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Interactions of Isopenicillin N Synthase with Cyclopropyl-Containing Substrate
Analogues Reveal New Mechanistic Insight
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ABSTRACT. Isopenicillin N synthase (IPNS), a non-heme iron oxidase central to penicillin and cephalosporin
biosynthesis, catalyzes an energetically demanding chemical transformation to produce isopenicillin N
from the tripeptided-(L-a-aminoadipoyl)e-cysteinylp-valine (ACV). We describe the synthesis of two
cyclopropyl-containing tripeptide analogue(L-o-aminoadipoyl)e-cysteinyl-methylb-cyclopropy-

Iglycine andd-(L-o-aminoadipoyl)e-cysteinylo-cyclopropylglycine, designed as probes for the mechanism

of IPNS. We have solved the X-ray crystal structures of these substrates in complex with IPNS and
propose a revised mechanism for the IPNS-mediated turnover of these compounds. Relative to the previously
determined IPNSFe(Il)—ACV structure, key differences exist in substrate orientation and water occupancy,
which allow for an explanation of the differences in reactivity of these substrates.

Formation of the penicillin core of isopenicillin N (IPN Scheme 1: Turnover of (A) AC\; (B) AC-Me-cpG3;

2 from the tripeptided-(L-a-aminoadipoyl):-cysteinylo- and (C) ACcpG5 by IPNS, as Observed in Solution-Phase
valine (ACV) 1 is catalyzed by the enzyme isopenicillin N Experiment3
synthase (IPNS) (Scheme 1A))( This is a four-electron A o coH 0 coM
oxidative bicyclization, resulting in formation of both the o v~ Isopenicillin N synthase QN NH;
B-lactam and thiazolidine rings of the IPN product. The "*% "HSH <
complete reduction of dioxygen to water drives formation - o, o e
of the strained bicyclic ring system. It has been shown that . fsopenicillinN 2
the enzyme utilizes one molecule of dioxygen for every 2 GoH 2 GOZH
molecule of IPN produced?). The mechanism of action of "»_*C’u\/\)‘ﬂﬂz Isopenicillin N synthase "yjHN’"\/\)‘NHz
IPNS is believed to proceada initial closure of thes-lactam ™ Sen Hoic NN
ring (3), with concomitant formation of an iron(I\y)oxo LLDAC-Mo-cpG 3 ©: 2H,0 )\/’ .
intermediate (Scheme 2AJ). This high-valent iron species
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Scheme 2: (A) Mechanism for Turnover of ACVby IPNS (7) and (B) Proposed Mechanism for Turnover of AC-Me-cBG

by IPNS
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experiments of IPNS with a diverse range of substrate cpG5 using X-ray crystallography. The two substrates have
analogues7). been prepared by two distinct pathways allowing exploration
The cyclopropyl group was incorporated into tripeptide of different synthetic strategies to cyclopropyl-bearing trip-
substrate analogues to probe various aspects of IPNS catalysigptides. We look at the binding of these substrate analogues
(18, Domayne-Hayman, B. P., and Baldwin, J. E., unpub- within the active site by solving crystal structures of the

lished). Turnover of the tripeptidé-(L-a-aminoadipoy!)E- anaerobic IPNSFe(ll)—substrate complexes, which reveal
cysteinyl{5-methyl-o-cyclopropylglycine (AC-Me-cpG)3 key differences in orientation between these two substrates
(Scheme 1B) by IPNS was studied to probe the putative and that of ACV in the IPNSFe(Il)-ACV complex (7).
radical nature of the turnover cyclelq). If a radical These structures, in combination with other recent mecha-

intermediate is involved in thiazolidine ring closure, the nistic studies on IPNSB3] and related enzymeg§, 22), allow
cyclopropyl ring should open to give an unsaturated mac- revision of the mechanism for the turnover of cyclopropyl-
rocyclic product. Indeed, these studies showed that incubationcontaining substrates by IPNS.
of AC-Me-cpG3 with IPNS in solution yielded an unsatur-
ated @, 7) fused bicyclic productd (Scheme 1B) X8). At MATERIALS AND METHODS
that time, however, without the benefit of crystallographic  Synthesis of Tripeptides. 1. Synthesi$f-a-Aminoa-
information, many aspects of the mechanism of this IPNS- dipoyl)-cysteinyls-methyle-cyclopropylglycine3. pL-3-
mediated reaction were unclear. Several mechanistic alternaiviethylcyclopropylglycines was assembled by TPAP/NMO-
tives were put forward, including an “ene”-type reaction to mediated oxidation of 1-methylcyclopropanemethanol to give
facilitate opening of the three-membered ring and a mech- the corresponding aldehyde, followed by introduction of the
anism involving direct insertion of iron into a-&H bond amine functionality using 4'4dimethoxybenzhydrylamine,
(Scheme 3) 19, 20). and then the carboxylate using trimethylsilyl cyanide with 6
The interaction ofd-(L-a-aminoadipoyl):-cysteinylo- M hydrochloric acid hydrolysis23). After BOC-protection
cyclopropylglycine (ACcpG}p (Scheme 1C) with IPNS was  of the amino group, the carboxylate was protected as its
also studied with the aim of probing the IPNS turnover cycle benzhydryl ester using diphenyldiazomethane, after which
(Domayne-Hayman, B. P., and Baldwin, J. E., unpublished). the BOC group was removed to give compourdfor
This substrate was designed to inhibit “valiny*hydrogen coupling to the partially protected AC dipeptiddl-tert-
abstraction, which is believed to occur during thiazolidine butyloxycarbonyle-p-methoxybenzyb-(L-a-aminoadipoyl)-
formation. In these incubation experiments, fidactam S-benzhydryle-cysteine 8, 24)). An EEDQ-mediated con-
products were isolated (Scheme 1C), indicating that ACcpG densation was used to couple compouhdo the AC
was most likely not turned over by IPNS. dipeptide, giving compoundO. Global deprotection 010
Herein we examine the interaction of IPNS with the two using TFA and anisole3@) and reversed-phase HPLC
cyclopropyl-containing tripeptides AC-Me-cp&and AC- purification [0 — 25% acetonitrile in 10 mM NEHHCO;,
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Scheme 3: Previously Proposed Mechanisms for Turnover
of AC-Me-cpG 3 by IPNS
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a Referenced9, 20. Red arrows indicate proposed mechanism for
C—H bond insertion route; black arrows denote “ene”-type reaction
pathway.

Hypersil 5u C18 column, 250< 10 mm internal diameter;
A = 254 nm; 4 mL/min] gave the tripeptid® for crystal-
lographic analysis:H (500 MHz, D:O) 6 4.50-4.47 (1H,
m, 1 x Hg), 3.66-3.62 (2H, m, 2x H,), 2.86-2.77 (2H,
m, 2 x Hg(Cys)), 2.34-2.31 (2H, m, 2x Hs(a-AA)), 1.82—
1.76 and 1.671.58 (2x 2H, 2 x m, 2 x Hgand 2x H,-
(a-AA)), 0.93 (3H, s, (®3),(Me-cpG)), 0.65-0.62, 0.45
0.41, 0.39-0.35 and 0.360.27 (4x H, 4 x m, 4 x H,(Me-
cpG)); m'z (ES") 376.5 (MH", 100%).

2. Synthesis af-(L-a-Aminoadipoyl)e-cysteinylp-cyclo-
propylglycine5. Following protection of both the amine and
carboxylate functionalities af-glutamic acid (using the BOC
and p-methoxybenzyl protecting groups respectively), the
D-vinylglycine moiety 8 was prepared by copper(ll)/lead-
(IV)-mediated oxidative decarboxylation of thecarboxylate
(34—36). Palladium-catalyzed carbene insertion using dia-
zomethane 37, 38) afforded the cyclopropyl moiety, and
subsequent removal of the BOC group witkoluenesulfonic
acid gave the partially protected cyclopropylglycife
Compound9 was coupled to the preassembled, partially
protected AC dipeptide using an EDCI/HOBT protoc®T,(
39), giving compoundl1 [m/z890 (M + Na)", 100%; 868
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MH*, 10%)]. Global deprotection ofl using TFA and
anisole B3) followed by purification by reversed-phase
HPLC [10 mM NH-HCO;, Hypersil 54 C18 column, 250
x 10 mm internal diametef; = 254 nm; 4 mL/min] afforded
the pure tripeptidé: tr 4 min 50 s;*H NMR (400 MHz,
D,0) 6 4.39 (1H, t,J 6.5 Hz, H,(Cys)), 3.60 (1H, tJ 6.0
Hz, Hy(a-AA)), 3.43 (1H, d,J 9.0 Hz, H(cpG)), 2.86-
2.71 (2H, m, 2x Hg(Cys)), 2.27 (2H, tJ) 7.0 Hz, 2x Hs-
(0-AA)), 1.75-1.69 (2H, m, 2x Hp(o-AA)), 1.62—1.49
(2H, m, 2x H,(a-AA)), 1.02—0.93 (1H, m, H(cpG)), 0.56-
0.43 (1H, m, 1x H,(cpG)), 0.43-0.37 (1H, m, 1x H,-
(cpG)), 0.34-0.28 (1H, m, 1x H,(cpG)), 0.16-0.10 (1H,
m, 1 x H,(cpG));*C NMR (101 MHz, BO) 6 178.2, 176.3
(2 x COH), 174.8, 171.4 (2x NHCO), 59.5 (G(cpG)),
55.9 (G(Cys)), 54.7 (G(a-AA)), 35.0 (Gs(a-AA)), 30.1 (G-
(0-AA)), 25.8 (G4(Cys)), 21.1 (C(a-AA)), 13.1 (G(cpG)),
3.4, 2.7 (2x C,(cpG)).

Crystallization Experiment£rystals of ACcpGb or AC-
Me-cpG3, IPNS, and Fe(ll) were grown using the hanging
drop method under anaerobic conditions afC7n a Belle
Technology glovebox €0.4 ppm Q) (28). Crystals were
prepared for data collection by exchanging into a cryopro-
tectant buffer (a 1:1 mixture of well buffer with a saturated
solution of LSOy in 40% glycerol) and flash-freezing in
liquid nitrogen.

Data Collection.Data were collected using synchrotron
X-ray radiation (0.933 or 0.935 A) and an ADSC Quantum
4 CCD detector at beamlines ID14-EH2 or ID14-EH3 of the
European Synchrotron Research Facility (ESRF), Grenoble,
France. Crystals were maintained at 100 K using an Oxford
Cryostream.

Structure Determination.Data were processed using
MOSFLM (40) and the CCP4 suite of programélj. An
initial model was obtained by rigid body refinement of the
protein atoms of the previously determined IPNSe(Il)—
L,L,D-ACV structure {) against the new data. Model refine-
ment was carried out using REFMA@&1J), and electron
density maps were interpreted using the program4@). (
Substrate atoms were added at advanced stages of refinement.
Crystallographic coordinates and structure factors have been
deposited in the Protein Data Bank (PDB) under Accession
Nos. 2IVI (IPNS-Fe(Il)—(AC-Me-cpG) complex) and 21VJ
(IPNS—Fe(Il)=ACcpG complex).

RESULTS

Synthesis of AC-Me-cp&and ACcpGb and Comparatie
Analysis of Synthetic Strategi@he two tripeptide substrates
for this study, AC-Me-cpG and ACcpGb, were synthesized
using distinct strategies, allowing evaluation and comparison
of the two routes (Scheme 4).

AC-Me-cpG 3 was synthesized from the achiral starting
material, 1-methylcyclopropanemethanol, according to previ-
ously described methodology & 23). Oxidation by tetra-
propylammonium perruthenate (TPAP) aNemethylmor-
pholine N-oxide (NMO) was followed by amination using
4,4-dimethoxybenzhydrylamine, and treatment with tri-
methylsilyl cyanide to install the nascent carboxylate moiety
(23). Acid hydrolysis gave racemic DB-methylcyclopro-
pylglycine 6, which was deprotected and coupled to a
partially protected AC dipeptide\-tert-butyloxycarbonyl-
a-p-methoxybenzyb-(L-a-aminoadipoyl)S-benzhydryle -
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Scheme 4: Synthetic Routes to AC-Me-c@&nd
ACcpG 52
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a(a) TPAP, NMQ 4 A molecular sieves; (b) (i) 4. 4limethoxy-
benzhydrylaming 4 A molecular sieves, (i) TMS-CN, (i) HCI,
guantitative over 2 steps; (c) (BOL), NaOH, 1,4-dioxane/water; (d)
PhCN,, CH;CN, 45% over 2 steps; (e) TsOH, EtOH/8t NaHCQ
(aq), 93%; (f) N-tert-butyloxycarbonyle:-p-methoxybenzyb-(L-a-
aminoadipoyl)S-benzhydrylt-cysteine, EEDQ, DCM, 21%;
(BOC),0O, NaOH ,t-BuOH/H;O, quantitative; (hpMB-Cl, EtsN, DMF,
41%; (i) Pb(OAc), Cu(OAc) (cat.), benzene, 44%; (j) Pd(OAg)
CH:aN2, ELO, 81%; (k) TsOH, EtOH/RO, 95%; (I) N-tert-butyloxy-
carbonyle-p-methoxybenzyb-(L-a-aminoadipoyl)S-benzhydryl -
cysteine, EDCI, HOBT, EN, DCM, 37%; (m) (i) TFA, anisole; (ii)

HPLC, 27% AC-Me-cpG3, 20% ACcpGS5.
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Synthesis of ACcp@ utilized the method of Hanessian
(25), which involves lead(IV)/copper(ll)-mediated oxidative
decarboxylation of a protectestglutamic acid derivative.
The resulting vinylglycine moiety8 was subjected to
palladium-catalyzed carbene inserti@®) to introduce the
cyclopropyl species. Removal of the BOC group to give the
cyclopropylglycine moiety and coupling to the AC dipep-
tide using EDCI and HOBTZ7) gave the protected tripeptide
11 Global deprotection and purification by HPLC afforded
the final ACcpG tripeptides.

These two distinct methodologies were both successful in
affording the cyclopropyl-bearing tripeptides. The demanding
lead(IV)/copper(Il)-mediated oxidative decarboxylation and
carbene insertion reactions involved in the synthesi$ of
from p-glutamic acid resulted in a modest overall yield for
this route. Since the method used for construction of AC-
Me-cpG3 utilized an achiral starting material and involved
racemic synthetic intermediates, a large material loss was
incurred upon separation of the tripeptide diastereomers.
However, the good yield of the individual synthetic steps
for incorporation of the amine and carboxylate functionalities
resulted in a higher overall yield for this route, relative to
that seen in construction of ACcp&

Crystal Structures of AC-Me-cp@G and ACcpG5 with
IPNS.The substrate analogues AC-Me-c8&nd ACcpG
5 were each cocrystallized with IPNS in the presence of Fe-
(1) under anaerobic condition®28). Plate-shaped crystals
were obtained of approximate dimensions &.D.1 x 0.2
mm (ACcpG5) and 0.15x 0.15 x 0.3 mm (AC-Me-cpG
3). These crystals diffracted to 1.46 A and 1.30 A resolution,
respectively, and were used to solve the X-ray crystal
structures of the anaerobic IPN&e(Il)—(AC-Me-cpG) and
IPNS—Fe(I)-ACcpG complexes (Figure 1A,B). Crystal-
lographic statistics are presented in Table 1.

In both of these structures, the tripeptide substrate analogue
lies in a similar extended conformation in the IPNS active
site to that adopted by the natural substrate AC{Figure
1C). As seen in the IPNSFe(Il)—-ACV structure {), the
tripeptides are tethered to the protein through the cysteinyl
sulfhydryl group, which is bound directly to the iron center.
Similarly, a salt bridge is formed through theaminoadipoyl
carboxylate to Argsz, and a network of hydrogen bonds is
formed through thed-valinyl” carboxylate to Tyrss, Sebgi,
and (ia a water molecule) Argo. The cysteinyl carbonyl
groups point “forward”, as in the anaerobic IPNBe(Il)—
ACV structure 7), and the cyclopropyl moieties occupy the
space normally taken by thevalinyl isopropyl side chain
of ACV 1.

In comparison to the IPNSFe(ll)-ACV complex, the
IPNS—Fe(Il)-ACcpG 5 structure has an additional water
molecule bound to the iron in the oxygen-binding position,
trans to Aspie (Figure 1B). This phenomenon has been
observed crystallographically before with substrate analogues
that bear small side chains in this region, such as the methyl
group of ACp-alanine (0), the ethyl group of A(s-a-

cysteine 24), using EEDQ methodology. This gave the fully  aminobutyric acid 11), and the vinyl group of AG-
protected tripeptide as a mixture of two diastereomers, from vinylglycine (8). IPNS has been shown to mediate the

which the desired,L,b-product10was isolated by chroma-
tography as the less polar diastereon2d) (stereochemistry

oxidative turnover of some of these substrates in solution
(30—32), reactions that presumably require an oxygester

further confirmed by crystallographic data). Global depro- exchange equilibrium. The need for such an equilibrium
tection, using trifluoroacetic acid (TFA) and anisole, and has been offered as the explanation for an observed

HPLC purification afforded the desired prodi&{18).

slower turnover of such substrate analogues by IPN (
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Ficure 1: Stereo figures showing IPNS in complex with (A) AC-Me-cpG(B) ACcpG5; and (C) ACV1. In (A) and (B), 2nF,—DF,
electron density maps (in green) are contoured ablfbund the protein atoms, and=g+DF.; omit difference maps (in red) are contoured
at 3.00 around AC-Me-cpG3 or ACcpG5.

The different geometric constraints of the cyclopropyl ate during catalysis. Relative to the ACcpGtructure, this
ring of ACcpG5 (relative to ACV 1) and the consequent [-methyl group provides additional steric bulk around the
subtle changes in geometry about tfearbon must be  oxygen-binding positiortrans to Asp;6 and thus would
sufficient to allow water in to bind to iron at this position hinder the ability of water to bind. Like the-valinyl

in an analogous manner. Overall, however, the structure ofisopropyl group of ACV1, the 5-methylcyclopropy! group
ACcpG 5 in complex with IPNS (Figure 1B) shows the of AC-Me-cpGa3 likely assists in controlling the hydropho-
substrate bound in an orientation that should be compatiblebicity of the oxygen-binding pocket.

for oxidative turnover upon introduction of dioxygen. However, unlike the ACV1 structure (Figure 1C), it
The p-methyl group of AC-Me-cpG3 points directly appears that the displacement of water from this position in
toward the iron center of IPNS (Figure 1A), which would the AC-Me-cpG3 complex is incomplete. There is some
allow for ready abstraction of a hydrogen radical from this additional electron density in the positittansto Aspsin
methyl group by the putative IPNS iron(I\¥pxo intermedi- the IPNS-Fe(ll)-AC-Me-cpG structure (Figure 1A). This



4760 Biochemistry, Vol. 46, No. 16, 2007

Table 1: Crystallographic Statistics for Anaerobic
IPNS—Fe(Il)-AC-Me-cpG and IPNSFe(ll)-ACcpG Crystal
Structures

IPNS-Fé'—AC-Me-cpG

ID14-EH2, ESRF
0.933

IPNS-Fe'—ACcpG

ID14-EH3, ESRF
0.935

X-ray source
wavelength (A)
space group P2:212; P21212;

unit cell @, b, ¢; A 46.7,71.2,100.9 46.6, 71.1, 100.7
resolution shell (A) 34.361.46 1.54-1.46 46.571.30 1.371.30

no. of reflns 232914 33490 353040 41310
no. of unique refins 59159 8480 81160 11431
averagd/o(l) 9.7 3.3 13.4 3.1
completeness (%) 100.0 100.0 98.2 95.8
Rierge(%0)? 13.6 35.1 7.6 39.2
Reryst (%0)° 14.2 13.2

Riree (%)° 16.7 15.7

RMS deviatiod 0.010(1.4) 0.008 (1.3)

B factors (&)e 11.0,12.6, 14.6, 25.8 11.3,14.4,12.3,24.8
PDB ID 21VJ 21VI

a Rmerge: Zth“h,j - D]huyszhthx 100.° Fecryst: zHFobSI - “:cach/
S|Fobd x 100.°Ryee based on 4% of total reflection$RMS
deviation from ideality for bond lengths (A) (bond angles (deg)).
¢ AverageB factors for main chain, side chain, substrate, and waters,
respectively.

is likely due to partial occupancy of a water molecule ligated
to the iron in this binding site, possibly due to less than full

Howard-Jones et al.

responsible for this stereospecific control. Interactions with
the residues surrounding the methylcyclopropyl group,
including van der Waals interactions between the cyclopro-
pane moiety and the hydrophobic residues lining that part
of the active site, in particular Legs and Prggs hinder
movement of this group, maintaining its orientation for
stereospecific cyclopropane ring opening.

In the complex of IPNS with the native substrate ACVY
the p-valinyl group is known to rotate around itso€ Cf3
bond on binding of NO (and therefore presumably of
dioxygen) to iron 7). This is necessary to allow space for
the diatomic species to bind to the iron center, and also
presents the-valinyl 5 C—H bond toward the site of the
iron(IV)—oxo intermediate. AC-Me-cpG seems less likely
to undergo an analogous rotation during reaction with IPNS,
since there would be little or no relief of steric compression
with this substrate analogue. In particular, rotation appears
unlikely to create additional space for binding of oxygen to
the iron.

At this juncture, it is apparent that the previously proposed
mechanisms for IPNS-mediated turnover of cyclopropyl-
bearing substratg (Scheme 3) are inadequate to explain our
current data. In the IPNSFe(Il)—(AC-Me-cpG) structure

occupancy of the substrate. The presence of such a wate(Figure 2), thepro-R bond of the cyclopropyl group overlays

ligandtransto Asp16 would presumably hinder the ability

the position of thep-valinyl 5 C—H bond of ACV, while

of oxygen to bind, as discussed above. An alternative thepro-Sbond is oriented away from the iron (Figure 2). In

explanation for this density would be an adventitious
oxidation event of th@-methyl to g5-hydroxymethyl group.

this orientation, reaction of the iron(I\Woxo species with
the pro-S bond by the “ene”-type mechanism proposed

It is however hard to conceive of substrate oxidation (either (Scheme 3) is not possible, and reactigathe C-H bond

enzyme-mediated or nonenzymatic) under the stringentinsertion mechanism (Scheme 3) would presumably also
anaerobic conditions of the experimental system. Moreover, require rearrangement. Thus, in light of the X-ray crystal
it is difficult to rationalize such a hydroxylation process at structure, the two possible mechanistic pathways postulated
an unactivated primary carbon center without prior oxidation in the absence of any crystallographic informatid8) (seem

of the cysteinyl portion of the substrate, particularly given unlikely.

the extensive precedent for reaction of IPNS through initial | jine with current understanding of the mechanism of

p-lactam formation prior t@-valinyl oxidation @). IPNS with its natural substrate ACY (Scheme 2A), we
suggest an alternative mechanism for the reaction of IPNS
MECHANISTIC DISCUSSION with  AC-Me-cpG 3 (Scheme 2B). The initial stages of
The pro-Sbond of the cyclopropane of AC-Me-cp&is turnover most likely give formation of thg-lactam ring,
known to be broken stereospecifically during IPNS-mediated following the established route for the reaction of AQV
turnover (9, 20). Based on the crystal structure (Figure 2), and other substrate analoguds (Ve then propose a radical
it is likely that the orientation of the methylcyclopropyl group pathway, in which a hydrogen atom is abstracted from the
with respect to the proposed iron(I¥pxo intermediate is  -methyl group of3 by the nascent iron(I\/yoxo intermedi-

Ly
AC-Me-cpG

T
AC-Me-cpG
Ficure 2: Stereo figure showing the positioning of the-R and pro-Sbonds of the cyclopropyl group of AC-Me-cp&relative to the
iron center of IPNS. A 21R,—DF. electron density map (in green) is contoured atd &ound the protein atoms, and afrsDF; omit
difference map (in red) is contoured at 3rGround AC-Me-cpG3.
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ate. This would be analogous to the first step of a radical-
based hydroxylation reaction, common in the related 2-ox-

Biochemistry, Vol. 46, No. 16, 2004761

The crystal structures of IPNS in complex with AC-Me-
cpG 3 and ACcpG5 presented here allow revision of the

oglutarate-dependent dioxygenases. However, the hydrogemmechanism for the turnover of AC-Me-cg&by IPNS. This

abstraction here is likely accompanied by rapid cyclopropyl
ring opening. It can be seen from the structure that, if this
process is concerted, then theo-Sbond that is broken is
anti to the abstracted hydrogen. Following ring opening, only
a rotation around the formerlpro-R bond (Figure 2) is
required to allow closure of the homoallylic radical onto
sulfur to give the 4, 7)-bicyclic system4 (Scheme 2B). (It

is also possible that, by rotation around the-€C3 bond,

the hydroxylation process is completed to give a primary
hydroxyl group, which is then displaced by nucleophilic
substitution of the sulfur, with water acting as a leaving
group. However, the single step radical closure onto sulfur
is more appealing as it requires less movement within the
active site.)

While non-heme iron oxidases are known to perform a
wide variety of reactions, no evidence for a bond between

the iron and a substrate carbon atom has yet been obtained.

In contrast, many reactions involving hydrogen abstraction
or hydroxylation have been document@8)( Our alternative
mechanism avoids the need to invoke an #carbon bond

(as had been previously proposed as an intermediate during 4.

AC-Me-cpG3turnover by IPNS, Scheme 3) and is in accord
with current mechanistic understanding of IPNS (Scheme
2A) (7) and other non-heme iron enzymes.

It is intriguing to note that, despite the structural similarity
of these two substrate analogues, ACép@oes not appear
to be turned over by IPNS (Domayne-Hayman, B. P., and
Baldwin, J. E., unpublished) while AC-Me-cpG reacts
readily (18). Although ACcpG5 lacks the primary methyl
group of tripeptide3 (from which the hydrogen is putatively
abstracted by the enzyme-bound ironf\gxo intermediate),
the g-lactam-forming region of compourilis identical to
AC-Me-cpG 3 and the native substrate ACY. ACcpG 5

also possesses several secondary and tertiary carbon centerss.

that may be possible sites for hydrogen abstraction by an
equivalent iron(IV)-oxo intermediate. Such cyclopropyl
carbon-hydrogen bonds are however considerably stronger
than the equivalent bonds of tlevalinyl isopropyl side
chain of ACV 1.

ACcpG5is of similar size to ACVL; however, the altered
geometry of the three-membered ring appears sufficient to
permit water to enter and bind at the iron coordination site
trans to Aspis Which does not occur with ACM. We
postulate that the bulk and rigidity of the cyclopropyl group
lead to active site crowding in the presence of the additional
iron-bound water ligand. This steric crowding might kineti-
cally hinder the exchange of the water molecule for dioxygen,
a plausible explanation for the observed inability of IPNS
to catalyze oxidative turnover of ACcp& By contrast, in
the IPNS-Fe(Il)—(AC-Me-cpG) structure, only partial oc-
cupancy by a water molecule is seen at this site (Figure 1A).
Such partial occupancy suggests lower affinity of this water
ligand for iron relative to that of the IPNS~e(ll)-ACcpG
complex. That turnover of AC-Me-cpG by IPNS is
observed18), while ACcpG5 is not turned over (Domayne-
Hayman, B. P., and Baldwin, J. E., unpublished), is likely
due to more ready exchange of this iron-bound water with
oxygen in the IPNS complex &.

radical-based mechanism takes into account the observed
orientation of substrate8 and 5 in the IPNS active site,
primed for reaction upon introduction of dioxygen, and
incorporates current understanding of the native mechanism
of IPNS and related 2-oxoglutarate-dependent non-heme iron
oxidase enzymes.
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