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Carbapenems are an important class of antibiotics as they have A . .
a broad spectrum of activity and their stability toward serine N /I;IQ ) J;IQ N );Q
[-lactamases can provide superior bacteriocidal action over alterna- ° 1.0 © 2. COH © 3.0 © CS.COZH © CG.COzH
tives, such as penicillins and cephalospotinslthough many
558 438 45.9 0.0 56.1 47.3

carbapenems are natural products, for medicinal use they are
produced by multistep total synthesis. Studies of carbapenem SR 573 52.7 0.0 48.7 55.6
biosynthesis are of Signiﬁcant interest as they may enable the Figure 1. Calculated relative energies (kJ m§lfor radicals derived from
development of more efficient biochemical production methods. (3559-1 and (35R)-1.

Of the three enzymes involved in the production of the simplest (3559)-1, has provided some insight into substrate binding to CarC.
carbapenem ((§-carbapenem, §§-2), carbapenem synthase (CarC) However, it was not possible to unambiguously determine the
is particularly interesting?2 The unusual role of this 2-oxoglutarate-  grientation of ©-NAP in the active site. In combination with QM/
dependent (20G) nonheme iron (Il) oxygenase is to catalyze two MM modeling studies, two likely orientations of $59-1 in that
distinct processes: C5 epimerization and C2/C3 desaturation Ofactive site were proposé(bne orientation (I) positions C3 and
(3559-carbapenam (§59-1). In addition, the saturated but  C2 close to the iron center (leading to (Fe}®I(C) distances of
epimerized product (§5R)-1) is also generated during the ~4.0 and~3.8 A) with C5 exposed to the solvent. In the other

transformatiof? and is also a substrate for Ca¥e. orientation (Il), it is C5 that is close to the iron ((Fe)eH(C) ~2.3
o s 1 A). On the basis of these results, it was proposed that the first step
/Jr_‘ 2 Fe'l ) in the reaction is H abstraction from either C3 or C5. However,
g N 206 o N Y N because of limitations in the modeling procedure, the possibility
COH  carc CO-H COzH of H abstraction from other carbons was not eliminated.
(3S,558)1 Oz (5R)-2 (3S,5R)1 Calculations on the radicals derived by H abstraction from C1,

C2, C3, C5, and C6 of §59-1, and their epimerized &5R)-1
'forms (Figure 1) show that the C3 radical is significantly the lowest
! - : in energy (by 44-57 kJ mot).8 This is not surprising because of
species can be monotonically reduced via two H atoms toFe o canindative stabilization provided by the adjacent amido and
OH and Fé -— OH,, and such a dehydrogenation is precedented .oy groupg. On this basis, H abstraction from C3 might be
by one of the steps catalyzed by clavaminic acid synthase (CAS) gy yected to be the preferred process, particularly in orientation I.
in the biosynthetic pathway leading to tj#elactamase inhibitor |, e jated systems, however, it is found that the relative energies
clavulanic acid'However, although a sequential loss of Hatoms ¢ the nossible product radicals do not necessarily dictate the
from C2/C3 may well be the operative mechanism WheSSR)-1  roinselectivity of hydrogen transfer, particularly when the abstract-
is the_ substrate, it does not explain the epimerization at C5 during ing species is an oxygen-centered radi€alhus, our calculations
reaction of (555)-1. do not preclude initial H abstraction from C1, C2, C5, or C6. Hence,

In the current work, we have employed high-level ab initio i 5 of interest to examine epimerization reactions proceeding
molecular orbital calculatiof$ to investigate possible mechanisms through each of these carbon-centered radicals.

for the epimerization step and to examine the unusual bifunctional If reaction proceeds via the C3 radicalS(B3s, it is conceivable
catalysis by CarC. Geometries of relevant species were optimizedthat epimerization at C5 could occur througscission of (%)-
with the B3-LYP/6-31G(d) procedure and improved relative ener- ~g, ¢ give the ring-opened radical €53, followed by inversion
gies obtained with G3(MP2)-RAD. Uncharged acids (Epwere to (5R)-3 and ring closure to (8)-C3» (Figure 2)5 However, the
chosen in _pre_ference to carboxylates in our ca_1|c_ulations, since thelarge barrier associated with the initial ring opening (99.2 kJ Aol
substrate is likely to be H-bonded to an arginine (R267) or an 5.4 the unfavorable entropy for ring closure imply that significant
alternative basic residue. catalysis from the enzyme would be required for this pathway to

A recent crystallographic study on CarC complexed with pe \iahle At this stage, it is not clear what form such catalysis
Fe', 20G, and §-N-acetylproline (§-NAP), an analogue of

By analogy with other ferrous- and 20G-dependent oxygenases
the likely oxidant in CarC is an Be=O intermediat¢2 Such a

would take.
t Australian National University. Wl_th the C1, C2, or C6 radicals, our calculgtlo_ns show that the
IUniversity of Sydney. reaction pathways that emerge for epimerization have energy
Oxford Centre for Molecular Sciences. ; ; ;
'Present address: University of California, San Francisco, San Francisco, CA. bam?rs comparable to, or even hlgher than, that for .the C3 rng
UPresent address: Institute Rudjer Boskovic, Zagreb, Croatia. openings In two of these cases (Cl1 and C6), high-energy
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N\ : Scheme 1. Proposed Mechanism of CarC-Catalyzed Carbapenem

N, [(5R)-2] Biosynthesis (energies in kJ mol~1)

COH

OH
|
Fe'll

1
Fe'V
/,;| \
N A

F FLE R

COH COH COH
(35,58)-1 (35,5S)-C5+ (35,5R)-C5+
e N RedH
Figure 2. Schematic energy profile (kJ md) for epimerization via the OH,  OH -51.6 Rede
C3 radical (5)-C3e derived from (%59-1. Fel  Fell RedH  Red- ©
intramolecular H migrations are also required for subsequent N E o N D o N
oxidation at C2/C3.Again, in the light of what is known of CarC CO,H COzH 3.0 COH
and related enzymes, such processes appear unlikely. (5R)-2 (5R)-C3+ (35,5R)1

In the case of (8,59-C5e, however, epimerization to §6R)-
C5e is a very straightforward inversion process that is predicted to regenerating RedH and primingRpC3e for immediate oxidation
be exothermic by 7.4 kJ mol (Figure 1), with a barrier of just at C2 by the iron species.
24.2 kJ moft5 If (3559-1 is initially bound in orientation I, H Such a mechanism is supported by our calculated bond dissocia-
abstraction by Fé=0 at C5 seems particularly likely. In addition,  tion energies (BDEs) for the relevant steps in Scheme 1, obtained
initial abstraction from C5 is consistent with recent labeling using ethanethiol as a model for RedH. The BDEs are 355.3 kJ
experiments2 which indicate that this hydrogen is lost during mol™* for ethanethiol, and 406.9 and 358.3 kJ miolor C5—H
formation of both (R)-2 and (B5R)-1. and C3-H of (3S5R)-1. These indicate that the epimerization and
Following epimerization to (85R)-C5e, completion of the desaturation steps can indeed be effectively coupled, with steps B
catalytic cycle to yield (B)-2 still requires reduction at C5 and  and C of Scheme 1 each being exothermic by 7.4 and 51.6 k3 mol
oxidation across C2/C3. Despite the presencecisforiented respectively, and D endothermic by just 3.0 kJ olGiven the
H-atoms at C2 and C3, and an overall exothermic reaction in the uncertainties implicit in our model and in our calculations, it may
case of C3, [1,3]-intramolecular H-atom migrations from C3 or C2 well be that all three steps are exothermic.
to C5 appear unlikely as they are calculated in each case to be While the mechanism depicted in Scheme 1 is consistent with
associated with a very high barrier (ca. 240 kJ ot Instead, experimental evidence, the presence of RedH in bacteria has yet
other possibilities for coupling reduction/oxidation at C3 and C5 to be firmly established. Therefore, theoretical and experimental
of (3S5R)-C5e can be envisioned. exploration of other mechanistic possibilities is continuing.

The inherent stability of the C3 radical is likely to contribute to
the ensuing oxidation at C2/C3. Indeed, coupl®Bp to C3e can

be achieved via protonation/deprotonation at these centers, respec

tively, through the intermediacy of a radical cationR[8C3e could
then be oxidized at C2 by Fe-OH, forming the product (8)-2.
However, such a mechanism does not provide an easy explanatio
for the observation and processing oS5&R)-1.

Alternatively, CarC may directly or indirectly utilize an external
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connection, a recent study has shown that the presence of ascorbate

influences the trends in the turnover of stereoisomers of 1-carba- References

penam-3-carboxylat®. For example, the turnover of $59-1
increased more than 20-fold. Such a large stimulation was not
observed for the 85R) stereoisomer. These results suggest that
the efficient biosynthesis of B-2 from (3S559-1 may be linked

to the presence of ascorbate in vitro, or of other reducing agents,
such as mycothiol! in vivo. Although one role of ascorbate in

catalysis by 20G oxygenases appears to be to reduce “unwanted”

high oxidation states of iron, the mechanism for this is unclear and
need not involve direct interaction of the ascorbate with the iron.
Indeed, because the iron in CarC is buried within the active site
and shielded by &59-1 in orientation Il, the possibility of an
indirect mechanism becomes worthy of attention.

Accordingly, if an equivalent reducing species (RedH) does exist
for CarC, the mechanism of Scheme 1 can be envisaged. After
epimerization to (8,5R)-C5e (Step B), in which C5 becomes
solvent-accessible, H-atom transfer from RedH to C5 would lead
to (3S5R)-1 (Step C), which could then leave as a “shunt” product.
We note that the observed loss of label at C5 during the formation
of (3S5R)-1% requires that the C5 hydrogen of this product be
derived from a source other than the initial H-atom abstractor. If
leakage from the active site does not occur, Rzmild abstract an
H-atom from C3 (which is also solvent accessible) (Step D),
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