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The enzymology of clavam and carbapenem biosynthesis

Nadia J. Kershaw, Matthew E. C. Caines, Mark C. Sleeman and Christopher J. Schofield*

Received (in Cambridge, UK) 27th April 2005, Accepted 8th July 2005

First published as an Advance Article on the web 8th August 2005

DOI: 10.1039/b505964j

The enzyme-catalysed reactions involved in formation of the bicyclic clavam and carbapenem
nuclei, including B-amino acid and B-lactam formation, are discussed and compared with those
involved in penicillin and cephalosporin biosynthesis. The common role of unusual oxidation
reactions in the biosynthetic pathways and the lack of synthetic reagents available to effect them

are highlighted.

Introduction

First used clinically over 50 years ago, the B-lactams remain
amongst the most medicinally important antibiotics. However,
soon after the clinical introduction of penicillin it was apparent
that resistant strains of bacteria would threaten the widespread
use of B-lactams.! The consequent need to combat resistance
helped to motivate the search for new B-lactam antibiotics,
which resulted in the discovery of the cephalosporins and
carbapenems (Fig. 1). B-Lactamases, which function by
hydrolysing the P-lactam ring, are significant mediators of
resistance and some [-lactams, including clavulanic acid,
were explicitly developed as B-lactamase antagonists.> These
inhibitors react with [-lactamases to form acyl-enzyme
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complexes that are stable with respect to hydrolysis, a
process closely related to the mode of action of f-lactam
antibiotics which inhibit transpeptidases involved in cell wall
biosynthesis (Fig. 2).>7

Some medicinally used penicillins can be produced directly
by fermentation and the intermediates 6-aminopenicillanic
acid (6-APA) and 7-aminocephalosporin(s) have served as
starting materials for the production of ‘semi-synthetic’
B-lactams. Clavulanic acid is also produced by fermentation
but it has not been possible to develop such methodology for
the clinically used carbapenems. The development of synthetic
methodology for carbapenem production is a significant
achievement, but the requirement for total synthesis has
probably hindered the development of new carbapenems.

Clavulanic acid is a potent inhibitor of Class A B-lactamases
(penicillinases), but is much less potent against the Class C
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Fig. 2 (a) Inhibition of a cell-wall transpeptidase by a -lactam antibiotic; (b) hydrolysis of a labile acyl-enzyme complex by a serine B-lactamase;
(c) inhibition of a serine B-lactamase by clavulanic acid: formation of stable acyl-enzyme complexes.

B-lactamases (cephalosporinases). Although 6-substituted deri-
vatives of clavulanic acid, and the structurally related
oxapenems, (see e.g. reference 6) display activity against both
the Class A and C B-lactamases, their development is hindered
by lack of efficient production methodology. We have been
studying enzymes involved in the biosynthesis of the bicyclic
B-lactam nuclei of the clavam and carbapenem antibiotics with
the aim of providing knowledge that might lead to new
B-lactam antibiotics or enable the commercially viable
production of otherwise inaccessible structures. In this article,
comparisons are made between the enzymes involved in
B-lactam production in the clavam and carbapenem pathways
and those proposed for the other major structural families of
B-lactam antibiotics, including the penicillins and cephalos-
porins. The article is not comprehensive in coverage of the
pathways or individual enzymes, but rather seeks to introduce
the reader to some of the remarkable reactions involved in
B-lactam biosynthesis.
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The biosynthetic pathways to B-lactams

From the perspective of the organic chemist, the pathway to
the penicillin nucleus, which occurs in two enzyme-catalysed
steps, is a paradigm of biosynthetic efficiency. Following ATP-
dependent peptide synthetase mediated formation of an L,L,D-
tripeptide (L-a-aminoadipoyl-L-cysteinyl-D-valine, ACV) from
three L-amino acid precursors, isopenicillin N is formed in a
single enzyme-catalysed step that utilises a molecule of
dioxygen. This unique four-electron oxidative ring-closure,
which provides the first-formed B-lactam intermediate in
penicillin/cephalosporin biosynthesis, is catalysed by isopeni-
cillin N synthase (IPNS), a non-haem, Fe(iI)-dependent
oxidase. The reaction proceeds via a monocyclic enzyme
bound B-lactam intermediate, generated by N-4, C-5 bond
formation, linked to a ferryl species (Fig. 3).”” Two further
steps catalysed by a third enzyme lead to medicinally useful
antibiotics such as penicillin G (Fig. 4). The pathways leading
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Fig. 3 Outline mechanism for isopenicillin N synthase showing the enzyme-bound monocyclic intermediate; R = L-8-(o-aminoadipoyl).””
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Fig. 4 Biosynthetic pathways to the bicyclic B-lactams: (a) clavulanic acid; (b) (5R)-carbapenem-3-carboxylate; (c) penicillins/cephalosporins,
showing identified enzymes and their cofactors/co-substrates. *Pyridoxal phosphate (PLP)-dependent in bacteria; there is evidence that an
alternative mechanism operates in fungi.”®”
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to clavulanic acid, and some carbapenems, appear to be
significantly longer and as a consequence present challenges in
terms of investigation and manipulation, particularly in
accessing potential intermediates. (See Fig. 4 for an overview
of the pathways. For reviews on clavam and carbapenem
biosynthesis see references 10-16.)

Formation of the f-amino acids

Unlike the mechanism of IPNS-mediated p-lactam formation
in penicillin biosynthesis, which has little or no synthetic
precedent, B-lactam formation in both the clavam and
carbapenem pathways proceeds via cyclisation of a Bf-amino
acid, one of the most commonly used reactions in the synthesis
of B-lactams. The B-amino acid precursors of the clavams and
carbapenems are produced by two very different types of
enzyme, both distinct from the peptide synthetase of penicillin
biosynthesis. Although the two enzymes belong to very
different families, they may share a common mechanistic
feature in carbon-nitrogen bond formation via a Michael
reaction.

The first step in the biosynthesis of clavulanic acid, and
possibly all clavams, is the condensation of D-glyceraldehyde-
3-phosphate and L-arginine, catalysed by the unusual thiamine
diphosphate (ThDP) dependent enzyme N>-(2-carboxyethyl)-
arginine synthase (CEAS).'” Its three dimensional structure is
similar to that of pyruvate decarboxylase, in possessing a
tetrameric macromolecular arrangement (Fig. 5) and an active
site at a dimer interface across which ThDP is bound in a
characteristic ‘V’ conformation.'®

CEAS is so far unique amongst the abundant ThDP-
dependent enzymes in catalysing carbon-nitrogen bond
formation (Fig. 6). In more typical reactions, addition of the
C-2-thiazole ylid to a carbonyl group is followed by generation
of a carbanion/enamine, e.g. by decarboxylation with pyruvate

Fig. 5 Comparison between the quaternary and tertiary structures of:
(a) pyruvate decarboxylase (PDB 1D 1PVD);*® (b) CEAS (PDB ID
1UPA)."® The thiamine diphosphate cofactor is shown in red in the
tertiary structures.

decarboxylase and acetohydroxyacid synthase.'® Similarly for
CEAS, the ThDP ylid is thought to react with the aldehyde of
D-glyceraldehyde-3-phosphate, but beyond this point its
mechanism must differ from those of other characterised
ThDP-dependent enzymes. The CEAS mechanism is proposed
to involve a-carbanion generation followed by elimination of
B-hydroxyl and y-phosphate groups, leading to a ThDP bound
acryloyl group. Michael reaction of L-arginine followed by
hydrolysis can then yield N*-(2-carboxyethyl)arginine.!”
Crystallographic studies have suggested a central role for the
4'-amino group of the ThDP as a general acid/base at several
stages of the reaction, including a-carbanion formation.'®

The three-step biosynthetic pathway to the simplest
carbapenem [(5R)-1-carbapen-2-em-3-carboxylate], in
Pectobacterium carotovora proceeds via formation of (2S5,55)-
carboxymethylproline, its cyclisation to give (3S,5S)-carbape-
nam-3-carboxylate and conversion of the latter to
(5R)-carbapenem-3-carboxylate.'>!® The first step is catalysed
by (2S5,5S)-carboxymethylproline synthase (CarB), a member
of the crotonase family of enzymes, the mechanisms of which
involve CoA ester derived enolatest (Fig. 7). CarB is unusual
in that it produces a heterocycle (carboxymethylproline) via a
C-C bond forming reaction with glutamate semi-aldehyde,
catalyses a thioester hydrolysis and employs malonyl-CoA as a
substrate.?*?!

The observation that CarB catalyses the decarboxylation of
malonyl-CoA in the absence of glutamate semi-aldehyde is
consistent with a mechanism involving an initial decarboxyla-
tion to form an enzyme-bound enolate, as proposed for
methylmalonyl-CoA decarboxylase.”> However, in the CarB
reaction instead of protonation, the enolate formed can react
with glutamate semi-aldehyde/pyrroline-5-carboxylate to pro-
duce carboxymethylproline. The enolate may react with the
imine form of pyrroline-5-carboxylate to give carboxymethyl-
proline directly or via aldol reaction with glutamate
semi-aldehyde to give, after loss of water, an alkene that
can undergo intramolecular C-N bond-forming Michael
reaction.”**

Enzymes involved in $-lactam ring formation

In contrast to the biosynthesis of the -amino acid precursors,
two closely related enzymes catalyse B-lactam ring formation
in the clavam and carbapenem pathways. Cyclisation of a
B-amino acid precursor occurs in an ATP-dependent
manner catalysed by B-lactam synthetase (B-LS/ORF3, clavam
biosynthesis)®*2® and  (35,5S)-carbapenam  synthetase
(CarA).?” Both are related to asparagine synthetase type B
(Asn-B)?*% which catalyses the synthesis of asparagine from
glutamine and aspartate. Crystal structures have been reported
for Asn-B,?%% B-LS**3! and CarA,*? which together provide
insights into the structure-function differences between the
amide and lactam synthetases.

Asn-B comprises two domains: the N-terminal nucleophile
(Ntn) hydrolase domain responsible for production of
ammonia from glutamine and a C-terminal synthetase domain
which catalyses production of B-aspartyl-AMP. Ammonia is
proposed to travel along a tunnel linking the domains to react
with the B-aspartyl-AMP to form asparagine (Fig. 8).2%%
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Comparison of the B-lactam synthetases to Asn-B reveals
that they have maintained the characteristic two domain
fold.* Activation of a carboxyl as an acyl-adenylate followed
by nucleophilic attack by nitrogen occurs in the C-terminal
domain of all three enzymes (Fig. 9). However, as p-lactam
formation is an intramolecular cyclisation it does not require
the release of ammonia from glutamine, so the N-terminal
domain of Asn-B may be expected to be mechanistically
redundant in B-LS and CarA. Indeed, substitution of the
N-terminal nucleophilic cysteinyl residue of Asn-B (which
mediates hydrolysis of glutamine), with a glycine residue,
together with its position in the operon, first alerted us to
the possibility that orf3 from the S. clavuligerus clavam
biosynthesis cluster may encode a p-lactam synthetase.”® The
structure reveals that the position occupied by the N-terminal
cysteine of Asn-B is replaced with a phenylalanine in B-LS and
preceded by nine additional residues which occupy the
corresponding glutamine binding pocket of Asn-B (Fig. 10).*°
In CarA, the cysteinyl residue is replaced with a potentially
nucleophilic serinyl residue occupying a similar position, but
other critical residues involved in glutamine binding are
missing, which, along with some significant structural diffe-
rences means that the glutamine binding pocket is effectively
absent.*> Hence the N-terminal domains in B-LS and CarA are
not functional.

The precise mechanisms by which other families of natural
B-lactams are produced are unclear. Labelling studies
coupled with the recent sequencing of the biosynthetic gene
cluster for Nocardicin A suggest that B-lactam formation is
performed by an enzyme distinct from IPNS or the B-lactam
synthetases. The biosynthesis of the nocardicins involves
formation of a tripeptide precursor (Fig. 11), assembled by a
non-ribosomal peptide synthetase.>> It is proposed that
B-lactam ring closure proceeds by an SN2 type mechanism in
which the amide nitrogen of the peptide precursor displaces an
activated serinyl hydroxyl.>* This could be carried out by the
peptide synthetase itself or by other as-yet uncharacterised
proteins.

The role of Fe(i1)-dependent oxygenases and
oxidases in f-lactam biosynthesis

In addition to IPNS, non-haem, Fe(l)-dependent
oxygenases/oxidases belonging to the same structural family
are involved in the pathways leading to the cephalosporins,
clavams and carbapenems, where they catalyse synthetically
challenging oxidative reactions including hydroxylation,
desaturation, epimerisation and rearrangement. As well as
Fe(11), these enzymes require 2-oxoglutarate (2-OG) as
a cofactor, with the notable exception of IPNS® (and
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Fig. 9 View from the crystal structure of B-LS illustrating the AMP-
N?-(2-carboxymethyl)arginine (AMP-CMA) trapped product formed
from the N>-(2-carboxymethyl)arginine substrate analogue (PDB ID
IMBZ).3! This acyl-adenylate is incapable of cyclising in a manner
analogous to the true substrate (CEA) due to the shorter carbon chain
which would require formation of a three-membered ring. Mg(Il) is
shown in green.

I-aminocyclopropane-1-carboxylic acid oxidase, the ethylene
forming enzyme in plants®>3°).

A prominent feature of the role of the 2-OG oxygenases in
the B-lactam biosynthesis pathways is their ability to catalyse
more than one reaction; notably within a pathway there is no
duplication in the type of oxidation catalysed (Fig. 4a, b). In
the clavam pathway CAS catalyses three different types of
reaction;’” ! a further feature of its role is that one of the
reactions is separated from the other two by the action of
another, mechanistically unrelated enzyme, proclavaminate
amidino hydrolase (PAH) (Fig. 4a).**** The first CAS-
catalysed reaction is stereospecific hydroxylation of
deoxyguanidinoproclavaminate to form a product (guanidi-
noproclavaminate) that is neither a substrate nor an (efficient)
inhibitor of CAS.*> The role of PAH is thus to modify
(‘mutate’) the side chain of guanidinoproclavaminate from an
amidino group to the amino group of proclavaminate in order
to enable a further CAS-catalysed reaction. Secondly, CAS
catalyses ring closure of proclavaminate to produce dihydro-
clavaminate (the first bicyclic intermediate),*® and thirdly,
desaturation of the latter to give clavaminic acid.

Carbapenem synthase (CarC) catalyses sequential reactions
in the pathway from (35,5S)-carbapenam-3-carboxylate to

This journal is © The Royal Society of Chemistry 2005
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Fig. 10 Comparison between the structures of: (a) p-LS, with ATP shown in yellow (PDB ID 1MB9);*! (b) Asn-B, with AMP and glutamine
shown in yellow (PDB ID 1CT9),?® illustrating the differences between N-terminal regions (highlighted in red). A close-up view highlighting the
proximity of the N-terminal residue of Asn-B (the wild-type N-terminal cysteine has been mutated to alanine) and the glutamine substrate is shown.
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Fig. 11 Proposed pathway for B-lactam formation in nocardicin biosynthesis.**

(5R)-carbapenem-3-carboxylate in P. carotovora: a desatura-
tion which resembles that catalysed by CAS, and an unusual
epimerisation at the unactivated C-5 position.*’” The unprece-
dented nature of the epimerisation may have contributed to
some confusion over the, now resolved,*®>° stereochemical
assignments of intermediates in carbapenem biosynthesis.
In vitro, (3S,5R)-carbapenam-3-carboxylate can be observed
as an intermediate, or shunt metabolite, providing evidence
that epimerisation precedes desaturation.*”-!

In some organisms the endpoint of the carbapenem pathway
is the (5R)-carbapenem-3-carboxylate.”> Due to its lack of
functionality at C-2 and C-6, this carbapenem is not
medicinally useful, but as its biosynthesis directly involves
only three enzymes it serves as a useful model system for more
complex carbapenems, e.g. thienamycin (Fig. 1). Comparison
of the thienamycin and (5R)-carbapenam-3-carboxylate gene
clusters,”>* together with labelling studies®® implies that the
first two steps in its biosynthesis involve analogous, if not
identical reactions to those involved in the production of the
(3S,5S)-carbapenam-3-carboxylate during biosynthesis of
(5R)-carbapenem-3-carboxylate.”’ However, it is less clear if
the CarC-mediated carbapenem forming step is conserved,
possibly indicating C-2 or C-6 functionalisation at a relatively
early stage in the pathway.

In cephalosporin/cephamycin biosynthesis, the 2-OG oxy-
genase DAOCS catalyses the ring expansion of the thiazolidine
ring of the penicillins to the 6-membered dihydrothiazine ring
of the cephalosporins. A related 2-OG oxygenase, deacetylce-
phalosporin synthase (DACS) hydroxylates this product. In

some species these functions are performed by similar but
distinct enzymes, whilst in others a single bifunctional
DAOCS/DACS enzyme catalyses both reactions (for review
see reference 14).

The first reported crystal structures of enzymes from the
2-OG oxygenase family were of IPNS® and DAOCS®*>7 and
together with those for CAS and CarC>® they reveal a common
double-stranded f-helix (DSBH) core structure. Structures
have been obtained in the presence of Fe(11), 2-OG and various
substrates and intermediates and together with spectroscopic
analyses,” reveal that the enzymes bind their iron cofactor via
a conserved 2 His, 1 Glu/Asp motif located on the DSBH
(Fig. 12). However there are significant variations in the
binding site for the prime substrates, and to a lesser extent, for
the 2-OG co-substrate. As well as providing mechanistic
information, these structures have enabled mutagenesis
studies aimed at altering the selectivity of the enzymes. For
example, truncating the C-terminus of the bifunctional
DAOCS/DACS can bias the selectivity of the enzyme towards
substrates with hydrophobic side chains, e.g. penicillin G, so
producing hydrophobic, and thus more readily extractable,
cephalosporins.®%-%!

In the catalysis by 2-OG oxygenases, hydrogen abstractions
are proposed to be mediated by an Fe(1v)=0 ferryl species
generated by reaction of dioxygen and 2-OG with the enzyme-—
Fe(11) complex (for reviews on mechanism see references
62-64). Evidence for the ferryl intermediate has been reported
in the case of taurine dioxygenase.®>®® Spectroscopic and
crystallographic studies on a number of 2-OG oxygenases have
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Fig. 12 Views from the crystal structures of Fe(i1)-dependent oxidases/oxygenases. Fe is shown in green, conserved active site residues are shown
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penicillin G (PDB ID 1UOF).

indicated that the reaction proceeds via binding of 2-OG to the
iron in a bidentate manner via its 1-carboxylate and 2-oxo
groups (for review see reference 62). Binding of substrate
appears to trigger the iron for binding of oxygen either by, or
concomitant with, loss of a complexing water. Oxidative
decarboxylation then generates the ferryl intermediate and
carbon dioxide, and the enzyme is primed for catalysis.
Conversely, recent crystal structures of DAOCS bound to a
penicillin substrate suggest that it may follow an unusual
mechanistic pathway; rather than formation of a ternary
complex these studies suggest that succinate and carbon
dioxide products are released from the enzyme prior to
penicillin binding [compare (e) and (f), Fig. 12].¢’

In the case of ‘simple’ hydroxylations, such as those
catalysed by CAS and DACS, a radical rebound mechanism,
with initial abstraction of hydrogen by the ferryl followed by
rapid hydroxyl transfer, appears most likely, although label-
ling studies infer that the lifetime of any radical intermediate is
short (Fig. 13). For some reactions, e.g. the oxidative
rearrangement of penicillin N to DAOC, a radical
mechanism probably occurs (Fig. 14a).°*7° Modelling studies
also suggest that a radical mechanism occurs during the
oxidative  epimerisation  of  (3S,5S)-carbapenam  to
(3S,5R)-carbapenam,’’ which proceeds with loss of the C-5
hydrogen (Fig. 14b).*” The lack of obvious general acid/base
catalysts at the active site of DAOCS®” and CarC?® has led to
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R’ = CH,CH,CO,H 4

Fig. 13 Outline proposed mechanism for a typical hydroxylation reaction as catalysed by a 2-OG oxygenase.
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the proposal that iron based oxygen-derived species mediate
desaturations as well as the DAOCS catalysed rearrangement.
The involvement of 2-OG oxygenases in catalysing chemi-
cally challenging reactions in many biosynthetic pathways may
not be coincidental. It has been proposed that the non-haem
iron environment provides a more flexible environment both
for catalysis and the evolution of new reactions than, for
example, the haem based oxygenases/oxidases. One reason for
this is that the haem enzymes are unable to use their iron
cofactor to provide acid/base catalysis, or to coordinate the
substrate, as once oxygen is bound it has no accessible vacant
coordination sites. A penalty the 2-OG oxygenases may pay is
that at least some of them are prone to oxidative damage.
One outcome of the studies on 2-OG oxygenases in -lactam
biosynthesis was the provision of knowledge that was used to
identify 2-OG oxygenases involved in other biologically
important systems. In addition to antibiotics, the 2-OG
oxygenases are involved in many biosynthetic pathways
including those leading to collagen, carnitine, plant metabo-
lites (gibberellins, flavonoids) and the metabolism of fatty
acids in humans (oxidation of the fatty acid side chain of
chlorophyll). Recent studies have also identified roles for them
in the repair of methylated DNA’? and the hypoxic sensing
mechanism in animals. In the latter case, bioinformatic
searches informed by the structural data were combined with
genetic inactivation studies to identify 2-OG oxygenases that
regulate the activity of a transcription factor (hypoxia
inducible factor) via post-translational hydroxylation.”

The introduction of structural diversity in p-lactam
biosynthesis and the role of epimerisation

In each of the families of bicyclic B-lactams, sets of related
compounds are produced by variations in a common
biosynthetic pathway. Diversity in p-lactam biosynthesis is
achieved both by branching from a common intermediate, and

in a linear fashion by a range of reactions including oxidations,
epimerisations, and rearrangements.

Branching from a common intermediate is exemplified by
acylation of 6-aminopenicillanic acid for the penicillins and
deacetylcephalosporin C for the cephalosporins.'* In the case
of the clavams, clavaminic acid acts as a branchpoint between
the pathways leading to (3R,5R)-clavulanic acid and the
(58)-clavams, such as (5S)-clavam-2-carboxylate.”* For the
functionalised carbapenems the branchpoint(s) are less clear,
but the range of bicyclic derivatives at the C-2 and C-6
positions implies that there is likely to be at least one
branchpoint after formation of the bicyclic nucleus.'*””

A common feature of the B-lactam biosynthesis pathways is
the introduction of structural diversity via epimerisation. The
remarkable oxygenase-catalysed epimerisation that occurs in
the biosynthesis of (5R)-carbapenem-3-carboxylate has been
discussed above (Fig. 14b). During penicillin biosynthesis, the
stereochemistry of the L-valine precursor is inverted in the
biosynthesis of the L,L,D-ACYV tripeptide. The precise mecha-
nism of this epimerisation is uncertain, as for those catalysed
by other peptide synthetases,’® but probably occurs when the
valine, or peptide intermediate, is linked to the enzyme as a
thioester derivative.”” An epimerisation also occurs in the
conversion of isopenicillin N to penicillin N during penicillin/
cephalosporin biosynthesis. In bacteria this reaction is
catalysed by a pyridoxal phosphate dependent enzyme,
isopenicillin N epimerase, and presumably proceeds via an
imine intermediate as precedented for other amino acid
epimerases/racemases;78 there is evidence that an alternative
mechanism operates in fungi.”” A pyridoxal phosphate
dependent epimerase in nocardicin biosynthesis also catalyses
the conversion of the L-homoserinyl side-chain of isonocar-
dicin A to the D-homoserinyl side-chain of nocardicin A.%

The clavulanic acid pathway begins with (2S5)-arginine and
proceeds in six steps catalysed by three enzymes to
(35,5S)-clavaminic acid (Fig. 4a).!° However, clavaldehyde

4260 | Chem. Commun., 2005, 4251-4263

This journal is © The Royal Society of Chemistry 2005



MeO

1,2-Dehydroreticulinium

(S)-Reticuline

~ HO

MeO
O NMe
HO

MeO

(R)-Reticuline

Morphine

Fig. 15 Part of the morphine biosynthesis pathway in Papaver somniferum, detailing the stereochemical inversion step.®

the final intermediate, and clavulanic acid itself both have the
(3R,5R)-stereochemistry which confers their p-lactamase
inhibitory properties. (3R,5R)-Clavaldehyde is converted to
clavulanic acid in an NADPH dependent reaction, but its
(3S,5S)-enantiomer has not been observed.?""8> The mecha-
nism of the requisite double epimerisation involved in
converting clavaminic acid to clavaldehyde is unknown.
However in the oxidative deamination step, the aldehyde
oxygen of clavaldehyde is derived from dioxygen,** potentially
in a reaction mediated by the product of orfi0 of the gene
cluster, which apparently encodes for a P450 oxygenase.®*

Unusual epimerisations/inversions in secondary metabolism
are not limited to the B-lactams but also occur for example in
morphine biosynthesis in the opium poppy Papaver somni-
ferum. Reticuline is synthesised as its (S)-enantiomer before
being converted by an oxidation—reduction sequence into the
(R)-enantiomer, a direct precursor of morphine. An
iminium species is generated from (S)-reticuline, giving 1,2-
dehydroreticulinium which is then stereospecifically reduced
to (S)-reticuline by an NADPH-dependent reductase
(Fig. 15).%°

Modification of a core cyclic template by functionalisation,
e.g. by amide bond formation, is a commonly used technique
in synthesis for generating collections of compounds for
pharmaceutical and other applications. However, transforma-
tions involving the type of unusual epimerisations and
heterocyclic rearrangements exemplified in B-lactam biosynth-
esis are largely unexplored in synthesis as the reagents required
to effect them have not yet been developed. One possibility is
to use the biosynthetic enzymes, possibly in mutated form, in
combination with an array of substrates. The ability of 2-OG
oxygenases and related enzymes to accept alternative sub-
strates, best exemplified by the range of heterocycles produced
by IPNS when using tripeptide substrate analogues with
alternatives to valine, presents them as candidates for a
‘combinatorial’ biosynthesis approach (see, e.g., reference 7).

Conclusions and future prospects

Technical advances in molecular and structural biology have
enabled many of the recent advances in our understanding of
the B-lactam biosynthesis pathways and enzymes. As well as
differences between the penicillin/cephalosporin, clavam and
carbapenem pathways the results have revealed unexpected
similarities, e.g. in the use of B-lactam synthetases in the
clavam and carbapenem pathways and the common use of
2-OG oxygenases in the biosynthesis or modification of
bicyclic fB-lactams. These observations raise the possibility
either that particular types of enzymes are suited to p-lactam

biosynthesis and/or that (some of) the pathways have arisen
from a common evolutionary origin(s).

The continuing role played by synthetic chemistry in
biosynthetic studies should not be undervalued. Potential
intermediates and mechanistic probes have to be synthesised,
sometimes via non-trivial routes. The synthetic challenges
presented are illustrated by clavulanic acid — for which despite
its importance and small size (eight carbons, two chiral
centres) there is no reported asymmetric synthesis. Although
blocked mutants can provide access to intermediates, in the
absence of appropriate resources this approach often does not
provide large enough quantities for chemical analyses,
especially with labile compounds such as the bicyclic
B-lactams. Thus, it is important that the introduction of new
techniques does not come at the expense of synthetic expertise.

Preferred projects for our group involve interesting chemi-
stry and are of biological/medicinal importance. From our
perspective, the challenges provided by clavam and carbape-
nem biosynthesis have met these criteria. Moreover, the study
of reactions of interest from a chemical perspective has had
unexpected applications in areas of biology, including tran-
scriptional regulation and fatty acid metabolism, well beyond
those we had envisaged at the onset of the work.

Acknowledgements

We thank the BBSRC, The Wellcome Trust, the EU, and
GlaxoSmithKline for funding; our dedicated co-workers for
their efforts in the area; acknowledge the contributions of the
other academic and industrial scientists who have made
important contributions to the area; and apologise for the
lack of comprehensive citations due to space limitations.

Notes and references

+ A difference between the (5R)-carbapenem-3-carboxylate pathway
and that of the penicillins/cephalosporins, is in the substrate
stereoselectivity of the enzymes involved in B-lactam formation.
IPNS does not convert L,L,L-ACV to a penicillin.”’ In contrast, two
of the enzymes of the carbapenem pathway display a notable lack of
substrate stereoselectivity. CarC converts all four possible stereo-
isomers of carbapenam-3-carboxylate to carbapenem-3-carboxylate®!
and CarA converts at least three of the possible stereoisomers of
carboxymethylproline to carbapenam-3-carboxylates®’ (without
change in stereochemistry). CarB, however, only converts the
L-enantiomer of glutamate semi-aldehyde to (2S,5S)-carboxy-
methylproline, and so may in part determine the stereochemical
course of the pathway.?

1 E. P. Abraham and E. Chain, Nature, 1940, 3713, 837.
2 S. N. Maiti, O. A. Phillips, R. G. Micetich and D. M. Livermore,
Curr. Med. Chem., 1998, 5, 441.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 4251-4263 | 4261



W AW

14

15

16

17

18

19

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

J. R. Knowles, Acc. Chem. Res., 1985, 18, 97.

K. Bush and S. Mobashery, Adv. Exp. Med. Biol., 1998, 456, 71.
R. P. A. Brown, R. T. Aplin and C. J. Schofield, Biochemistry,
1996, 38, 12421.

I. N. Simpson, C. J. Urch, G. Hagen, R. Albrecht, B. Sprinkart
and H. R. Pfaendler, J. Antibiot., 2003, 56, 838.

N. L. Burzlaff, P. J. Rutledge, I. J. Clifton, C. M. H. Hensgens,
M. Pickford, R. M. Adlington, P. L. Roach and J. E. Baldwin,
Nature, 1999, 401, 721.

P. L. Roach, 1. J. Clifton, C. M. H. Hensgens, N. Shibata,
C. J. Schofield, J. Hajdu and J. E. Baldwin, Nature, 1997, 387, 827.
P. L. Roach, I. J. Clifton, V. Fulop, K. Harlos, G. J. Barton,
J. Hajdu, 1. Andersson, C. J. Schofield and J. E. Baldwin, Nature,
1995, 375, 700.

K. H. Baggaley, A. G. Brown and C. J. Schofield, Nat. Prod. Rep.,
1997, 14, 309.

C. A. Townsend, Curr. Opin. Chem. Biol., 2002, 6, 583.

P. Liras, Antonie van Leeuwenhoek, 1999, 75, 109.

S. E. Jensen and A. S. Paradkar, Antonie van Leeuwenhoek, 1999,
75, 125.

M. 1. Page, The chemistry of [B-lactams, ed. M. 1. Page, Blackie
Academic and Professional, London, 1992.

S. J. McGowan, M. T. G. Holden, B. W. Bycroft and G. P. C.
Salmond, Antonie van Leeuwenhoek, 1999, 75, 135.

S. J. Coulthurst, A. M. Barnard and G. P. Salmond, Nat. Rev.
Microbiol., 2005, 3, 295.

N. Khaleeli, R. Li and C. A. Townsend, J. Am. Chem. Soc., 1999,
121, 9223.

M. E. C. Caines, J. M. Elkins, K. S. Hewitson and C. J. Schofield,
J. Biol. Chem., 2004, 279, 5685-5692.

F. Jordan, Nat. Prod. Rep., 2003, 20, 184.

M. C. Sleeman and C. J. Schofield, J. Biol. Chem., 2004, 279, 6730.
B. Gerratana, S. O. Arnett, A. Stapon and C. A. Townsend,
Biochemistry, 2004, 43, 15936.

M. M. Benning, T. Haller, J. A. Gerlt and H. M. Holden,
Biochemistry, 2000, 39, 4630.

J. Sorensen, M. C. Sleeman and C. J. Schofield, Chem. Commun.,
2005, 7, 1155.

B. O. Bachmann, R. Li and C. A. Townsend, Proc. Natl. Acad. Sci.
U. S. A., 1998, 95, 9082.

B. O. Bachmann and C. A. Townsend, Biochemistry, 2000, 39,
11187.

H. J. McNaughton, J. E. Thirkettle, Z. H. Zhang, C. J. Schofield
and S. E. Jensen, Chem. Commun., 1998, 2325.

B. Gerratana, A. Stapon and C. A. Townsend, Biochemistry, 2003,
42, 7836.

T. M. Larsen, S. K. Boehlein, S. M. Schuster, N. G. J. Richards,
J. B. Thoden, H. M. Holden and 1. Rayment, Biochemistry, 1999,
38, 16146.

S. K. Boehlein, J. D. Stewart, E. S. Walworth, R. Thirumoorthy,
N. G. J. Richards and S. M. Schuster, Biochemistry, 1998, 37,
13230.

M. T. Miller, B. O. Bachmann, C. A. Townsend and A. C.
Rosenzweig, Nat. Struct. Biol., 2001, 8, 684.

M. T. Miller, B. O. Bachmann, C. A. Townsend and A. C.
Rosenzweig, Proc. Natl. Acad. Sci. U. S. 4., 2002, 99, 14752.

M. T. Miller, B. Gerratana, A. Stapon, C. A. Townsend and
A. C. Rosenzweig, J. Biol. Chem., 2003, 278, 40996-41002.

M. Gunsior, S. D. Breazeale, A. J. Lind, J. Ravel, J. W. Janc and
C. A. Townsend, Chem. Biol., 2004, 11, 927-938.

C. A. Townsend and G. M. Salituro, J. Chem. Soc., Chem.
Commun., 1984, 1631.

Z. H. Zhang, J.-S. Ren, L. J. Clifton and C. J. Schofield, Chem.
Biol., 2004, 11, 1383.

A. J. Hamilton, G. W. Lycett and D. Grierson, Nature, 1990, 346,
284.

J. E. Baldwin, M. D. Lloyd, B. Wha-Son, C. J. Schofield,
S. W. Elson, K. H. Baggaley and N. H. Nicholson, J. Chem.
Soc., Chem. Commun., 1993, 500.

E. J. Lawlor, S. W. Elson, S. Holland, R. Cassels, J. E. Hodgson,
M. D. Lloyd, J. E. Baldwin and C. J. Schofield, Tetrahedron, 1994,
50, 8737.

M. D. Lloyd, K. D. Merritt, V. Lee, T. J. Sewell, B. Wha-Son,
J. E. Baldwin and C. J. Schofield, Tetrahedron, 1999, 55, 10201.

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62
63

64

65

66

67

68

69

70

R. W. Busby, M. D. T. Chang, R. C. Busby, J. Wimp and
C. A. Townsend, J. Biol. Chem., 1995, 270, 4262.

R. W. Busby and C. A. Townsend, Bioorg. Med. Chem., 1996, 4,
1059.

S. W. Elson, K. H. Baggaley, M. Davidson, M. Fulston, N. H.
Nicholson and G. D. Risbridger, J. Chem. Soc., Chem. Commun.,
1993, 1212.

T. K. Wu, R. W. Busby, T. A. Houston, D. B. Mcllwaine,
L. A. Egan and C. A. Townsend, J. Bacteriol., 1995, 177, 3714.
J. M. Elkins, 1. J. Clifton, H. Hernandez, L. X. Doan, C. V.
Robinson, C. J. Schofield and K. S. Hewitson, Biochem. J., 2002,
366, 423.

J. E. Baldwin, K. D. Merritt, C. J. Schofield, S. W. Elson and
K. H. Baggaley, J. Chem. Soc., Chem. Commun., 1993, 1301.

J. E. Baldwin, R. M. Adlington, J. S. Bryans, A. O. Bringhen,
J. B. Coates, N. P. Crouch, M. D. Lloyd, C. J. Schofield,
S. W. Elson, K. H. Baggaley, R. Cassels and N. Nicholson,
Tetrahedron, 1991, 47, 4089.

A. Stapon, R. Li and C. A. Townsend, J. Am. Chem. Soc., 2003,
125, 15746.

B. W. Bycroft, S. R. Chhabra, B. Kellam and P. Smith,
Tetrahedron Lett., 2003, 44, 973.

A. Stapon, R. F. Liand C. A. Townsend, J. Am. Chem. Soc., 2003,
125, 8486.

H. Tanaka, H. Sakagami and K. Ogasawara, Tetrahedron Lett.,
2002, 43, 93.

M. Sleeman, P. Smith, B. Kellam, S. Chhabra, B. Bycroft and
C. Schofield, ChemBioChem, 2004, 5, 879.

B. W. Bycroft, C. Maslen, S. J. Box, A. Brown and J. W. Tyler,
J. Antibiot., 1988, 41, 1231.

L. E. Nunez, C. Mendez, A. F. Brana, G. Blanco and J. A. Salas,
Chem. Biol., 2003, 10, 301.

S.J. McGowan, M. Sebaihia, L. E. Porter, G. Stewart, P. Williams,
B. W. Bycroft and G. P. C. Salmond, Mol. Microbiol., 1996, 22,
415.

J. M. Williamson, E. Inamine, K. E. Wilson, A. W. Douglas,
J. M. Liesch and G. A. Albers-Schonberg, J. Biol. Chem., 1985,
260, 4637.

K. Valegard, A. C. van Scheltinga, M. D. Lloyd, T. Hara,
S. Ramaswamy, A. Perrakis, A. Thompson, H. J. Lee, J. E.
Baldwin, C. J. Schofield, J. Hajdu and I. Andersson, Nature, 1998,
394, 805.

M. D. Lloyd, H. J. Lee, K. Harlos, Z. H. Zhang, J. E. Baldwin,
C. J. Schofield, J. M. Charnock, C. D. Garner, T. Hara, A. C.
T. van Scheltinga, K. Valegard, J. A. C. Viklund, J. Hajdu,
1. Andersson, A. Danielsson and R. Bhikhabhai, J. Mol Biol.,
1999, 287, 943.

1. J. Clifton, L. X. Doan, M. C. Sleeman, M. Topf, H. Suzuki,
R. C. Wilmouth and C. J. Schofield, J. Biol. Chem., 2003, 278,
20843.

J. Zhou, W. L. Kelly, B. O. Bachmann, M. Gunsior, C. A.
Townsend and E. 1. Solomon, J. Am. Chem. Soc., 2001, 123, 7388.
M. Lloyd, S. Lipscomb, K. Hewitson, C. Hensgens, J. Baldwin and
C. Schofield, J. Biol. Chem., 2004, 279, 15420.

H. J. Lee, M. D. Lloyd, K. Harlos, I. J. Clifton, J. E. Baldwin and
C. J. Schofield, J. Mol. Biol., 2001, 308, 937.

R. P. Hausinger, Crit. Rev. Biochem. Mol. Biol., 2004, 39, 21.

C. J. Schofield and Z. H. Zhang, Curr. Opin. Struct. Biol., 1999, 9,
722.

M. Costas, M. P. Mehn, M. P. Jensen and L. Que, Jr., Chem. Rev.,
2004, 104, 939.

J. C. Price, E. W. Barr, B. Tirupati, J. M. Bollinger, Jr. and
C. Krebs, Biochemistry, 2003, 42, 7497.

D. A. Proshlyakov, T. F. Henshaw, G. R. Monterosso, M. J. Ryle
and R. P. Hausinger, J. Am. Chem. Soc., 2004, 126, 1022.

K. Valegérd, A. C. T. van Scheltinga, A. Dubus, G. Ranghino,
L. M. Oster, J. Hajdu and I. Andersson, Nat. Struct. Mol. Biol.,
2003, 11, 95.

C. A. Townsend, A. B. Theis, A. S. Neese, E. B. Barrabee and
D. Poland, J. Am. Chem. Soc., 1985, 107, 4760.

C. P. Pang, R. L. White, E. P. Abraham, D. H. Crout, M. Lutstorf,
P. J. Morgan and A. E. Derome, Biochem. J., 1984, 222, 777.

J. E. Baldwin, R. M. Adlington, T. W. Kang, E. Lee and
C. J. Schofield, Tetrahedron, 1988, 44, 5953.

4262 | Chem. Commun., 2005, 4251-4263

This journal is © The Royal Society of Chemistry 2005



72
73

74
75
77
78

79

M. Topf, G. M. Sandala, D. M. Smith, C. J. Schofield, C. J. Easton
and L. Radom, J. Am. Chem. Soc., 2004, 126, 9932.

B. Sedgwick, Nat. Rev. Mol. Cell Biol., 2004, 5, 148.

C. J. Schofield and P. J. Ratcliffe, Nat. Rev. Mol. Cell Biol., 2004,
5, 343.

L. A. Egan, R. W. Busby, D. IwataReuyl and C. A. Townsend,
J. Am. Chem. Soc., 1997, 119, 2348.

J. M. Williamson, Crit. Rev. Biotechnol., 1986, 4, 111.

S. A. Sieber and M. A. Marahiel, Chem. Rev., 2005, 105, 715.

C. Y. Shiau, M. F. Byford, R. T. Aplin, J. E. Baldwin and
C. J. Schofield, Biochemistry, 1997, 36, 8798.

S. E. Jensen, D. W. Westlake and S. Wolfe, Can. J. Microbiol.,
1983, 29, 1526.

R. V. Ullan, J. Casqueiro, O. Banuelos, F. J. Fernandez,
S. Gutierrez and J. F. Martin, J. Biol. Chem., 2002, 277, 46216.

W. L. Kelly and C. A. Townsend, J. Biol. Chem., 2004, 279, 38220.
N. H. Nicholson, K. H. Baggaley, R. Cassels, M. Davison,
S. W. Elson, M. Fulston, J. W. Tyler and S. R. Woroniecki,
J. Chem. Soc., Chem. Commun., 1994, 1281.

M. Fulston, M. Davison, S. W. Elson, N. H. Nicholson, J. W. Tyler
and S. R. Woroniecki, J. Chem. Soc., Perkin Trans. 1, 2001, 1122.
C. A. Townsend and W. J. Krol, J. Chem. Soc., Chem. Commun.,
1988, 1234.

R. F. Li, N. Khaleeli and C. A. Townsend, J. Bacteriol., 2000, 182,
4087.

B. H. Novak, T. Hudlicky, J. W. Reed, J. Mulzer and D. Trauner,
Curr. Org. Chem., 2000, 4, 343.

P. Arjunan, T. Umland, F. Dyda, S. Swaminathan, W. Furey,
M. Sax, B. Farrenkopf, Y. Gao, D. Zhang and F. Jordan, J. Mol
Biol., 1996, 256, 590.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 4251-4263 | 4263



