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Abstract:

Evidence is presented that clavaminate synthase (CS) catalyses three oxidative reactions in the clavulanic acid biosynthetic
pathway. The first CS catalysed step (hydroxylation) is separated from the latter two (oxidative cyclisation and desaturation) by
the action of a hydrolytic enzyme, proclavaminate amidinohydrolase, which modifies (or 'mutates’) the sidechain of the product of
the first reaction thereby converting it into a substrate for the second CS catalysed reaction. © 1999 Elsevier Science Ltd. All rights

reserved.
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Introduction:

Clavulanic acid (1) is a medicinally important inhibitor of class A 'serine' 3-lactamases which play an
important role in bacterial resistance to penicillins.‘2 Biosynthetic studies on clavulanic acid (1) have shown that
the three carbon atoms of its -lactam ring are derived from pyruvate3 whilst the remaining five carbon atoms are
derived from L-arginine? (Scheme 1). In the early stages of the pathway L-arginine and pyruvate are joined to
give L-N2-carboxyethylarginine (2)4-4¢ which has been recently shown to be converted into the monocyclic 3-
lactam (3) in a MgATP-dependent reaction catalysed by a 3-lactam synthase (BLS).> Mutant strains of
Streptomyces clavuligerus deficient in BLS accumulate (2), consistent with its role in the in vivo biosynthetic
pathway.oP

B-Lactam (3) is hydroxylated in a reaction catalysed by an iron(II) and 2-oxoglutarate (2-OG)-dependent
dioxygenase, clavaminate synthase (CS).12 Hydrolysis of the amidino group of (4), catalysed by proclavaminate
amidinohydrolase (PAH)4c.6, gives proclavaminate (5). Both the oxidative cyclisation of (5) to
dihydroclavaminate (6)7 and the desaturation of the latter to clavaminate (7)8 are also catalysed by CS. The
desaturation of (6) has been shown to (at least predominately) proceed with syn-elimination of the requisite
hydrogens.? In S. clavuligerus there are CS two isoenzymes (CS1 and CS2),10 whilst only one isoenzyme has
been isolated from the valclavam (9) producer S. antibioticus.!! Both isoenzymes of CS from S. clavuligerus

have been cloned and over-produced in Escherichia coli,100.10c.12
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Scheme 1: The biosynthesis of clavulanate (1). Enzymes cofactors/cosubstrates: (i) 3-lactam synthetase
MgATP {ii) clavaminate sy".thase (CS), Fe(ll), 2-oxoglutarate, Oy, {iii) proclavaminate amidinohydrolase (PAH).
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process catalysed by clavulanate dehydrogenase (CD) to give (1).
which results in the inversion of the (2S) and (55) stereochemistry of (7) to the (2R) and (5R) stereochemistry of
(1) are unclear. Synthetic ester derivatives of aldehyde (8) undergo facile racemisation,14 but it seems likely that
several steps are involved in the conversion of (7) to (8). Recently, Egan et al. have provided evidence that
clavaminate (7), rather than an earlier intermediate or aldehyde (8), is the branch point between the biosynthesis
of clavulanic acid (1) and all other clavams.13 It is noteworthy that clavulanic acid (1) and aldehyde (8) are

atypical clavams in that they have the (5R)-stereochemistry, whilst the majority [e.g. valclavam (9)] have the (5S)-

stereochemistry. All available evidence suggests that the steps of the pathway before (7) are common to the
hin~cunthacic nf all Alavama . in t 1 1
biosynthesis of all clavams. Thus, CS plays an essential role not just in the biosynthesis of clavams with the (5R)

stereochemistry such as (1), but also in those with the (55)-ste a
Attempts to elucidate the pathway prior to proclavaminate (5) followed two approaches at Oxford and
SmithKline Beecham. The isolation of possible precursors from mutant strains of S. clavuligerus deficient in
clavulanic acid (1) biosynthesis coupled with the use of in vivo 13C—labelling studies,4P.4¢ and the in vitro
incubation of potential substrates with purified enzymes. Herein, we report experimental details of the in vitro
hydroxylation of the proposed precursor (3) to give (4)12, the proposed role of this reaction in the biosynthesis
of clavams, which demonstrating the trifunctional role of CS in the biosynthesis of clavulanate (1). These studies

r the type of reaction (e.g. hydroxylation or desaturation) catalysed by
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an oxygenase enzyme by modifications to the substrate at a site which is ‘remote’ from the oxidising centre.

suggesting that it may be possibie
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Early in vivo studies also showed that the oxygen in the heterocyclic ring of (1) was (at least partially)
derived from dioxygen.16 Further in vitro studies showed that this oxygen was retained during the conversion of
proclavaminate (5) to clavaminate (7) using purified CS!7, suggesting that the hydroxyl group of proclavaminate
(5) is derived from dioxygen via the action of an oxygenase. CS is a member of the family of iron(Il), 2-OG-
dependent oxygenases, many of which catalyse the hydroxylation of unactivated carbon-hydrogen bonds.
Known substrates for hydroxylation reactions catalysed by 2-OG dependent oxygenases include both free amino
acids (e.g. prolinel8) and amino acid residues in proteins (e.g. prolyl!® and aspartyl20 residues). Subsequent to
the discovery that CS catalysed the conversion of (5) to (6) and (6) to (7), it was proposed that CS or a closely
related enzyme catalysed the introduction of the hydroxyl group of proclavaminate (5) and we initially speculated
that ornithine derivative (10) (Scheme 2) might be the direct precursor of proclavaminate (5).

Synthesis of substrates:

The proposed substrate (10) was synthesised from ornithine (11), via (12), following methodology
developed for the synthesis of proclavaminate (5).7P Thus, Michael reaction of acrylic acid with the diprotected
ornithine derivative (13) gave (3-amino acid (14) in 63% yield (Scheme 2). Ring closure in 71% yield to the
desired f3-lactam via a mixed anhydride, generated from methanesulphonyl chloride and base followed by
hydrogenolytic deprotection gave (10) in quantitative yield. An alternative potential CS substrate (3) with a
guanidino sidechain (see below) was synthesised from (11). Initially the method of Bodanszky et al.212 was
used, but it was subsequently found that the procedure of Bernatowicz et al.,21P using 1-amidino-4-azapyrazole
rather than 1H-pyrazole-1-carboxamidine hydrochloride, gave (3) in higher yield (56%).
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Scheme 2: (i) (a) CuCO3.Cu(OH)2.H>0 (b) MgO, C¢H5CH20COCI (c) EDTA; (ii) BnOH, benzene, TsOH.
reflux; (iii) acrylic acid, MeCN; (iv) (a) MsCl, NaHCO3, MeCN (b) Pd/C/H, EtOH, H20; (v) a) 1-amidino-3,5-

dimethylpyrazole-HNO3, HCONMe;, H20 pH 8.0-9.0212; or b) 1-amidino-4-azapyrazole, 1M NazCO3.21b

Incubation of potential substrates with CS:

Incubation of the proposed substrate (10) with CS derived from 8. clavuligerus or recombinant E. coli cells
(CS2) gave qualitatively identical results. The presence of two resonances at 5.8-5.9 and 5.9-6.0 p.p.m. in the 1H
NMR spectrum (500 MHz) analyses of the crude incubation mixture suggested the unexpected production of an
alkene product. A relatively small amount of proclavaminate (5) at about 10% of the level of the unidentified
material was also observed by IH NMR spectroscopy. Purification of the crude incubation mixture resulted in
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the isolation of £-(25)-5-amino-2(2'-oxoazetidin-1-yl)-pent-3,4-enoate (15) as the major product (ca. 90% of the
total identified products) (Scheme 3).

QH
CS, Fe(ll J,:rlw X ,J/jxx :
;,l‘ e o \'/\/\NH2 + o \l/\/\NHZ

o \g\/\NHz COH COH
oH ,
(10) 20G jugcgate (15) (ca. 90% product) (5) (ca. 10% product)
2

Scheme 3: Incubation of 3-lactam (10) with CS.

The stereochemistry of the double bond was assigned on the basis of the 14 Hz H-3 to H-4 coupling
constant, derived from a homonuclear decoupling experiment. The proclavaminate (5) which was also isolated
from the crude incubation mixture, had an identical HPLC retention volume (3.1 mL) to synthetic threo-
proclavaminate (5) and was well separated from erythro-proclavaminate (retention volume 3.4 mL). IH NMR
doping experiments and mass spectrometric analyses confirmed the identity of the alcohol product as (5).

The observation that the incubation of (10) with CS led to the production of proclavaminate (5) as only a
minor product, suggests that (10) is not the in vivo substrate for the biosynthesis of proclavaminate (5). Although
it was considered possible that the ratio of products is biased in vivo towards hydroxylation, perhaps as a result
of post-translational modification, this scenario was considered unlikely since both native and recombinant CS
enzymes gave the same result. We speculated either that an alternative enzyme related to CS may be responsible
for the in vivo biosynthesis of (5) from (10), or that an alternative, related intermediate was the true substrate for a
hydroxylation reaction catalysed CS. Cognisant with the observation that both ornithine and arginine had been
efficiently incorporated into (1) in whole cell labelling studies,#2.4¢ we investigated the latter possibility by the
synthesis and incubation of the arginine derivative (3).

The guanidino substrate (3) was incubated with recombinant and wild type CS as before, and the products
were analysed by 1H NMR (500 MHz) before purification by reverse phase HPLC. Incubation of (3) with CS
appeared to give quantitative conversion to the hydroxylated product (4), with no apparent production of the
guanidino alkene (16) by 1H NMR (500 MHz) or reversed phase HPLC analyses (Scheme 4).

NH NH  cs, Fe(ll) QH NH
RPN s\ Sy X — PRSP |
g \'/\/\H NHg S \l/\/\N NH2 m g \(\/\N NH2
CO,H CO,H , COsH
20G succinate

(16) (3) + COp (4)
Scheme 4: Incubation of (3-lactam (3) with CS.

Preliminary Kinetic analysis on this reaction gave the following apparent kinetic parameters: For a mixture
of the two isoenzymes derived from S. clavuligerus, Ky = 180 + 20 uM, Vax = 2.3 £ 0.05 nmol/min/mg
protein; for the single CS 2 isoenzyme derived from recombinant E. coli cells, Ky = 250 + 25 uM, Kcq = 14.7 +
0.15 S-1. Although this type of preliminary kinetic data on 2-OG dependent oxygenases should be treated with
caution,22 taken together with the observations from the NMR studies it seems that guanidine (3) is the most
efficient substrate for CS so far discovered.l2 Subsequent studies with specifically labelled substrates showed
that the hydroxylation reaction proceeded with retention of configuration.23 The alcohol product (4) of the CS
catalysed hydroxylation reaction was examined as a substrate for the CS catalysed cyclisation and desaturation
reactions. Analysis of the derived incubation products by 1H NMR (500 MHz) failed to show the production of
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any bicyclic clavams or alkenes. Imidazole derivatisation followed by HPLC analysis24 suggested the production
of very low [less than 5% of those observed with proclavaminate (5)] amounts of bicyclic clavams. It seems
possible that their production was due to slow removal the amidino group of (4) to form proclavaminate (5). It
has been reported that incubation of (3) with CS and PAH (expressed as a fusion protein) in vitro resulted in its
conversion via four enzyme catalysed steps to clavaminate (7).6 The results imply clearly that CS is involved in
three oxidative steps in the biosynthesis of clavulanate (1) from pyruvate and arginine.

In order to explore the substrate selectivity of CS, and to develop an efficient and convenient alternative
assay, the incubation of commercially available N-o-acetyl amino acids with CS was investigated.1P Incubation
of L-N-a-acetylomnithine (17) gave both alcohol (18) and alkene (19) products as observed for the incubation of
the analogous [3-lactam substrate (Scheme 5).

H cs, Fe(ll Ho9n N
NH, ’ \[]/NY\/\NH2 + \n,N\'/\/\NH2
O COzH O COxH O CO.H
(17 20G j“g“g:‘e (18) (ca. 75% product)  (19) (ca. 25% product)

Scheme 5: Incubation of L-N-a-acetylomnithine (17) with CS.

However, the ratio of alcohol: alkene produced was reversed when comparing the N-a-acetyl and f3-lactam
derivatives. The ratio of (18):(19) was ca. 3:1 upon incubation of (17), whilst in the case of the 3-lactam substrate
(10) the ratio of (5):(15) was ca. 1:10. Incubation of L-N-a-acetylarginine (20) gave the expected alcohol
product (21), with no evidence for the formation of the alkene product (22) (Scheme 6).1b Incubation of D-N-ct-
acetylarginine with CS resulted in a very low level of conversion (<2%) to a product, which had an identical
retention time to (21) by reversed phase HPLC analysis. It is unclear if this low level of conversion was due to
traces of contaminating L-N-a-acetylarginine (20). Kinetic parameters for the conversion of (20) to (21) for the
single CS 2 isoenzyme derived from recombinant E. coli cells, Ky = 230 + 20 pM, Kco = 6.4+ 0.8 S°1.

H JNLH H J\H CS, Fe(ll) H Q:H /Il\lLH
\n/N\l/\/\H NHQ“ \n/ \'/\/\” NH, \n,N\l/\/\H NH,
O COuH O CO.H 20; 5 s;uccinateo COH
+ COp

(22) (20) (21)
Scheme 6: Incubation of L-N-a-acetylarginine (20) with CS.

Oxygen incorporation experiments

In order to demonstrate that the CS catalysed hydroxylation reaction was responsible for the introduction
of a dioxygen derived oxygen into (4), CS derived from recombinant E. coli cells was incubated with (3) under
an atmosphere of 1805, Analysis of the reaction products by electrospray ionisation mass spectrometry (ESI
MS) revealed that the majority of product (4) contained 180 label. However, a substantial proportion (ca. 30%)
of (4) was not labelled with 180 (Table 1). Incubation of (3) in the presence of 180-labelled water (ca. 47.5
atom %) showed that some 180 was incorporated into (4), thus demonstrating a water-mediated exchange
process. However, the level of labelling was insufficient to fully account for the results of the 180 dioxygen
labelling experiment. Since the labelling experiments were carried out only once, the most likely explanation for

the discrepancy in the stoichiometry of incorporation from the 1807 and H2180 labelling experiments is that
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there was incomplete degassing of the enzyme solution. However, in the absence of multiple determinations and
careful kinetic studies (to eliminate possible isotope effects / the operation of more than one kinetic mechanism)
it cannot be ruled out that a cofactor/cosubstrate mediated exchange process is occurring.

Table 1: Incorporation of 180 into (4) Derived from (3)

m/z (Da)
incubation 242 243 244 245 246 247 248 249
under air 0 0 0 100 12 1.5 01 O
under 1802 0 1 0 30 5 100 12 2
H2160/H;180 0 0 0 100 13 6 2 1
(52.5:47.5)

The hydroxylation of L-N-a-acetylarginine (20) was also investigated using 180 labelling studies (Table
2). Incubations performed in the presence of 180, revealed a high but incomplete level of isotopic incorporation.
However, unlike with the (3-lactam substrate (10), the level of incorporation of 180 from labelled water accounted
for the less than stoichiometric incorporation from labelled dioxygen. This result also lends support to the
proposal that the discrepancy in the levels of incorporation of label from dioxygen and water in the case of (3)
results from a 'technical imperfection' rather than reflecting an intrinsic property of the enzyme.

Table 2: Incorporation of 180 into (21) Derived from (20)

m/z (Da)
incubation 231 232 233 234 235 236 237 238
under air 0 0 100 11 1 0 0 0
under 1807 05 04 17 5 100 11 4 06
H2160/H,180 2 2 100 12 10 2 2 1

(52.5:47.5)

The less than stoichiometric incorporation of 130 label from dioxygen into the products of 2-oxo acid
dependent oxygenases has been well documented?5 and has been studied using substrate analogues in the case
of deacetoxy/deacetylcephalosporin C synthase (DAOC/DAC synthase).26 Presently it is unclear at which stage
of the mechanism the oxygen exchange process occurs and whether or not the same exchange mechanism

operates for all the 2-oxo acid dependent oxygenases/oxidases and for all types of substrate.

Discussion:

Both the substrate and product selectivities of the CS catalysed reactions are interesting, both from the
perspective of the evolution of the pathway and from that of understanding fundamental properties of oxidative
enzymes. The results presented herein are consistent with a biosynthetic pathway leading to clavulanic acid (1)
from L-arginine and pyruvate (Scheme 1), in which CS plays (at least) an unprecedented trifunctional role. Other
examples of non-haem, iron(Il) and 2-OG-dependent dioxygenases which catalyse multiple steps in a metabolic
pathway have been reported (Schemes 7, 8, 9). These include enzymes involved in cephalosporin272 uracil27b
and gibberellin biosynthesis.27¢ In eukaryotic organisms producing cephalosporins a single enzyme,
DAOC/DAC synthase, catalyses the oxidative ring expansion and hydroxylation of penicillin N (23) to give
deacetylcephalosporin C (DAC 24) via deacetoxycephalosporin C (DAOC 25). In prokaryotes these steps are
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catalysed by separate enzymes with a high (but imperfect) degree of selectivity for either penicillin N (23) or
DAOC (25) as a substrate. In vitro DAOC/DACS also catalyses the conversion of DAC (24) to the unstable
aldehyde (26), which rapidly undergoes hydrolytic ring opening to give an inactive cephalosporinate (Scheme 7).
In vivo the 'undesirable' third oxidation is prevented by acetylation of DAC (24) to give cephalosporin C (27).270

H H H
D—AAN D-AAN e D-AAN Q D-AAN Q
b =4 T T T 2 T =
Y1y 1 Y7 e Y7 3 YT )
)_N\/ O/_N\I/\ Of_N\'—/\/OH _B)_N\l/‘\?o
COzH COzH COzH CO,H
penicillin N DAOC AC
(23) (25) (24) (26)
1aC‘eiyia‘se
D-AAN, Sj
/—'N\/\, Ac
COZH
cephalosporin C
(27m

Scheme 7: Reactions of deactoxy/deacetylcephalosporin C synthase (1, 2, and 3)

Thymine hydroxylase catalyses three sequential oxidations of thymine (28) to give uracil-5-carboxylate (31) via
5-hydroxymethyluracil (29) and 5-formyluracil (30) (Scheme 8).27c

0]
1l s
HN/\‘/__.. HN/u\i(CHZOH, HN)\(CHO HN { COoH
oA A . A
H

O~ "N
_H H H
thymine 5-hydroxymethyluracil 5-formyluracil uracil-5- carboxyhc acid
(28) {(2a) (20) (21)

“"“ \&2/ \2 Vs A\~ s

o, my £ a1 «

Scheme 8: The reactions of thymine hydroxyiase.

The plant 2-OG oxygenase, gibberellin C-20 oxidase27d, catalyses a related sequence of oxidations of the C-20
methyl group of gibberellin (32) to the C-20 carboxylate of (35) (Scheme 9).
HG SN\ HOHZG /R oHe /N HOZG /\

HO,c' VH COH  HO,c'V\H COooH HO,C V™ COzH HO,c \H COH
(32 (33) (34) (35)
Scheme 9: The reactions of gibbereilin C-20 oxidase H or OH

CS is exceptional amongst the family of 2-OG oxygenases, both in terms of the diversity of the three types
of oxidative reactions it catalyses (hydroxylation, oxidative ring formation and desaturation)!.7-8 and in that one
it catalyses (hydroxylation) is separated from the other two by the action of a separate hydrolytic

ns i
AH).46 To the extent of our knowledge the diversity of oxidative reaction catalysed by CS is



unprecedented by that of any other known enzyme. More generally it seems that the 2-OG and related
oxygenases/oxidases are able to carry out a wider range of chemistry than their haem-dependent counterparts. It
is possible that this difference reflects the utilisation of the haem cofactor, which of necessity fills four of the
possible metal co-ordination sites rendering substrate co-ordination to the metal at the same time as a reactive

form of dioxygen (superoxide or ferryl) impossible. The use of a rigid haem cofactor may also limit the degree

5
to which generation of the reactive snecies can be co-ordinated with nroductive binding of the nrime substrate vig
s FY aaa BWEIVIRRVIVAL L Wi R AL Y u..l\tv‘vu WiAdl MW WA LA IUALWAS VY ARG t.ll\l\‘u\-l:l'v vlll\.llll& RS BT Y L kJI AN OULJOM AW ViU
Annfarmatinnal rhanaone within tha antius oita 28

vunuvlilliativiiat blldlls 2 WILHIH] UIT aUlIYCT DI,

The results obtained from the incubation of CS with guanidino and (3) and amino (10) substrates
demonstrate that relatively small changes in the enzyme-substrate complex can bring about significant changes in
the type of oxidation reaction catalysed, /.e. hydroxylation or desaturation. In the case of (10) the dominating
reaction is desaturation whilst in the case of (3) the presence of an additional amidino group completely biases
the oxidative reaction catalysed from desaturation to hydroxylation. The presence of the same amidino group

(probably completely) excludes the product (4) from being a substrate for the CS catalysed cyclisation and

desaturation reactions for which its amino analogue (5) is a substrate,
(’\I QH CS, Felii) <"‘|"‘Q>,,,,,/'— He CS, Felil) <’\|“‘Q>_./_ NH.
A I N X =
S  Co.H / y O COzH / y O COgH
20G succinate 20G succinate
+ CO, + CO2 .
(38) (36) (37)

Scheme 10: Cyclisation of y-Lactam (38) to (36) and (37).

Both in comparison with each other and with their $-lactam analogues, the incubation results obtained with
L-N-a-acetylornithine (17) and L-N-a-acetyl-arginine (20) demonstrate how subtle modifications in substrate
analogues can modify the product selectivity of an oxidative enzyme. It also notable that substitution of the [3-

lactam of (5) for a y-lactam ring also resulted in a decrease in the rate of desaturation of (36) to (37) relative to

the rate of cyclisation of (38) to (36) (vide supra, Scheme 10).29 Although this is a much less dramatic change
than tha hing in nradiint calanstivity fram hvdravvlatian tn dacatirratinon it nrovidee vet annther evamnle of the
tidi uie viad ifl proGuel STITUUIVILY 1HTUI HYUIVA Y IatlULL WU Uvaditl atiVil, 1 PIUVIULS yUt aliveiivi SAGIHIpIS Ut

sensitive product seiectivity of CS.

The concept of evolution of new enzyme functions and thus biosynthetic pathways via gene-duplications
followed by mutations resulting in altered selectivities is well established. The section of the clavulanate (1)
biosynthetic pathway encompassing the PAH and the three CS catalysed reactions suggests an alternative
scenario, i.e. that steps in a pathway may evolve via a modification of a product leading to the 'extraction' of
another catalytic activity from an enzyme already active in the pathway. In effect the sidechain of the product of

[i.e. (4)] may be mutated by the action of another enzyme (or by a non-enzymatic

canntinn) ta give anathar cithetrata [7 o (BY] faor the firet enzume Thug in one sense. the PAH catalvsed
ICaCuully WU gV dliVuICl Suudtidiv i (WJ/] TUL WL 1O VLY IV, LIS, 11 W OWEHIoLw, B L sasf LELEsy obts

. o f oA\ Lt Lt Qo bca e s~ (EY LIl o o NQ ciihcdenta sy bha viawad ag a nradiiot
conversion of (4}, whnichn 1S not a L supstrate, to (9, wnicCn 1S d Lo Suusifdi€, imay vt viewcl as> a prouaucti-

substrate 'mutation’ process.

Site-directed mutagenesis has been used for probing enzyme-substrate interactions and for altering the
selectivity of enzymes. The alterations of the (dominant) type of oxidative reaction catalysed by CS resulting
from changes in the substrate at sites 'remote’ from those oxidised suggests that protein-engineering of CS to

alter its product selectivity may be a productive exercise. It is of interest that a recent study on plant di-iron lipid



oxygenases30 showed that recombinant plants containing oxygenase with as few as four mutated residues
produced lipids with a radically different composition. These results demonstrate that relatively few modifications
to an oxygenase enzymes may dramatically alter its product selectivity, and suggest that mutation studies aimed at
altering the product selectivity of CS may be profitable.

The presently proposed mechanism for iron(II) and 2-OG dependent oxygenases involves sequential (and

nroductive) initial hin n of 2-00G; and 'nrime' substrate followed hv that of diovvoan 31 Tha reactinn mav then
proguctive) mifial hind Oof £~ and pnime subsirate followed by that of gioxygen 1ne reaclion may tnen

nnnnn At~ £n A wanativn Fammir]l cmanias wrhial o sacmamailhla Faw tha swidatioan A dlaa el ccibndenda fadl
proCeea 10 1011 @ reéaciive 1Sy SPECies, WiiiCil i8 r€SpOorsioIe 107 i€ OXiGation O1 i€ pPriime suosiraie, togetndt

s~

with anhydride or succinaie/CO> iigands {Scheme i1, {i}]. The reiationship between the ferryi species and the
prime substrate is likely to be the key factor in determining the product selectivity of the enzyme. Recently, Zhou
et al.32 reported that the six-membered octahedral complex produced on binding of 2-oxoglutarate to the
iron(II)-CS complex was relatively unreactive towards dioxygen. Binding of (3) to this complex changed the co-
ordination state of the iron from six to five by loss of water, thus rendering the complex reactive to dioxygen.

Note that in the absence of prime substrate or in the case of appropriate substrate analogues 'uncoupled' turnover

of 2-0OG to succinate and ("ﬂ an still occur r10a, 33 albeit narmally at reduced levelg relative to the nrime

or 2-U0x 1o succinate an an still occurtve,22 alheit normall y requceg levels relative o the prime

cribhatrntn rmiinlad canatinm Tha cimoanae Tad tiemmmmrnr nf D OUY mmne, corcncnn e aditimes mennhanmicns b sobial

SUDSITal€ COUPIEQ reaciion. 1ne UnCoupiea Wrmover 61 2-UU may Tepreseit ai €ailing mecnanisimn by wiich
.

unwanted or incorrectly bound subsiraies are rejecied and may be {parily) responsibie for the produci seieciivity
of CS.32 Such a mechanism is, however, unlikely to represent the only method which determines the substrate
selectivity of CS in its natural environment and binding interactions before generation of reactive oxidising
species will be important.

Any detailed understanding of the origins of the remarkable selectivity of CS must await knowledge of its
three dimensional structure and those of its enzyme-substrate/intermediate complexes. Indeed CS is seemingly
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DAOCS from Streptomyces ciavuiigerus compiexed to iron and 2-0G.3* DAOCS cataiyses the oxidative ring
expansion of penicillin N (23) to DAOC (25). This reaction is related to the CS catalysed oxidative ring closure
of (5) to (6) and to the isopenicillin N synthase (IPNS) catalysed four electron oxidation of a tripeptide to give
the penicillin nucleus (a 2-OG cosubstrate is not utilised by this enzyme). DAOCS and IPNS, for which crystal
structures have also been reported,35 are clearly related by sequence to each other and to many other 2-OG

dependent oxygenases which have probably evolved from a common ancestor. However, the degree of sequence

cimilaritv hetween CS and the DAQCS/IPNS subfamilv is limited with even hioghlv conserved motifs within the
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DAOCS/IPNS sub-family, which is responsibie for providing iwo of three conserved His, His, carboxyiate, triad
of iron ligands in the wider family of non-haem iron oxygenases/oxidases.28

Although the HXD motif of CS may be replaced by an HTE sequence (residues 172-174 in CS1 and 173-
175 in CS2)122 and CS does show similarity to some other 2-OG dependent oxygenases39, the lack of overall
sequence similarity between CS and DAOCS makes proposals regarding the CS active site based on that of
DAQCS speculative. The side chains of two arginines of an RXR motif (160-162) in the DAOCS active site havc

been proposed to bind to the carboxylate of the penicillin N (23) substrate (Figure 1). Docking of CS substrates
(M nend (Y eimmilarly inta tha MYANOC antiva cite cniaancte that cimilar hindina af thair carhnvvlatec to the cide
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Figure 1: Possible binding mode of (23) in the active
-0 /1 ;\':\l\ site of DAOCS; DAA = D-8-(c-aminoadipoyl)-.3#
o=

By analogy with mechanism proposed for IPNS it has also been suggested that the ring closure reaction
[(5) to (6)] catalysed by CS involves co-ordination of the hydroxyl group of (5) to the metal centre.”¢ The high-
energy ferryl intermediate [generated as in Scheme 11, (i)] is believed to perform the substrate oxidation. This
may react in an insertion type mechanism with substrates (3) and (5) [as shown in Scheme 11, (ii) and (iii)]. The
observed stereochemistries in the conversions of (3) to (4)232 and (5) to (6)? are consistent with the crude model
based on the DAOCS structure.

Ligation of the alcohol of (5), during the conversion of (5) to (6), to the iron in CS would almost certainly
require displacement of one of the other ligands. It would seem most likely that succinate or COz/bicarbonate arc
displaced, but the possibility of displacement of one of the protein-derived ligands from the iron can not be
excluded. Alternatively, the hydroxy! group of (5) may not be ligated to the metal and general base catalysis may
be involved in the cyclisation reaction.

Hydrolysis of the guanidino sidechain of (3) or (4) to give (10) or (5) clearly influences the selection of
which bonds in the substrate are oxidised by CS. A possible explanation is that there is an acidic residue(s) at the
active site of CS, which bind the basic substrate sidechain and orientates it relative to the ferryl such that a
particular bond is cleaved. Thus loss of the amidine from (3) may result in the substrate being pulled towards the
putative acidic residue resulting in oxidation of the 3-lactam 4-H', rather than the 3-H of the sidechain, as in the
conversion of (3) to (4). However, such a simple explanation does not account for the difference in
alkene:alcohol product ratio from (3) and (10), nor for the conversion of dihydroclavaminate (6) to clavaminate
(D).

Docking of dihydroclavaminate (6) into the model in a similar manner projects the two hydrogens which
must be removed in the desaturation process® away from the metal centre [vide supra, Scheme 11 (iv)]. Salowe
et al.’c have previously proposed that the conversion of (6) to (7) may occur via oxidation of the oxygen
followed by loss of a proton [Scheme 11, (iv)]. An alternative proposal to account for the apparent change in the
stereochemical relationship between the ferryl and the bonds oxidised was that the ferryl intermediate may 'flip'37
from one position on the iron to another dependent on whether (3)/(5) or (6) is the CS substrate. However, based
on the DAOCS model, such a flip of the ferryl from opposite His 183 (the proposed dioxygen binding site for



DAOGCS) for the oxidation of (3) and (5) by CS to opposite His-243 (DAOCS) (dispiacing CO2) or Asp-185
(displacing succinate) would not project the ferryl closer to the substrate without other conformational changes. It
may thus be that different residues are involved in binding of the basic side chain of the substrates (and possibly
the carboxylate) in the case of dihydroclavaminate (6) compared to (3) and/or (5) resulting in rotation of (6) in

the active site relative to (3) and (5) [Scheme 11, (v)].

Possible implications of the trifunctional role of CS for the biosynthesis of other metabolites:
The results presented herein demonstrating the versatile nature of the oxidative transformations catalysed
by CS may have implications for the biosynthesis of other metabolites derived by oxidation of arginine or its

derivatives. Metabolites apparently derived by oxidation of arginine include the streptothricin group of

antibiotics38, the hexapeptide antibiotics K-582A and K-582B [which contain (25, 3R)-hvdroxyarginine]39,
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Mariinkus ef al. propose ihat the biosynihesis of
outiined (Scheme 12).38 Ciear paraiieis exist with the clavam biosynthesis pathway, inciuding the oxidation of
arginine derivatives at both the 3- and 4-positions. Labelling studies suggest that alcohol (42) was oxidised to the
ketone (43) (or a derivative) and cyclised to give imine (44). Rearrangement to (45) followed by reduction to (46)
and ring switching leads to (47) which is cyclised (c.f the BLS catalysed reaction in clavam biosynthesis) to give

the bicyclic lactam core of streptolidine (41). A second hydroxy! group is introduced at C-4 of arginine during
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Anatoxin-a{s) (3%} is aiso derived from arginine via {(25,45)-h)
studies have demonstrated that both C-3 hydrogens are iost during anatoxin-a(s) (39) biosynthesis, suggesting
oxidation and cyclisation via a ketone,% analogous to the streptolidine and clavam pathways.

Another 2-OG dependent oxygenase from Pseudomonus syringae pv. phaseolicola PK2 has been shown
to directly hydroxylate arginine to 5-hydroxyarginine (49),42 which decomposes to guanidine (50) and (L)-Al-

pyrroline-5-carboxylate (51) (Scheme 14). In addition to this 'typical’' 2-OG dependent oxygenase reaction in

of ihree carbon dioxide moiecuies or a carbon monoxide and 2 carbon dioxide molecuies, dependent on
the 2-OG undergoes a four or two electron oxidation. Uniike in ciavuianate (), streptoliidine {d1), anatoxin-a(s).
and carnosidine (40) biosynthesis, it appears that 2-oxoglutarate is the substrate and arginine is the cosubstrate in
this reaction.

The biosynthesis of carnosadine4! (40), a cyclopropyl derivative of arginine, can be most efficiently
envisaged occuring from arginine in a single step via a two electron oxidation. There is no precedent for

enase catalysed formation of a three membered ring. However, isopenicillin N synthase35, which is related

DX VO, narion Or a 1T 1
oxygen ror |46 en
e samitannas and ctrintiira ta tha 72003 danandent nyvoanacoce catalveac the farmatiaon of the strained hicvcelic
vy BUL[UDUL/D QI QU UL UL LU LU QT USPVEIUVIEE Uy GVIHAOWD s wEtGl y oy v AaaGeasan UL vt S RaniAs wav y i
£iicnd D lonbmma thinanlidina niinlaiie af tha nanisilling fram a cimnla nantida nraciirenar Thuc it caame reacnnahlae
LuNCcu |J-ldbtal I-UHAZUNUITIC NTUCITUD UL Ui POV 11U 4 SHTIPIV POUPLIUD PIV0UIOSUE. 2 11Ug, 1 OLViis 1basuniduis

to propose that the conversion of arginine to carnosadine (40) may be mediated in a single siep via an oxygenase
related to CS. Alternatively a hydroxyarginine derivative (52) may be an intermediate in this cyclisation (Scheme

15).
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Scheme 12: Biosynthesis of streptolidine (41) (modified from reference 38).
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Scheme 15: Proposed biosynthetic pathways to carnosidine (40).

Experimental:
All chemicals were obtained from the Sigma-Aldrich Chemical Co. and were used without further



purificaiion uniess otherwise stated. infrared spectra were recorded on a Perkin-Eimer 1750 Fourier Transform
spectrometer with only selected absorbences being recorded. Proton nuclear magnetic resonance ({H NMR)
spectra were recorded on either a Varian Gemini 200 operating at 200 MHz or a Briiker AM500 operating at 500
MHz. The spectra of synthetic compounds were referenced to residual protonated solvent residues as an internal
standard. Carbon-13 nuclear magnetic resonance (13C NMR) spectra were recorded on either a Varian Gemini
200 operating at 50.3 MHz or a Briiker AM500 opera t 125.8 MHz. The snectra were
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carbon residues or 1,4-dioxan, 8¢ = 67.3 p.p.m, for samples in D70 DEPT edztmg was used unless no
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per miiiion (p.p.m.) down fieid from tetramethyisiiane (TMS]), in the soivent indicated Mass spectra were

recorded on either a V. G. 20-250 or a BIO-Q instrument, with the modes of ionisation being indicated as
Desorption Chemical Ionisation (DCI), Probe Chemical Ionisation (CI) or Direct Electron Impact (DEI). Only
major peaks were recorded, as the mass-to-charge (m/z) ratio. Accurate masses were recorded by the EPSRC

mass spectrometry service centre (University of Wales, Swansea). Optical rotations were determined using a

Perkin-Elmer 241 polarimeter with concentratio give_n 1 g/100 mL. Melting points (m. n) were determined
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Thin iayer chromatography was performed on Merck DC-Aiuféiien 60F254 0.2 mm precoated piates.
Spots were detected by quenching of ultraviolet fluorescence (Amax 254 nm) or 5% (w/v)
dodecamolybdophosphoric acid in ethanol followed by heating. Amino acids were located on t.l.c. by 3% (w/v)
ninhydrin in ethanol. Flash chromatography was carried out on Baker silica gel (30-60 mm). Light petroleum
refers to the fraction of petroleum ether which boils between 40-60°C. This was distilled before use, as were ethyl

acetate, diethyl ether, benzene, dichloromethane. Tetrahydrofuran was distilled from sodium benzophenone ketyl
rindar an atmnaenhara Af nitracan ratanitrila wac Aried hv dictillatinn fram caleinim hvdride and ctared nver
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system (Miiiipore). HPLC grade methanoi was obtained from Rathburn Chemicai Lid (Waikerburn, Scotiand)
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A solution of L-ornithine. HC1 (300 mg, 1.
(530 mg, 1.96 mmol) in water (2 mL) was heated under reflux for 30 minutes, filtered while hot, and washed with
hot water (3 x 3 mL). The resulting solution was cooled to room temperature and basified with magnesium oxide
(100 mg, 2.48 mmol). After further cooling to <5 °C, a solution of benzylchloroformate (0.5 mL, 3.33 mmol) in
tetrahydrofuran (10 mL) was added dropwise over 30 minutes. The solution was warmed slowly to room

temperature and stirred for 22 hours. The resulting blue precipitate was collected by vacuum filtration, washed

with water (3 x 10 mL), ethanol (3 x 10 mL) and diethy! ether (2 x20 mL), d 1 vacuo to vield the crude
copper complex (407 me, 77%): m.p. 206-208 °C (dec.): vy (KBr)/em-1 3333¢ (N-H), 2927m, 2123w, 1697
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{ureithane C=0)j, 1582s, 1549s, 1412m, 12

EDTA (2.53 g, 8.67 mmol) was added to a stirred solution of sodium hydrogen carbonate (i.42 g, 16.9
mmol) in water (20 mL). The powdered crude copper complex (400 mg, 0.67 mmol) was added and heated under
reflux for 2 hours. The solution was cooled, filtered, and the white powder washed with water (3 x 20 mL) and
dried in vacuo to yield (12) (273 mg, 58% overall): m.p. 212-214 °C (dec.) [1it.43 254 °C (dec.)]; [a]p25 +18.4
(c 1.0 in 6 M HCD); vmax(KBr)/cm-1 3333s (N-H), 3080m (N-H), 2930m, 2128w, 1687s (urethane C=0).



1582s (CO27), 14i2m and 1295m; 1H NMR (200 MHz; 2 M DCI) &y 0.73-1.06 (2H, m, H-4), 1.06-1.39 (2H.

H-3), 2.43 (2H, t, J=6.5 Hz, H-5), 3.39 (1H, t, J=6 Hz, H-2), 4.32 (2H, s, CH2Ph) and 6.66 (5H, s, aromatic
H); 13C NMR (50.3 MHz; 2 M DCI) 6C 24.0 (C-4), 26.3 (C-3), 39.1 (C-5), 51.9 (C-2), 66.3 (CH2Ph), 127.2.
127.9, 128.4, and 136.0 (aromatic C), 158.0 (NHCO?2) and 171.3 (C-1); m/z (DCI-NH3) 267 (MH*, 20%), 204
(12), 115 (100), 108(30), 106 (22), 99 (20), 91 (36) and 70 (46).

Synthesis of (25)-NO-benzyloxycarbonylornithine benzyl ester, p-toluenesulphonate salt (13)
Monoprotected (25)-ornithine (12) (150 mg, 0.56 mmol) and benzyl alcohol (0.60 mL., 5.80 mmol) were

stirred tooether with benzene (35 mlL) and pn-toluenesulohonic acid manochvdrate (117 mo. 0.62 mmo) The
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cooied to room [empcralure the benzene evaporatea in Vacuo, and the flask fiushed with toiuene (.5 x5 mL) to
yield a colourless oil. Trituration with petroleum ether (200 mL) yielded (13) as a white solid (215 mg, 73%):
m.p. 84-86 °C (dec.); [alp24 -2.4 (¢ 1.0 in CHCI3); vmax(KBr)/cm~1 3440br s (N-H), 2930m, 1754m (ester
C=0), 1693m (urethane C=0), 1453m, 1216s and 1125s: 1H NMR (200 MHz; CDCI3) 6 1.37-1.58 (2H, br
m, H-4), 1.78-1.97 (2H, br m, H-3), 2.26 (3H, s, CH4CH3), 2.92-3.04 (2H, br m, H-5), 3.96-4.08 (1H, br m, H-
2), 4.91-5.10 (44, br m, 2 x CH2Ph), 7.01 (2H, br s, 2 x NH), 7.10-7.38 (10H, m, 2 x C¢H5) and 7.70 and 8.20
1; 13C NMR (50.3 MHz; CDCI3) &C 21.2
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Synihesis of (.40/-1v~'-03nzyto:gycarnonyt-1v~ {2-carboxyethyijorniihine benzyi esier (i4)

The tosylate salt (13) (205 mg, 0.39 mmol) was partitioned between ethyl acetate (20 mL) and saturated
sodium hydrogen carbonate (15 mL), and the aqueous layer extracted with further ethyl acetate (15 mL). The
organic layer was washed with water (20 mL), dried (sodium sulphate) and evaporated in vacuo to yield the free
amine as a colourless oil. The free amine was used to prepare (14) by the method of Baggaley et al.

Spectroscopic properties were consistent with those previously reported.#4

Synthesis of (2S)-benzyl 5-benzyloxycarbonylamino-2-(2'-oxoazetidin-1"-yl)pentanoate
To methanesulphonyl chloride (27 uL, 0.35 mmol) in acetonitrile (1.8 mL) containing suspended sodium
1.74 mmol) at 60 °C, was added a solution of the acid (14) (124 mg, 0.29 mmol) in

with ethyl acetate-petroieum ether (11:9), yieided the diprotected analog ue o as a colouriess oii (84 mg.
71%}): Rt 0.3 (EtOAC:PE 3:2); laJD‘-D -6.0 (c 1.0 in CHCI3) [1it.#4 lalDLU -10.95 (¢ 2.0 in EtOH){; vmax(thin
film)/cm-1 3340br w (N-H), 2930w, 1750sh s, 1734s and 1718s (3 x C=0), 1541m and 1250m; 1H NMR (200
MHz; CDCI3) 8H 1.48-1.70 (2H, m, H-4), 1.70-2.04 (2H, m, H-3), 2.94 (2H, t, J=4 Hz, H-3'), 3.15-3.33 and
3.37-3.48 (3H + 1H, 2 x m, H-5 and H-4'), 4.41 (1H, dd, J=9.5 and 5 Hz, H-2), 4.90 (1H, br s, NH), 5.10 and
517 (2 x 2H, 2 x s, 2 x CH2Ph) and 7.36 (10H, s, aromatic H): 13C NMR (50.3 MHz; CDCI3) &C 26.7 and

26.8 (C-3 and C-4), 36.4, 37.8 and 40.2 (C-3', C-4' and C-5), 53.9 (C-2), 66.7 and 67.2 (2 x CH2Ph), 1283,
170 £ 1927 1920 125 A and 124 ] [aramatio (Y 154 7 INHCOACHAPh) and 16R 4 and 170 5 (2 x C=0) ester
140.9, 1401, 140.7, 1JJ,% GlIU 1JU.O \QIUHTIAUL No/; AJVUT UNLIMAS 23 2320 11) G A VDT Qi 2 4§ Ve N A p= Wy Toi
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(10) was prepared by the method of Baggaiey e ai.4* A smaii amount was purified by reverse phase

HPLC [UUb (250 x 7 mm), 12.5 mM NH4HLU3 i5 mL/mmJ with a retention volume of 9.0 mL for use in

biological experiments. Spectroscopic properties were consistent with those previously reported.44

Synthesis of (25)-5-guanidino-2-(2'-oxazetidin-1"-yl)pentanoic acid (3)

A solution of (10) (22 mg, 0.12 mmol) and 1-amidino-4-azapyrazole (17 mg, 0.12 mmol) in 1 M aqueous
sodium carbonate (117 pL, 0.12 mmol) was stirred at room temperature for 24 hours and then freeze-dried to
yield a white solid. Purification by reverse phase HPLC [ODS (250 x 7 mm), H20, 1.5 mL/min] yielded (3) as a
white solid (15 mg, 56%) with a retention volume of 31.0 mL: vinax(KBr)/cm-1 3436s (N-H), 2938m, 1735s (f-
lactam C=0), 1654s (CO2°), 1559m and 1398m; 1H NMR (500 MHz; D20) 8y 1.59-1.70 (2H, m, H-4), 1.75-

1 QA anAd 1T QA TOAIIT L 1TH 2 v H.2Y 202207 (21T v LI_2N 2922 (9T n ¢ T_T7 1l 1T 5 2 2Q 2 AA ]
L.OST Al 1.0~ 1.0 \UL1 T LI4y & ATl T170)y &7 07J.V& \&il, 111, 110 ), J.LI \&ll, CU. L, =i XlL, T1-T), 3.00-3.44 4ind
D 44 Y 4 [4TT 1YY - YT 4\ 1 4 44 [a7T 11 T 44 I~ YT Tr A\ J_ ATNONT R XN\ Al dn avv Ll AR
3.44-351 {iH + 1H, 2 x m, H-4') and 4.11 (1H, dd, J=11 and 5 Hz, H-2); m/z (ESI MS) 229 (MH™, 100).
Cuymthocic nf ( Vo2 nootoamidn_ 5-ornanidinn_nontanante (N_N_rv_ncatvlavrainine dibvdvate)
Spreenstoes Uy (L sdlCiwnnllU-orgularnieer iU plrnnuic (omiv=aGlloyer Serienc Gervyaraely

n P e W=t aY 1

D-Arginine hydrochioride {(0.50g, 2.38 mmoi) in waier {3 mL) was cooied in ice-waier and sodium
hydrogen carbonate (0.20g, 2.38 mmol) was added. Acetic anhydride (0.29 mL, 3.07 mmol) and sodium
hydrogen carbonate (0.20g. 2.38 mmol) were added alternatively in small portions to this stirred mixture.
Addition of further sodium carbonate (0.16g, 1.90 mmol) gave a thick white precipitate which was stirred for 30
minutes before storing at 6 C. After three hours the white precipitate was filtered off and washed with ice cold
water (3 mL) to give the desired product (0.36 g, 1.41 mmol, 59%): m.p. 139-141 ° C; [a]}23 p-10.16 (0.85 in

H20): IH NMR (200 MHz, D20) &1 1.20-1.20 (m, 4 H, H-3 and H-4), 1.77 (s, 3H, CH3), 2.94 (1, 2H, J=6.5

m, 1H, H-2); 13C NMR (50.3 MHz, CDC!l3
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Incubaiion experimenis
Incubations with CS from S. clavuiigerus SCZ or recombinant £. coii cells were carried out by the reported
protocols.”® The amount of CS is reported in 1U (umols/min) for the conversion of (5) to (7) under the stated
conditions.10b HPLC separations used ODS Hypersil columns with a Waters Associates 600E pump, a 600E
system controller, a 490E programmable wavelength detector, a SE 120 chart recorder and a Rainin injector fitted
with a 200 uL injection loop. Solvents were sparged with helium at 100 mL/min for at least 10 minutes before
commencing the experiment and at 20 mL/min thereafter. Crude incubation mixtures were fiitered through a 0.22
MHz) referenced to TSP with 0.5 Hz line

S | T TNCQT ARAC A ccmvro sioiem ‘)\_.. 1 ("
Droaaemng ana oy p()bluve 1001 Lol V1D, Abbdyb uaulg \J) 4l (&

volume of 100 L at ambient temperature in a 5 mL tube!®®, and quenched
10 seconds before HPLC analysis {ODS (250 x 4.6 mm), H20, 1 mL/min, A = 218 nm ai 0.1 AUF S]. Standard

curves of (4) or (20) were used to quantify products. Kinetic analyses were at 30 °C in a total volume of 200 uL

F‘

and the HPLC eluate was monitored at 0.05 AUFS and parameters were determined using reported methods.100



Incubation of (25)-5-amino-2-(2-oxoazetidin-I-yijpentanoate (10)

Incubation of (10) with native CS (1.2 mg, 0.34 IU/mg) gave a ca. 7% conversion to (15). HPLC
purification [ODS column (250 x 7 mm), 25 mM NH4HCO3 at 1.5 mL/min] gave (15) with a retention volume
of 9.15 mL (96 pg): IH NMR (500 MHz, D20) 8K 2.95-3.0 (2H, m, H-6), 3.4-3.5 (2H, m, H-7), 3.5-3.6 (2H.
m, H-5), 5.8-5.9 (1H, m, H-4), 5.9-6.0 (1H, m, H-3). A 2D COSY correlation spectrum was consistent with the

proposed structure of (15) and indicated the presence of a signal at ca. 4.6 p.p.m. under the residual HOD peak:
m/z (FQT MS) — 1R85 (MH+ 1NN0%) Amanticlaar dasnimling ovnarimante chnwad T are scvr e TA N W diadiaatima
FAL & \AAWIR AVEIF) AU NAVALL y AVV /UL, LAVIGVHUVIVAT URATURIIIEER YAV LTIV SHVUWRAS J §H 4H — 1.V 114, 1HIUICatl IE
L ctncnmnlamelctme: To bindlon € 10 o file cnnmann Lt QL e NND ATV N\ annr
L Swereolneimisy . 1ncuuvatiorn O1 \1v) Wi lcunnuuldut o \0 g, V.UO4 LU/TE) gAVE d Cd. dUY0 COHVGFSIOH o
. 0nr PR ¥ AN Y 2 _ & N-A94 -~nn 1Y 1
\J) ruruu,auon as before gave \1J) «a. Zuu ug) with identicai propemes fo that

rom incubations with native CS, and (5) (<<5 pg) with a retention volume of 6.9 mL. It was not possible to
completely assign the !H NMR spectrum (500 MHz) of (5), but the resonances were consistent with the
proposed structure. m/z (ESI MS) = 203 (MH*, 100%).

Incubation of (25)-5-guanidino-2-(2-oxoazetidin- 1-yl)pentanoate (3)

Incubation of (3) with native CS (2 mg, 0.3 IU/mg) and recombinant CS (0.18 mg, 0.37 IU/mg) gave a
>85% conversion to (4). HPLC purification [ODS (250 x 4.6 mm), H20, 1 mL/min] led to the isolation of (4)
(340 ug and 350 pg) with a retention volume of 7.5 mL: 1H NMR (500 MHz, D,0) 6H 1.7-1.8 (1H, m, H-4),

1.8-1.9 (1H m, H-4), 3.0 (2H, ¢, J=4 Hz, H.-6), 3.36 (2H, t, =7 Hz H-5), 3.5-3.55 (1 7 2502 41 (1H
181001H m H-4) 30 (2H t J=4Hz H.-6), 336 2H, t I=7Hz H-5) 35355 (1H m, H-7), 2.59-361 (1H,
o XX Y A1 (1T L T E E XX IT AN A 1L AD (11T i T 2N A DT FVNCNY amcnlnblman mommmdoiom 2 mmanm obat
I, 1r1-+}, +.1 \lﬂ, U, J=J.J I1L, I1-4), 4. 10"%.& \1I1, 111, I1-0). A 4L UUJO 1 CUILICIALIVULL apCLL WL wdd COLIDIDLCTTL
with the proposed structure of {4). m/z (ESI MS) = 245 (MH*, 100%)

Fenrzileutimar mf (PC) D mnntasmardn & vsaiernsassdmsmnry Tnsmasthsmn) £17)

IACUUGLION Of (do/-4

Incubation of {17) with recombinant CAS (3 mg, 0.035 lU/ng gave a ca. 17% conversion to (4&) -2-
acetamido-5-amino-3-hydroxypentanoic acid (18) and a ca. 5% conversion to E-(2S)-5-amino-2-acetamidopent-
3,4-enoic acid (19). HPLC purification [Bondapak amine (250 x 7 mm), ODS guard column, 0.015 M HCO,H.
2 mL/min] gave (19) (30 ug) with a retention volume of 9.4-10.0 mL: 1H NMR (500 MHz) 84 2.0 (3H, s, CH;3-
), 2.33 (2H, d, J=5 Hz, H-5), 3.55 (1H, m, H-2), 5.65-5.75 (1H, m, H-4), 5.9-6.0 (1H, m, H-3). A 2D COSY

correlation spectrum was consistent with the connectivities of (19). Homonuclear decoupling experiments
2

chawad T arr avr = 15 2 H7z indicatino F cterenchemistrv: m/z (ESI MQ\ =173 (MI—H 1(\”%\ Further HPL.C
SNOWEA ¢ 3H,4H 12 oz, narcanung & SIereolnCmisiny, iz (ool Mo, = 272 M2
et ol aln Pommtin batriranne @ O aad [AANC (MIEN v A £ e NNEOL (1) amisnamise LICNOLET 1 pnT feaninl
puuuuau {1 O i€ 1ITdCUOM DCLWCECH O-7 ML ULV \&JV A 4.U 1L, V.UJ70 \VIV] aucuud LIS /Ry L ik iy
/40y fnn L PO Y. S -2 o Y o RPN SN 11T ATRAD /AN RATT. T\ M) Sev 1 =2 1 O /DVT nn 1T
gave (19) \YY p,g) wun a retention voiume of 5.5-9.0 mL: 0 NMR \QUV IVINZ, /2] OH 1./9-1.00 \411, iti, 11-

4), 2.1 (3H, s, CH3-), 3.15 (2H, t, J=5 Hz, H-5), 4.2-4.25 (1H, m, H-3), 4.30 (1H, d, J=3.5 Hz, H-2). A 2D
COSY correlation spectrum was consistent with the connectivities of (18); m/z (ESIMS) = 191 (MH*, 100%)

Incubation of (25)-2-acetamido-5-guanidino-pentanoate (L-N-a-acetyiarginine) (20)

Incubation of (20) with recombinant CS (6 mg, 0.035 IU/mg) gave >85% conversion to (21). HPLC
purification [ODS (250 x 4.6 mm), H20, 1 mL/min] led to the isolation of (21) (320 pg) with a retention volume
of 4.5 mL: 'H NMR (500 MHz, D20) 81 1.8-2.0 (2H, m, H-4), 2.1 (3H, s, CH3-), 3.15 (2H, m, H-5), 4.20-4.22
(1H, m, H-3), 4.25 (1H, d, J=3.5 Hz, H-2); A 2D COSY correlation spectrum was consistent with the
connectivities of (21); m/z (ESI MS) = 236 (0%), 235 (1%), 234 (11%), 233 (MH*, 100%), 232 (0%), 231

oate with recombinant CS (26 mg, 0.084 IU/mg) gave

AR A0 44 15

\./
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<< 5% conversion to (21). HPLC analysis [ODS (250 x 4.6 mm), H20, 1 mL/min] confirmed trace conversion
to (21). Incubation of (20) under identical conditions gave a ca. 65% conversion to (21).
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AUFS, absorbance units full scale; BnOH, benzyl alcohol; CD, clavulanate dehydrogenase; CS, clavaminate
synthase; DAA, D-6-(ci-aminoadipoyl)-; DAC, deacetylcephalosporin C; DACS, deacetylcephalosporin C
synthase; DAOC, deacetoxycephalosporin C; DAOCS, deacetoxycephalosporin C synthase; DAOC/DACS,
deacetoxy/deacetylcephalosporin C synthase; EDTA, ethylenediaminetetraacetic acid; ESI MS, electrospray
ionisation mass spectrometry; L.U., international unit; PAH proclavaminate amidinohydrolase; MsCl
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