
been fully elucidated, but it is clear that the reaction pathway
proceeds through a B-aspartyl-AMP intermediate (31), which
subsequently interacts with the glutamyl nitrogen in an unde-
termined fashion distinct from glutamine phosphoribosylpy-
rophosphate amidotransferase (32). A covalently linked glu-
tamine adduct has been proposed as a hypothetical interme-
diate (33). Highly conserved N-terminal cysteine residues,
shown to be essential for glutamine-dependent asparagine
synthetase activity, have been postulated to attack the car-
boxyamide to generate a nucleophilic amino group for transfer
and yield a thioacyl enzyme intermediate, which subsequently
reacts with water to give glutamate and the resting state of the
enzyme (15, 33). In the event, because the conversion of CEA
to DGPC could be considered an intramolecular amide-
forming reaction, the homology of the protein encoded by orf3
(B-LS) to asparagine synthetase suggested its possible role in
clavulanic acid biosynthesis. B-LS showed similarity in several
regions to asparagine synthetase, particularly in the ATP and
putative glutamine-binding domains. Notably, however, the
strictly conserved N-terminal cysteine residue characteristic of
AS-B enzymes is missing in Orf 3 (Fig. 4).

To investigate the possibility of an analogous intramolecular
amide bond-forming transformation in clavulanic acid (5)
biosynthesis, orf3 was disrupted by homologous recombination
in S. clavuligerus. Clavulanic acid synthesis was completely lost
and comparatively high concentrations of CEA (3) were
observed to accumulate. Clavulanic acid production could be
regained by reintroduction of an undamaged copy of orf3 (data
not shown) and, importantly, by chemical complementation
with DGPC (4), the putative product of the defective enzyme.
Subsequent overexpression of orf3 gave the B-LS, whose
conversion of CEA to DGPC (Fig. 1) was shown to require
ATP/Mg?* and proceed with loss of pyrophosphate. In light
of these findings and the amino acid sequence similarity
between Orf 3 and AS-Bs, we propose a mechanism for the
conversion of CEA (3) to DGPC (4). In this mechanism, CEA
is first activated by reaction with ATP/Mg?", and the B-lactam
ring is then formed by the intramolecular attack of the
B-nitrogen on the activated carboxyl group (Fig. 5). This
process may resemble the attack of the glutamyl nitrogen on
the aspartyladenylate in the AS-B catalyzed reaction. It should
be noted that the proposed mechanism is functionally the
reverse of the reaction catalyzed by B-lactamases.

The formation of the B-lactam ring in clavulanic acid takes
place in the closure of CEA (3) to DGPC (4). Despite the
apparent structural similarity between clavulanic acid (5) and
isopenicillin N (2), the modes of azetidinone synthesis are
strikingly different. The strained bicyclic nucleus of penicillin
is generated in two sequential oxidative cyclization reactions
catalyzed by ferrous isopenicillin N synthase. The overall
thermodynamic cost of this process is paid by the concommi-

Human AS 1 IWA.<68> . YNEEITSNHKKM . <166> . GCLIFJIELITST,
Rice AS 1 ILA.<67>. THCHEED. <144> . GVLIR LT ST
Myco tuber. AS 1 LLA.<81>, FACEINVYLER. <182> . GAFIAJeleTINGTA
Eco K12 AS-B 1 M&SIFG.<69>.VINCETNNHOAR . <1465 . GVLIMleleI I8
B-Ls 1 MGAPVL.<74>. EIMURDER . <159> . LVVifiseleTplisc
CarA 1 VSNSFC.<54>.LIESISRTFIA. <175> . GIPIAIeletintis

FiG. 4. Alignment of homologous regions of AS and B-LS. Heavy shading is used to indicate conserved residues and light shading is used to
indicate similarity. The first and second regions are closely linked to glutamine-dependent activity in AS, and the third region is associated with
ATP binding. Human AS (human AS P08243), Rice AS (rice AS U55873), Myco tuber. AS (Mycobacterium tuberculosis), Eco K12 AS-B (Q10374
E. coli P22106), B-LS (B-LS from S. clavuligerus), CarA (CarA from Erwinia cartovora).
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FiG. 5. Proposed mechanism of B-LS based on analogy to AS-B and B-lactamase.

tant reduction of a single molecule of dioxygen to two mole-
cules of water. The cyclization of CEA to DGPC is similarly
contrathermodynamic, but made favorable by intermediate
acyl activation through reaction with ATP/Mg?*. Although
this thermodynamic solution is shared with ribosomal and
nonribosomal peptide synthetases and the genetically related
asparagine synthetases, the interaction of an internal nucleo-
phile is an unprecedented mode of amide bond synthesis and
a new mechanism of B-lactam ring formation.

Whereas this and other biochemical evidence suggests that
different biosynthetic strategies to B-lactam antibiotic forma-
tion have evolved (16), B-LS shows 26% identity and 46%
similarity (BLAST 2) to the protein encoded by carA, a gene
recently identified in E. cartovora and thought to be involved
in the synthesis of carbapenem-3-carboxylic acid (7) (34). The
extent of primary sequence similarity between these two
proteins and their mutual lack of an N-terminal cysteine raise
the intriguing possibility of an analogous role for proteins of
this class in the biosynthesis of carbapenem antibiotics. The
possible broader occurrence of this reaction motif poses
renewed questions about the evolution of B-lactam antibiotic
biosynthesis. The latitude these enzymes exhibit with respect to
substrate specificity and their ability to catalyze stereospecific
ring-forming reactions are of mechanistic interest, especially as
a variant of AS-B enzymes. The practical value of such
reactions is apparent.
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