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Isopenicillin N synthase (IPNS) catalyzes the reaction of the
substrateδ-(L-R-aminoadipoyl)-L-cysteinyl-D-valine (ACV) (1) with
oxygen to stereospecifically form theâ-lactam and thiazolidine rings
of isopenicillin N (IPN) (2):

the precursor of all penicillins and cephalosporins,1,2 and is thus of
considerable interest in the context of the design of novel anti-
biotics.3 There have recently been several X-ray crystallographic
studies of IPNS‚ACV complexes containing the unreactive ligand
NO,1 a model of the O2-addition intermediate in the reaction
pathway. There are, however, several questions which arise from
these studies, related to the geometries and electronic structures of
such NO complexes. First,RFeN is 2.133 Å in the IPNS‚ACV‚NO
protein structure,1a about∼0.4 Å longer than that found (1.738 Å)
in the high-resolution X-ray structure of a model system,4 FeL-
(NO)(N3)2 (L ) N,N′,N′′-trimethyl-1,4,7-triazacyclononane) (3)
having the same{FeNO}7 (S) 3/2) electronic state. It is also much
longer than the values of 1.72-1.84 Å seen in a wide range of
Fe-NO model complexes, or the 1.72-2.0 Å range seen in a
number of Fe-NO proteins.5 Second, the∠Fe-N-O bond angle
in IPNS‚ACV‚NO (119.7°)1a is much smaller than the 155.4° found
in the model system,3.4 Third, while there have been no theoretical
reports on the electronic structure of this protein, there are debates
regarding the description of such{FeNO}7 S ) 3/2 electronic
structures in the model system,3: does it consist of an FeIII (S )
5/2) anti-ferromagnetically coupled to NO- (S) 1),6a,ban intermedi-
ate Fe (S ) 3/2) spin-state,6c or something else? And fourth, the
results of a recent density functional theory study have questioned
some aspects of the enzyme mechanism proposed earlier.7

On the basis of our work with Fe-CO, Fe-NO, and FeIVdO
bonding in metalloproteins,8 it seemed possible that the origins of
some of these uncertainties might be related to the difficulties in
obtaining accurate bond length and bond angle results in large
proteins. For example, in earlier work we found that while the
Mössbauer spectra (57Fe quadrupole splittings,∆EQ, and the isomer
shifts,δFe) of small model compounds could be well predicted by
using DFT techniques from their high-resolution X-ray structures,9

the spectra of some proteins could not always be accurately
predictedsunless geometry optimization techniques were used.8 We
thus adopt this approach of predicting Mo¨ssbauer spectra again here,
to probe structure and bonding in the IPNS system, as well as in a
structurally related model system.

We first investigated the{FeNO}7 (S ) 3/2) model system,3,
using the published high-resolution X-ray structure.4 The DFT

calculations were carried out using basically the same large basis
set scheme reported previously: a Wachters basis for Fe, 6-311G*
for all other heavy atoms, and 6-31G* for hydrogens.9,10 We also
used the B3LYP functional,11 since previously we found this to
give the best accord overall between theory and experiment for
Mössbauer∆EQ, δFe, as well as NMR hyperfine shifts.8-9,12 The
predicted∆EQ andδFe values are respectively-1.17 and 0.62 mm
s-1, very close to those seen experimentally:13 -1.28 mm s-1 (∆EQ)
and 0.62 mm s-1 (δFe). This good agreement then prompted us to
investigate the spin densities, where we foundFRâ

Fe ) 3.57 au and
FRâ

NO ) -1.01 au, close to that expected (4,-1) for an FeII (S )
2) antiferromagnetically coupled to NO (S ) 1/2), as also found
previously in another{FeNO}7 (S ) 3/2) system.9d This iron spin
density is also very close to the 3.80 au found previously in
deoxymyoglobin and deoxyhemoglobin, with typical FeII (S ) 2)
centers.9b The results of a previous study of this model system using
the pure DFT functional BPW9111 yielded FRâ

Fe ) 2.90 au and
FRâ

NO ) -0.43 au,6c rather different from the B3LYP values. We
confirmed these results; however, we found that the BPW91-
predicted∆EQ was only-0.75 mm s-1, in very poor accord with
experiment (-1.28 mm s-1). Previous results ofFRâ

Fe ) 3.3 au
andFRâ

NO ) -0.7 au from a BP86 approach with 10% hybrid HF
exchange (HFX)6b were also confirmed, but using this approach
gave a predicted∆EQ of -1.10 mm s-1, inferior to that from the
B3LYP calculations. The root-mean-square deviations of our
B3LYP Mössbauer predictions now become 0.32 mm s-1 (∆EQ, N
) 40,R2 ) 0.977, range) 6.87 mm s-1) and 0.07 mm s-1 (δFe, N
) 41, R2 ) 0.975, range) 2.43 mm s-1) and supplement∆EQ,
δFe results reported on other model systems.14

Next, we investigated predictions of the57Fe Mössbauer∆EQ

andδFe results for the IPNS‚ACV‚NO complex, using the structural
model shown in Figure 1. The experimental57Fe Mössbauer results
for IPNS‚ACV‚NO are|∆EQ| ) 1.2 mm s-1 andδFe ) 0.65 mm
s-1.15 Using the X-ray protein structure (4, Table 1), the B3LYP
calculations predicted∆EQ ) 1.78 mm s-1 and δFe ) 0.84 mm
s-1, clearly indicating a major discrepancy from experiment. We
therefore next proceeded to use geometry optimized structures (5,6,
Tables 1, S1, and S2), since in previous work with metalloproteins

Figure 1. The molecular structure of the active site of IPNS‚ACV‚NO
(A) and the structural model used in this work (B).
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we found that this approach enabled accurate prediction of
Mössbauer, as well as NMR and EPR observables.8 We first carried
out a partial geometry optimization on the NO moiety, with the
other atoms fixed at the X-ray geometry (5), again using B3LYP
and the same large basis set. As may be seen in Table 1, this partial
geometry optimization shortensRFeN by ∼0.3 Å, to 1.861 Å, and
enlarges∠Fe-N-O by ca. 22°, to 142.4°, results which are now
much closer to those seen in FeL(NO)(N3) 24 and other nitrosyl
iron complexes.5 Moreover, the predicted∆EQ (1.56 mm s-1) and
δFe (0.74 mm s-1) values found clearly improved, Table 1. To see
if these results could be further improved upon, we then used a
fully geometry optimized structure,6 (Table S2). This full geometry
optimization resulted in an Fe-NO geometry even closer to that
seen in the model complex, FeL(NO)(N3)2,4 and as shown in Table
1, the57Fe Mössbauer spectral predictions improved further, to∆EQ

) 1.28,δFe ) 0.74 mm s-1, to be compared with the experimental
results|∆EQ| ) 1.21,δFe ) 0.65 mm s-1. In addition, for6, the
predicted asymmetry parameter (η) was virtually the same as
observed in the Mo¨ssbauer experiment (Table 1).15

The computed Mulliken spin densities (Table 1) suggest that the
electronic configuration of this{FeNO}7 (S ) 3/2) protein is very
similar to that of the model complexes studied in this work and
previously,9d i.e., FeII (S) 2) antiferromagnetically coupled to NO
(S ) 1/2), and in previous work9b we found averageFRâ

Fe values
for Fe inS) 1/2, 1, 3/2, and5/2 spin states of 1.1, 2.1, 2.8, and 4.2
au, respectively, supporting the use of this approach. A more
elaborate natural bonding orbital (NBO) analysis16 on 6 yielded
spin densities of 3.44 and-1.10 au for Fe and NO, respectively,
and NBO charges of 1.25 and-0.26 au for Fe and NO, respectively,
strongly supporting the Mulliken description. The NBO analysis
also revealed largely delocalizedR andâ spin densities from strong
Fe-NO interactions, in IPNS‚ACV‚NO. These results are consistent
with previous investigations on high-spin (HS) FeII compexes,9c,d

which indicate that significant ligand orbital contributions result
in smaller∆EQ andδFe values than in conventional HS FeII systems,
as observed again here.

Finally, we investigated the57Fe Mössbauer∆EQ andδFe results
for the IPNS‚ACV‚NO photodissociation product, which lacks NO.
Using the same iron-ligand IPNS‚ACV‚NO geometry (6), but with
NO removed, the predicted∆EQ/δFe values were found to be 3.50/
1.07 mm s-1, in extremely good accord with the experimental∆EQ/
δFe results15 of 3.27/1.09 mm s-1. The predicted∆EQ/δFe values
using the unrefined protein structure were worse: 2.86/1.10 mm
s-1. The elongated Fe-NO bond length in IPNS‚ACV‚NO as
compared to FeL(NO)(N3)2 may be the result of hydrogen bonding
present in the protein, as found previously in nitrosyl heme

proteins.8b And, in contrast to the equivalent (3.3 Å) bond lengths
for Fe-NO‚‚‚NH (Val) and Fe-NO‚‚‚Câ (Cys) in the protein X-ray
structure,1a in the refined structure6, the Fe-NO‚‚‚NH (Val)
distance is longer than the Fe-NO‚‚‚Câ (Cys) distance (4.0 Å vs
3.3 Å), which supports the enzyme mechanism picture obtained
recently7 in which Câ is first deprotonated via the distal FeO2

oxygen before closing theâ-lactam ring, while the Val N is
deprotonated after ring-closure.
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Table 1. Structural and Mössbauer Properties of IPNS·ACV·NO

properties expt. 4 5 6d

RFeN (Å) 2.133a a 1.861c 1.838
∠Fe-N-O (°) 119.7a a 142.4c 149.6
RFeO(D216) (Å) 2.193a a a 2.120
RFeO(H2O) (Å) 2.327a a a 2.201
RFeN (H214) (Å) 2.261a a a 2.211
RFeN (H270) (Å) 2.234a a a 2.317
RFeS(ACV) (Å) 2.434a a a 2.376
E (kJ mol-1)e 0.0 -43.1 -342.5
FRâ

Fe(au) 3.85 3.81 3.76
FRâ

NO (au) -1.36 -1.32 -1.21
∆EQ (mm s-1) 1.2b 1.78 1.56 1.28
δFe(mm s-1) 0.65b 0.84 0.74 0.74
η 1.0b 0.6 0.2 0.8

a Reference 1a (PDB file 1BLZ).b Reference 15. The experimental∆EQ
is unsigned since the asymmetry parameter (η) is 1.0. c Partial optimization
on NO. d Fully optimized geometry.e Referenced to4, -3088.67737 au.
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