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Abstract: The catalytic mechanism of isopenicillin N formation by isopenicillin N synthase has been investigated
using the density functional theory method B3LYP. The catalytic cycle is suggested to occur in 12 steps,
where the closure of the four-memberygdactam ring precedes the closure of the five-membered thiazolidine
ring. Two of the reaction steps were found to have significant barriers of similar size, in line with experimental
suggestions that these steps are rate-determining. One of these steps is the hydrogen atom transfer from the
cysteinylg-carbon, leading to formation of an oxo-ferryl complex and, in a subsequent step, to formation of
the monocycli¢s-lactam ring. The other significant barrier is obtained for the hydrogen atom transfer from
the -carbon of the valinyl group to the oxo-ligand of IPNS, initiating the formation of the thiazolidine ring.
The last step of the catalytic reaction, which completes the closure of the thiazolidine ring by a bond formation
between the VaB-carbon and the Cys-sulfur, was found to be very exothermic. An important aspect obtained
from the calculations is that the dioxygen ligand needs to be protonated prior to the-Cys-activation.
Otherwise, this step would not be partly rate-limiting and would thus be in conflict with isotope experiments.

I. Introduction

Isopenicillin N synthase (IPNS) is a mononuclear non-heme
iron enzyme that plays an important role in the biosynthesis of
antibiotics! By use of one @molecule, the enzyme catalyzes
the bicyclic ring closure of the substraie(L-a-aminoadipoyl)-
L-cysteinyld-valine (ACV) to form two water molecules and
isopenicillin N (IPN), a precursor of the antibiotics penicillins
and cephalosporins? Due to their outstanding importance in
medicine, it is of interest to understand the mechanisms for
formation of these antibiotics. Before the first X-ray crystal
structure of IPNS was obtained spectroscopic data froresvo
bauert® EPR#6 NMR,%7 EXAFS2® and optical spectros- a b
copy*>8were used to investigate the active site, suggesting the Figure 1. (a) Resting ferrous state of IPNS with Fe substituted by
presence of a ferrous iron center coordinating to one aspartateMn (1IPS):* (b) IPNS complexed with ACV and NO (1BLZj.
three histidine residues, and two OH@lligands in the resting
statel” Later, site-directed mutagenesis experiments showed thatthere are two conserved cysteine residues but mutagenesis
among seven conserved histidine residues, only two are essentiaghowed that neither of them is essential for catalisi8.
for catalytic activity!> 13 These two histidine residues are Recently, the X-ray crystal structure was obtained for IPNS of
observed in ESEEM studies of Cu(ll)-IPN& Furthermore, Aspergillus nidulans, complexed with manganese instead of iron.
The crystal structure shows that the metal is octahedrally
(1) Baldwin, J. E.; Abraham, ENat. Prod. Rep1988 5, 129-145. coordinated by two histidines (His 214 and His 270), one
(2) White, R. L., John, E. M.; Baldwin, J. E.; Abraham, E Blochem. aspartate (Asp 216), one glutamine (GIn 330), and two water

J. 1982 203 791-793. .
(3) Bainbridge, Z. A.; Scott, R. I.; Perry, D. Chem. Technol. Biotechnol. ~ molecule$! (see Figure 1a). In the presence of the substrate

1992 55, 233-238. ACV, GIn 330 loses its coordination to iron and is replaced by
(4) Chen, V. J.; Orville, A. M.; Harpel, M. R.; Frolik, C. A.; Surerus,
K. K.; Munck, E.; Lipscomb, J. DJ. Biol. Chem1989 264, 21677 21681. (11) Roach, P. L.; Clifton, I. J.; Hap, V.; Harlos, K.; Barton, G. J.;
(5) Orville, A. M.; Chen, V. J.; Kriauciunas, A.; Harpel, M. R.; Fox, B.  Hajdu, J.; Andersson, |.; Schofield, C. J.; Baldwin, JIN&ture1995 375,
G.; Munck, E.; Lipscomb, J. DBiochemistry1992 31, 4602-4612. 700-704.
(6) Ming, L. J.; Que, L.; Kriauciunas, A.; Frolik, C. A.; Chen, V. J. (12) Borovok, I.; Landman, O.; Kreisberg-Zakarin, R.; Aharonowitz, Y.;
Inorg. Chem 199Q 29, 1111-1112. Cohen, G.Biochemistry1996 35, 1981-1987.
(7) Ming, L. J.; Que, L.; Kriauciunas, A.; Frolik, C. A.; Chen, V. J. (13) Tan, D. S. H.; Sim, T.-S]. Biol. Chem.1996 271, 889-894.
Biochemistry1991, 30, 11653-11659. (14) Jiang, F.; Peisach, J.; Ming, L. J.; Que, L.; Chen, \Bidchemistry
(8) Scott, R. A.; Wang, S. K.; Eidsness, M. K.; Kriauciunas, A.; Frolik, 1991 30, 11437-11445.
C. A.; Chen, V. JBiochemistry1992 31, 4596-4601. (15) Samson, S. M.; Chapman, J. L.; Belagaje, R.; Queener, S. W.;
(9) Randall, C. R.; Zang, Y.; True, A. E.; Que, L.; Charnock, J. M.; Ingolia, T. D.Proc. Natl. Acad. Sci. U.S.A987, 84, 5705-5709.
Garner, C. D.; Fujishima, Y.; Schofield, C. J.; Baldwin, JBiochemistry (16) Kriauciunas, A.; Frolik, C. A.; Hassell, T. C.; Skatrud, P. L.;
1993 32, 6664-6673. Johnson, M. G.; Holbrook, N. L.; Chen, V. J. Biol. Chem.1991, 266,
(10) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759-805. 11779-11788.
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Figure 2. Catalytic cycle of IPN formation by IPNS.

the thiolate of ACV as shown from the X-ray crystal structure
obtained for Fe(ll)-containing IPNS complexed with ACGY/.
Direct interaction between the substrate and iron is also implied
from spectroscopic changes at the iron cefitékVhen exposed

to the molecular oxygen analogue NO, EPR stuidiedicate
that NO binds to the Fe(ll) complex, giving an octahedral
coordination. The crystal structure of this compfeshows that
NO binds trans to Asp 216 in a nonlinear orientation, which
should be a likely binding site also for,@see Figure 1b).

On the basis of substrate analogues and isotopic labeling ex-
periments, a catalytic mechanism for IPNS as shown in Figure 2

was first proposed by Baldwin et #1° Additional experimental

Wirstam and Siegbahn

bicyclic structure of isopenicillin N. The X-ray crystallographic
studies show that when the natural substrate ACV was used,
the-lactam ring could not be observed and instead the reaction
led directly to formation of bicyclic IPN. If, on the other hand,
the substrate analogui(L-a-aminoadipoyl)e-cysteinyli-S-
methyl-cysteine (ACMC) was used, the reaction could be
interrupted after the formation of the monocycjielactam
intermediate.

In the final step of the reaction (Figure 2c), the oxo ligand
on iron abstracts a hydrogen atom from the Yatarbon, which
instead binds to the Cys sulfur, forming IPN complexed with
IPNS as shown from the X-ray crystal structéfe.

Although there is a general agreement on the fundamental
steps of the catalytic cycle shown in Figure 2, many mechanistic
details are still not fully understood. The DFT-B3LYP method
has successfully been used to investigate the reaction mecha-
nisms of other metalloenzymes and in particular otherGD
splitting Fe-containing enzymé&%.26 In the present study,
the reaction cycle presented in Figure 2 is investigated step by
step by determining all possible transition states and inter-
mediates. In the proposed mechanism, similar to that pre-
viously suggeste#!® the reaction passes through eleven
intermediates and transition states from thel@NS:Fe:ACV
to the HO:IPNS:Fe:IPN complex (Figure 2b,c). All inter-
mediates and transition states were geometry optimized and a
potential energy surface for the reaction was obtained. On the
basis of the calculated results, many features, such as relative
energies, geometries, and charge and spin populations of each
reaction step of the catalytic cycle shown in Figure 2, could be
analyzed in detail. Furthermore, some new proposals concerning
the mechanism could be made based on the energetic data
obtained.

[I. Computational Details

The calculations were performed in two steps. First, an optimization
of the geometry was performed using the B3LYP metHgéDouble<
basis sets were used in this step. In the second step the energy was
evaluated for the optimized geometry using large basis sets including
diffuse functions and with a single set of polarization functions on each
atom. The final energy evaluation was also performed at the B3LYP
level. All the calculations were carried out using the GAUSSIAN
programg?=°

In the B3LYP geometry optimizations, the LANL2DZ set of the
GAUSSIAN program was used. For iron this means that a nonrelativ-
istic effective core potential (ECP) according to Hay and \iaatas
used. The valence basis set used in connection with this ECP is

data, giving a more detailed picture of the enzyme mechanism, essentially of doublé-quality. The rest of the atoms are described by

have then been gathered in three recent revié#%?! The

standard doublé-basis sets. To obtain the transition states, the main

binding of the substrate and molecular oxygen into the enzyme parameters were first frozen at different values, optimizing all other

leads to loss of one water molecule (Figure 2a). In the
subsequent step, the Cgsc-H hydrogen of ACV migrates to
the dioxygen, leading to formation of the oxo-ferfilactam
ring intermediate and a second water molecule (Figure 2b).
Spectroscopi®!® and crystallographf@ studies have indi-
cated that the closure of thelactam ring occurs prior to that
of the thiazolidine ring, which completes the formation of the

(17) Roach, P. L.; Clifton, I. J.; Hensgens, C. M. H.; Shibata, N.;
Schofield, C. J.; Hajdu, J.; Baldwin, J. Bature 1997 387, 827—-830.

(18) Baldwin, J. E.; Bradley, MChem. Re. 199Q 90, 1079-1088.

(19) Baldwin, J. E.; Lynch, G. P.; Schofield, C. Tetrahedron1992
48, 9085-9100.

(20) Que, L. Jr.; Ho, R. Y. NChem. Re. 1996 96, 2607-2624.

(21) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee,
S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zho&Chkem.
Rev. 200Q 100, 235-349.

(22) Burzlaff, N. I.; Rutledge, P. J.; Clifton, I. J.; Hensgens, C. M. H.;
Pickford, M.; Adlington, R. M.; Roach, P. L.; Baldwin, J. Hature1999
401, 721-724.

(23) Wirstam, M.; Blomberg, M. R. A.; Siegbahn, P. E. 4Am. Chem.
Soc.1999 121, 10178-10185.

(24) Blomberg, M. R. A,; Siegbahn, P. E. M.; Babcock, G. T.; Wikstro
M. J. Inorg. BiochemlIn press.

(25) Siegbahn, P. E. M. Inorg. Chem1999 38, 2880-2889.

(26) Siegbahn, P. E. M.; Blomberg, M. R. A. Trheoretical Chemistry
— Processes and Properties of Biological SysteBriksson, L. A., Ed.;
Elsevier: Amsterdam, submitted.

(27) Becke, A. D.Phys. Re. 1988 A38 3098. Becke, A. DJ. Chem.
Phys.1993 98, 1372. Becke, A. DJ. Chem. Phys1993 98, 5648.

(28) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, Ml.J.
Phys. Chem1994 98, 11623.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.2; Gaussian
Inc.: Pittsburgh, PA, 1995.
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degrees of freedom. In the transition state region, a Hessian was
calculated at the same level as used for the geometry optimization.
Using this Hessian a full transition state geometry optimization was
performed. If the geometry or the energy was significantly changed
during the transition state optimization a second Hessian calculation

was performed in the converged geometry to verify that one imaginary 25404

o
frequency was obtained corresponding to the right parameter for the - 0154 Ns o )2s040)
reaction step. All transition states were found to have one imaginary o) ez.zsau ey
frequency as they should except one where a distance was frozen during PRETS § Onpsii0
t

i
2209A
i

the transition state optimization as will be discussed below. In that
case, one small additional imaginary frequency was obtained.
Where not otherwise stated, all geometries are fully optimized. For
some structures freezing one parameter turned out to be necessary to
avoid large structural changes of the ACV analogue, believed to be
artifacts of the model. The available X-ray crystal strctures of the
substrate bound enzyAi&?reveal that ACV is held in its position by
hydrogen bonds between its polar groups and the surrounding amino a
acids and water molecules. Furthermore, the structures show that theFigure 3. Structures for IPNS complexed with ACV Optimiz&d
orientation of ACV only differs slightly in the different intermediates oy the cases when (a) the proton remains on the thiol group of ACV

located. If all parameters are fully optimized unrealistic structural upon complexation, giving a net charge of the clustes-af and (b)
distortions of the substrate occur for some of the intermediates since ynen the thiol group is deprotonated, resulting in a neutral cluster.

the hydrogen bonds present in the protein are not included in the
guantum chemical model. These distortions are in conflict with the

crystal structures and therefore a freezing procedure was used for thes
intermediates (see further the discussion below).

In the B3LYP energy calculations the diffuse and polarization
functions from the 6-311G(1d,1p) basis sets in the GAUSSIAN
program were added to the LANL2DZ basis sets. This basis set has a The X_ray Crystal structure for the manganese_subs“tuted
single set of polarization functions on all atoms including f-sets on |pNS resting state (Figure 1a) shows that Mn(ll) is ligated by
iron, and also diffuse functions. WO OX _ i e

. ) . ygen-containing groups. The metalxygen bond dis

Zero-point effects were computed and added to the final energlest 227 and 2.26 A tivehindicates tw ¢
for some of the reaction steps, in most cases using smaller model- ances or 2. a.n ) ! “?Sp'?c Ivetyndicates . 0 water

ligands. To obtain a metal oxidation state of II, this compound

clusters than the ones that will be described below. The zero-point ; ;
corrections were found to be rather small, in the range &cal/mol. is best described by a model cluster with a net charge bf

For one reaction barrier involving the activation of the @y&—H In the first step of the catalytic cycle, Figure 2 step a, the thiol
bond using a positively charged cluster, a larger zero-point effect of group of ACV replaces Gln 330 and one of the water molecules
—5.1 kcal/mol was obtained. For this step, the frequency calculation leaves the structure, followed by a change in the metal
was performed using the large model cluster. coordination geometry from octahedral to square pyranmidal.
Electrostatic interactions between the quantum chemical model and | the absence of ©Hor NO, the thiol group of ACV could
the surrounding residues were not included in the calculations for yonate its SH proton to a basic group upon coordination to iron.

technical reasons. However, these effects have in previous studies Ohrhe X-ray crystal structure obtained for IPNS complexed with
other enzymatic systems been shown to be rather insignificant as long

as only energies of clusters that have the same charge are comparecf‘cvl7 reveals the presence of a hydrogen bond chain (.)f 3 water
Normally, the dielectric effects on the relative energies are in the range molecules, connecting the thiol ng"_JI_O a_nd the terminal car-
0-5 kcal/mol for proteing?3 As will be described below, the  DPoxylate group of ACV. One possibility is a proton transfer
mechanisms that are ruled out in the present study were found to differ from the thiolate to the carboxylate when ACV binds to iron.
from experimental activation energies by 15 and 17 kcal/mol, respec- Alternatively, another group accepts the proton or the proton
tively, while the proposed mechanism has activation energies very closeremains on the sulfur. A fully optimized [ACV-SH:Fe(Il)IPNS]
to the experimental values (within 3 kcal/mol). The different mecha- model containing a protonated ACV-thiol, replaced by a HSCH
nisms investigated are thus distinguished by energy values that are muchyroup, is shown in Figure 3a. The main difference between the
larger than the expected solvent effects. Therefore, inclusion of thesehagretical and the experimental structure concerns theSFe

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, distance, which was determined to be 2.75 A in the Optimized
glt. At\.; Che%seénaré, J. ?-;ngkréewsk!, rY-SG-:M[\I/IlOntggrn’\(/ilry,DJ- _A-I, J,&; geometry and only 2.41 A in the experimental structure.

ratmann . E.; Buran . J.; Da . . i . H H H o
D.; Kudin, K. N.; étrain, M. C.; F’arkaF\)sp,n(t):.;’Tohasli,a\T;’Baron‘e, \a/.n;u(a:z,SSi’ However, also if the thiol group is deprOtonaFec.I’ giving a Ue”tra'
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; [ACV-S:Fe(Il)IPNSP model cluster, the optimized F dis-
Ochterski, J.; Petersson, A. G.; Ayala, Y. P.; Cui, Q.; Morokuma, K.; Malick, tance of 2.54 A is slightly longer than what was found in the
K. D.; Rabuck, D. A.; Raghavachari, K.; Foresman, B. J.; Cioslowski, J.; crystal structure (see Figure 3b). The above results obtained
o B L, G iastionko, i Fiskor B komaie™for the ACV-IPNS model clusters thus indicate that a protonated
Peng, Y. C.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. thiol gives a Fe-S distance that is too long while a deprotonated
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; thiol gives better agreement with the X-ray crystal structure.
ggﬁgg%?{dﬁ{g;MF;}tti%EI%%:’e’P%’Sl'égpg ple, JGaussian 98Revision A.3; In the next step of the catalytic cycle,®inds to iron. The

(31) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. subsequent steps;g of the catalytic cycle of IPNS shown in

(32) Pavlov, M.; Blomberg, M. R. A;; Siegbahn, P. E. Mt. J. Quantum Figure 1, have been the main interest in the present study. These

Chggjlsgingﬁnlgg’é%u Am. Chem. S00.998 120, 84178429 reaction steps include the-@D cleavage of molecular oxygen

(34) Prabhakar, R.; Blomberg, M. R. A.; Siegbahn, P. ETkkor. Chem. and the stepwise formation of the bicyclic ring.

effects should not significantly change any conclusions made concerning
fhe reaction mechanism of IPNS.

Ill. Results and Discussion

Acc. In press. In the present study, two different mechanisms for formation
42§§54)357'e9bah”' P. E. M., Blomberg, M. R. &hem. Re. 2000 100 of the monocyclic f-lactam ring from the @QIPNS:ACV

(36) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem. complex were investigated, both of them resembling the ones
1999 50, 221-249. previously proposed based on crystallographic and spectroscopic
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data!®® In one of the mechanisms studied, the ACV-thiol s ps 10 4 o

proton leaves the iron center of IPNS upon coordination to iron. e j‘s:,s H His, .‘@As:

As will be discussed below, the energies obtained for this RHC” SR RHC” “;s“'f‘{“ N

reaction mechanism were found to be in conflict with isotope INH _O'g OHz —_— “0-0 OHp

labeling experiments and measurements of reaction rates. In the N/é\«g“;‘a © N/:?\Qms

other mechanism, which is the mechanism suggested to actually 2 Re "Ra

occur in the enzyme, the ACV-thiol proton is proposed to stay 1 2,TS

on the thiol group or on a group in the vicinity untib®inds

to iron. Then the same proton is suggested to be transferred to

O, to form a hydroperoxy intermediate. This mechanism was

found to be in excellent agreement with spectroscopic results

as will be shown below. o HRy o Hs e 10
The chemical model of the active site of IPNS is based on \/ YH  His /E§s---\|=“":\‘:is

the iron complex obtained from the X-ray crystal structui#es. N 5| aasp RiHG AiOH

In that model aspartate was substituted by formate and the two RZ"'&\‘H\ ff"ms - l\ ,-HO-OH 2

histidines were modeled by ammonia. In a previous study on & H 20 OH, © ﬁwga

the mechanism of manganese catafds#| eight steps of that 3 Fi; 3

mechanism were investigated with both ammonia and imidazole 4TS 3

as models for the actual histidines, and the results were found
to be very similar from an energetics point of view, with an
absolute mean deviation in the relative energies of only 1.1 kcal/
mol. It was concluded that an important reason for this similarity
was that ammonia did not get involved in artificial hydrogen
bonding. No such bonding occurs for IPNS either and accurate °
results are therefore expected using ammonia ligands. This was
tested for IPNS for the formation of th&lactam ring, which

was found to be a critical step as will be discussed below. For
this step, the use of imidazole ligands instead of ammonia was
found to lower the activation energy by 2 kcal/mol. Since
formate is chemically much more similar to aspartate than
ammonia is to histidine, the error obtained from using the
formate model should be even smaller than that obtained for
ammonia. The model used for ACV includes the most important
parts of both the valine and the cysteinyl groups as shown below
in the figures of the optimized structures.

The discussion of the different mechanisms investigated is q
organized as follows. The first reaction pathway that will be
discussed is shown in Figure 4. The most striking result from ¢
that investigation is that this path gives a much too high
activation energy for the cleavage of the-O bond. This leads
to a proposal of another mechanism for this step given in Figure
7, where an additional proton assists the@cleavage reaction.
After that the problem found with the very first step of Figure 4T

.4' |n.voIV|ng the H a}tom transfer from the C)@searbpn 0 G, . Figure 5. Geometry-optimized structures involved in the mechanism
IS discussed, leading to the Suggested mechaljlsm Showr_1 Mnitially investigated fors-lactam ring formation in IPNS (see Figure
Figure 9. The last part of the paper is concerned with the reaction ). Al structures are neutral. Selected bond distances (&) are given in
leading from thes-lactam intermediate to the thiazolidine ring  pold and spin-populations are given in italic.

of IPN.

The first step considered in this study involves the cleavage is that all spins are ferromagnetically coupled in the septet
of O, and formation of the8-lactam ring with a simultaneous  structure. It cannot be determined from the calculations which
loss of a water molecule (Figure 1b). The mechanism initially one of the quintet and the septet states is the ground state. For
investigated is shown in Figure 4. However, this mechanism is the present complexes, the assignment of oxidation states on
not suggested to occur in the enzyme (see further below). Theiron is complicated by the fact that spin-populations are present
reaction shown in Figure 4 is initializedyla H atom trans- on the O-O and Cys-S ligands. However, a correlation between
fer from the CysB-carbon to the @group, forming an Fe(ll)- iron oxidation states and iron spin-populations has previously
bound peroxide. The optimized structure of the modeled been obtained from calculations on several [Fe(@HHO)]
0.:IPNS:Fe:ACV complex is shown dsn Figure 5. The cluster ~ complexes, showing that a spin population of 3378 ap-
shown in Figure 5 is uncharged and has a quintet spin state.proximately corresponds to Fe(ll), of 4-@.2 to Fe(lll), and
The spin population obtained on Fe and the@group is 3.77 of 3.0—3.3 to Fe(lV) using the same methods as used in the
and 0.58, respectively, while the Cys-S has a negative spin of present study®2° Following this scheme, the spin-population
—0.51. The rest of the spin is distributed mainly over the Fe of 3.77 found on iron inl would indicate Fe(ll).
ligands. There is also a septet state, which is energetically and (38) Blomberg, M. R. A; Siegbahn, P. E. Miheor. Chem. Acc997,

structurally very similar to the quintet state. The main difference 97, 72—-80.
(39) Blomberg, M. R. A.; Siegbahn, P. E. Mlol. Phys.1999 96, 571~
(37) Siegbahn, P. E. M. Submitted for publication. 581.

Figure 4. Reaction mechanism initially investigated for formation of
the oxo-ferryl complex and the monocyclielactam ring in IPNS.
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Figure 6. Potential energy surface obtained for the reaction pathway ) ) ]
initially investigated (Figure 4) for monocyclig:lactam ring formation. ~ reaction path 4 of Figure 5) gave an energy barrier of 34.2

kcal/mol, which is much too high (see Figure 6). The energetic
In the geometry optimization of this structure, the distance effect of using the more realistic imidazoles as models for the
between the Val N-H hydrogen and the dioxygen was held fixed IPNS histidine ligands instead of ammonia was found to be only
at 1.9 A, while all other structural parameters were optimized. —1.9 kcal/mol. The barrier obtained for this mechanism is thus
The O-H distance was frozen to mimic hydrogen bonds at least 15 kcal/mol higher than what should be expected for
between the substrate and the surroundings that probably wouldhis step. This discrepancy between experimental and calculated
prevent the amide group from moving far away from the barriers is much larger than the errors expected from using the
dioxygen group’ to which it forms a hydrogen bond after present methods. It is therefore concluded that a different
formation of the peroxide (see further Computational Details). mechanism must be applicable for this step.
Using the present model and methods, the hydrogen atom |If, instead, the proton is transferred to peroxide from outside

could be transferred from the Cykearbon to the @ 0O—Fe and the ring closure occurs after the water is formed, giving a
group with an activation energy of only 1.1 kcal/mol (see Figure mechanism shown in Figure 7, the barrier can be significantly
6). In the optimized transition state structure shown2as lowered. When a proton was placed on the peroxide group, a

Figure 5, the hydrogen has a distance of 1.33 A to the £ys-  full geometry optimization resulted in dissociation of the water
carbon and a distance of 1.27 A to the dioxygen. As in the molecule and formation of an iron-oxo intermediate without
reactant, the distance between the Val N-H hydrogen and thepassing a barrier. The positively charged cluster formed in this
dioxygen was frozen at a distance of 1.9 A, while all other step is shown a8’ in Figure 8. In this structure the distance
structural parameters were optimized. between the Val-N nitrogen and the Fe-O oxygen was frozen
The product of this reaction step is shown3is Figure 5. at the same value of 4.0 A as was obtained 3pto avoid
In this reaction step, the distance between the Val N-H hydrogenunrealistic distortions, hindered by the hydrogen bonds in the
and the hydroperoxy group was relaxed and a hydrogen bondactual protein (see further Computational Details). The iron-
was formed between these groups. The distance between iroroxo distance obtained is 1.65 A and the spin obtained on the
and the dioxygen group decreases from 2.09 to 2.00 A, while oxo ligand is 0.69. This reaction step-¢ 3) leads to a change
the O-0 distance increases by 0.16 A, from 1.36 to 1.53 A. of the iron oxidation state from Fe(ll) to Fe(lV) as revealed
As this happens, the Cys-S forms a double bond to thefys- both from the change of the number of covalent bonds to iron
carbon, shown by the shortening of the distance to this carbonand the change of the iron spin, which is 3.7 in the neutral
of 0.36 A. Due to the double bond formed to Cys-S, the peroxide complex3) and 3.0 in the positively charged iron-
interaction between Cys-S and Fe becomes weaker, giving aoxo structure §). The spin populations obtained on iron are
change of the distance between these two atoms of 0.48 A, fromconsistent with the general experience for Fe(ll) and Fe(IV)
2.61 Ain1to 3.09 A in3. Furthermore, the spin population on  complexes using the same methd8 (see above).
S of —0.51, present in the reactant, disappears. This reaction The final step of the mechanism shown in Figure 7 is the
step was found to be exothermic by 19.8 kcal/mol. The spin- monocyclic ring closure. The transition state obtained for this
population on Fe of 3.72 indicates an Fe(ll) oxidation state (see reaction step is shown & in Figure 8. The energy obtained
above), with one covalent bond to the peroxy group and one for the transition state4() is +13.3 kcal/mol relative to the
bond to the carboxylate group. energy obtained foB'. When the ring closure is completed the
In the next step of the mechanism shown in Figure 4, the Val-N proton is proposed to leave the active site. The formation
distal oxygen of the HO©Fe moiety becomes protonated to of the s-lactam ring leads to a regeneration of the cysteinyl
form the second water molecule of the catalytic cycle, followed thiol having single bond distances to the @3ssarbon and iron
by formation of a bond between the Cgszarbon and the Val- of 1.90 and 2.38 A, respectively. Throughout the reaction step
nitrogen, thus closing the monocyclilactam ring. Initially, 3 — 5, iron has the oxidation state Fe(lV) as revealed by the
attempts were made to move the proton directly from the Val- spin-populations on iron shown in Figure 8 (see the discussion
nitrogen to the peroxy group, with a simultaneous closure of above). The last step of th&lactam ring formation reaction
the ring. However, the transition state obtained for such a (3' — 5') was found to be endothermic by 8.0 kcal/mol.
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Figure 8. Geometry-optimized structures with net charges+df, 3

obtained for intermediates involved in the mechanism shown in
Figure 7. Selected bond distances (A) are given in bold and spin- Figure 10. Geometry-optimized structures with net charges-affor
populations are given in italic. intermediates involved in the mechanism shown in Figure 9. Selected

bond distances (A) are given in bold and spin-populations are given in

italic.
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Figure 9. Suggested reaction mechanism for formation of the oxo- Reaction coordinate
ferryl complex of IPNS. Comple$' is then proposed to be followed  Figure 11. Potential energy surface obtained for the monocyclic
by 4' of Figure 7. B-lactam ring formation in the IPNS reaction cycle.

The above results indicate thus that an outside proton is The barrier obtained for the Cy%C-H hydrogen step of only
needed for formation of thg-lactam ring. The high barrier of 1.1 kcal/mol yielding an error of more than 10 kcal/mol is far
34.2 kcal/mol obtained for the reaction stgép~ 4 of Figure 4 outside the expected error bars. This situation is the opposite
involving a proton transfer from the Val-nitrogen to the peroxy of the one described above, where a too high barrier was
group suggests the alternative pathway shown in Figure 7, whereobtained. In that case a mechanism with a lower barrier had to
a barrier of only 13.3 kcal/mol was obtained. However, also be found, but in this case the step with the too low barrier has
the first reaction sted, — 3 of Figure 4, needs to be modified, to be prevented instead. To prevent the transfer of thefys-
see below. C-H hydrogen, there appears to be no other possibility than

When the energetic results obtained for the oxy-ferryl blocking the peroxide position by another proton. This means
formation step I — 3 in Figure 4) are analyzed closer it can that there must be another reaction pathway also for the first
be noted that the very small reaction barrier of 1.1 kcal/mol step of the reaction, involving the formation of the oxo-ferryl
obtained for this step is inconsistent with spectroscopic data. from the dioxygen complexl(— 3 in Figure 4). One such
Isotope labeling experiments show that kinetic isotope effects alternative mechanism for formation of the oxo-ferryl is shown
are present for both the CyC-H hydrogen and the Vai- in Figure 9.

C-H hydrogen, indicating that rate-determining B8 activations In this mechanism, the proton present on the ACV thiol group
occur at these two sité8.Both steps should therefore have is proposed to remain at this group or possibly be transferred
significant reaction barriers of similar size, around 17 kcal/mol. to a nearby group when ACV coordinates to iron. When O
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Figure 14. Potential energy surface obtained for IPN formation from
the -lactam ring in IPNS.

of 1.51 A obtained fod is significantly longer than the distance

of 1.36 A obtained in structurkshown in Figure 5. The distance
between iron and the dioxygen group is 2.09 Aljrcompared

to 1.86 A in 1'. Furthermore, the spin population on iron
decreases after proton transfer to the dioxygen resulting in a
spin population of 2.88, indicating Fe(IV). There is no spin on
the oxygens. Instead, the remaining spin is distributed over the
whole cluster. From structut®, a hydrogen atom transfer from
Cys{3-carbon to the HOO group should then lead to loss of
one water molecule and, in a subsequent step, the formation of
the -lactam ring.

To find the transition state for the H atom transfer between
the Cysp-carbon and the HOO group, the-® and the G-O
bond distances were frozen at different values and all other
Figure 13. Geometry-optimized structures obtained for intermediates structural parameters were optimized. From this two-dimensional
suggested to be involved in the bicyclic ring formation in IPNS. All Searqh of the _potentlal energy surface it was found that the
structures are neutral. Selected bond distances (A) are given in bold"€action coordinate corresponds to an energy path where the H
and spin-populations are given in italic. atom transfer occurs in the initial step and only when the H

atom is at a very short distance from the HOO group is the
binds to the cluster, the thiol proton is suggested to be transferredO—0O bond cleaved and water formed. In the highest energy
to O, to form a hydroperoxy intermediate. The geometry- point along the H atom transfer coordinate a Hessian was
optimized model structure for the product formed after proton computed. Using this Hessian, a transition state geometry
transfer from the thiol to the dioxygen is shownla®f Figure optimization was performed. In the geometry optimization the
10. This structure has a net chargedaf. The G-O distance distance between the Val-nitrogen and the oxygen of the water
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Figure 15. Catalytic mechanism finally proposed for isopenicillin N formation based on the present calculations.

being formed was frozen at the value obtained for this distance for the s-lactam ring intermediate in Figure 11 is obtained for
in the reactantX() to avoid large structural changes of the ACV the protonated form¥). However, the system is likely to gain
analogue (see further Computational Details). The convergedenergy from deprotonation of the Val-N nitrogen by a nearby
transition state is shown & in Figure 10. In the transition  group, which would stabilize this point. A stabilization of the
state, the distance between carbon and hydrogen is stretched t@-lactam intermediate relative to the value shown in Figure 11
a value of 1.43 A and the distance between the hydrogen andis actually required since the reaction can experimentally be
oxygen is 1.19 A. The ©0 distance is almost unchanged in interrupted after the formation of the monocyclic ring when the
the transition state with a value of 1.52 A, compared to 1.51 A substrate analogue ACMC is us€d?22 Unfortunately, a
in the reactant. The FeO distance is elongated from a value determination of the energy gain from deprotonation requires
of 1.86 A in the reactant to a value of 1.99 A in the transition much larger models, and this question therefore has to be
state. Furthermore, the spin on iron changes from 2.88 to 3.46,postponed to the future.
indicating that iron becomes slightly reduced in the transition  The last step of the reaction involves the closure of the
state. The reaction barrier was determined to be 20.1 kcal/mol, thiazolidine ring, which completes the formation of the bicyclic
a value in rather good agreement with the catalytic rate of 4.6 structure of IPN (Figure 1c). This reaction step was found to
s™1, which indicates a barrier of about 17 kcal/mol. The occur in two substeps. In the first of these, the ¥aG-H
exothermicity of this step was found to be 34.6 kcal/mol, and hydrogen is transferred to the oxo ligand on iron, creating a
the product is shown & in Figure 10. The irof-oxo distance hydroxo intermediates—7 of Figure 12). In the transition state
obtained is 1.65 A and the spin obtained on the oxo ligand is for this step 6 of Figure 13), the migrating hydrogen has a
0.69. The spin on iron is 3.02, indicating a regeneration of distance of 1.36 A to the Val-carbon where a spin-population
Fe(IV). of 0.58 appears. The spin-population on the oxo ligand in the
On the basis of the results reported above, the formation of transition state is 0.43, compared to the value of 0.70 obtained
the monocyclic-lactam ring from the dioxygen complex is  for the reactants). Furthermore, the FeO distance of 1.80 A
thus suggested to occur in 5 steps. In the first step the dioxygenin the transition state is elongated compared,tovhere this
is protonated by the thiol group of ACV or a nearby group. distance is 1.66 A. The reaction barrier obtained is 18.4 kcal/
Then, the Cyg3-C-H activation occurs with a simultaneous mol, which is a value comparable to the activation energy of
formation of water and an oxo-ferryl compound (Figure 9). After 20.1 kcal/mol obtained for the Cy%C-H activation and also
that, the monocyclic ring is formed and simultaneously, or with the experimental barrier of 17 kcal/mol. These results are
immediately after, the Val-N nitrogen is deprotonated (Figure thus in good agreement with interpretations of kinetic isotope
7). In Figure 11, the potential energy surface for the proposed effects observed in deuterium labeling studfesyhere both
monocyclic ring formation is shown. The energy value used steps are suggested to be partially rate-determining. When the
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hydrogen atom transfer is completet),(the Val{-carbon has
a negative spin-population ef1.06. The spin of 3.98 obtained

J. Am. Chem. Soc., Vol. 122, No. 35, 36a0

shown in Figure 15. After the proton transfer to the dioxygen,
the Cysg-C-H bond is activated resulting in formation of water

on iron and the presence of three single bonds to this atom areand an oxo-ferryl intermediatd'(-3'). This step was found to

consistent with an Fe(lll) oxidation state.

The formation of the bicyclic structure7{9) is then
completed by the bond formation between the Fraarbon and
the Cys-sulfur. At the level of geometry optimization a very
small barrier of 0.2 kcal/mol was obtained, but the energy point
of the transition state8] was lowered by 0.3 kcal/mol relative
to the reactantq) when the larger basis set was used, indicating
an activation energy close to zero for this step. The formation
of the bicyclic ring was found to be very exothermic, giving a
reaction energy of 42.4 kcal/mol. The energy profile obtained
for formation of IPN from the monocyclic ring is given in Figure
14. In the product shown & in Figure 13, IPNS is weakly
interacting with IPN, with a distance between iron and the Cys-
sulfur of 2.98 A. Two covalent bonds and an iron spin
population of 3.73 indicates a reduction from Fe(lll) to Fe(ll)
in the reaction ste@—9. The catalytic cycle is then closed by
a proton transfer to the hydroxyl ligand present9rand a
coordination of GIn 330.

IV. Conclusions

The mechanism previously proposgdor IPN formation

have a barrier of 20.1 kcal/mol, which is the highest barrier
obtained along the whole potential surface as shown in Figure
11. In a subsequent step, the monocygitactam ring is
formed. Simultaneously, or immediately after, the Val-N
nitrogen of the ring is deprotonated, givirg The other
significant barrier of the reaction is obtained for the YaG-H
cleavage to form the iron-hydroxo complex, regenerating IPNS
in its original form. The activation energy obtained for this
reaction step§ — 7) is 18.5 kcal/mol. Thus, the two barriers
associated with the Cy8-C-H cleavage and the V#-C-H
cleavage are of almost equal size. The activation energies
obtained agree well with the maximum catalytic rate of 4.6 s
measured for IPNS in solution, which approximately corre-
sponds to a barrier of 17 kcal/m¥l.They further agree with
spectroscopical results, showing that these twdiGctivations
both are rate-determining. The last reaction step 9, which
includes the closing of the bicyclic ring, was found to be very
exothermic. The exothermicity obtained for closing the thiazo-
lidine ring is 42.4 kcal/mol, giving an energy 6162.9 kcal/
mol for the modeled OH:IPNS:Fe:IPN complex and a free water
molecule relative to the energy obtained forIBNS:Fe:ACV.

catalyzed by IPNS has been investigated using the DFT-B3LYP Since the total exothermicity of the catalytic cycle for the
method. The energetic results obtained in the present studysubstrate (without the iron complex) is 58.0 kcal/mol most of
suggest that the dioxygen becomes protonated in an initial stepthis energy is thus obtained in the closing of the thiazolidine
of the catalytic cycle, probably by the proton originally present r'ng.

on the ACV thiolate. The proposed reaction mechanism from

the dioxygen intermediate back to the resting state of IPNS is JA001103K



