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Abstract: The primary oxidant of cytochrome P450 enzymes, Compound |, is hard to detect experimentally;
in the case of cytochrome P450..m, this intermediate does not accumulate in solution during the catalytic
cycle even at temperatures as low as 200 K (ref 4). Theory can play an important role in characterizing
such elusive species. We present here combined quantum mechanical/molecular mechanical (QM/MM)
calculations of Compound | of cytochrome P450..m in the full enzyme environment as well as density
functional studies of the isolated QM region. The calculations assign the ground state of the species, quantify
the effect of polarization and hydrogen bonding on its properties, and show that the protein environment
and its specific hydrogen bonding to the cysteinate ligand are crucial for sustaining the Fe—S bond and for

preventing the full oxidation of the sulfur.

Introduction RH o) AH A H
Cytochrome P450 enzymes constitute a superfamily of ? H ?
monooxygenases that appear in all bioorganisms and perform —Fle"h o —Fle"'+ —_— —Fle"'—
vital bioregulatory functions such as detoxification of xeno- SCys z SCys SCys

biotics as well as biosynthesis of sex hormones, muscle-relaxing, 2
. . . 1(Cpd 1) 3
antiflammatory, and antihypertensive compouhdhese en-

zymes present an exciting agenda for mechanistic research that
is aimed at a detailed understanding of all elementary steps in
the respective catalytic cyclés?’ Much of the current debate
focuses on the key intermediates and transformations shown in
Figure 1.

It is commonly accepted that the active oxidant is Compound
| (Cpd 1)3° (1 in Figure 1). Decades of ingenious experimental
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Figure 1. Key steps in the catalytic cycle of cytochrome P450. Cpd) | (
is drawn explicitly below the reaction scheme.

work have provided a rich gallery of model systehisut a
definitive characterization of this putative species for P450 itself
proved to be difficult because of the fast reaction steps occurring
after @ binding. Using cryogenic X-ray diffraction and trapping
techniques, Schlichting et &bbtained electron density data that
would be consistent with the formation of an oxyferryl species
in cytochrome P45Qy, (CYP101). While the restraints of the

10.1021/ja026279w CCC: $22.00 © 2002 American Chemical Society
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427, or %A1, Many of the known Cpd | species are “green”,
belonging to the A, type. Experimental observations of Cpd |

of chloro peroxidase (CPO), a cysteinate enzyme analogous to
P450122.13-18 g ggest that it has a doublet ground state with a
quartet state lying higher by ca. 37 thbut there does not
seem to be a consensus on the identity of the state. Resonance
Raman studies by Hosten etllindicate that CPO(l) is the
“gray” Aq, state, with an unpaired electron in thg aerbital of
porphyrin. In contrast, EPR studies by Rutter et’adssign it

as an Ay state. Mesbauer and EPR studies indicate a state of
a mixed A /A, character with some delocalization of the orbital
on the sulfur atom of the cysteinate ligatd.Thus, the
experimental characterization leads to uncertainty about the
electronic nature of the species. More so, nothing is known about
the geometry of Cpd | other than the X-ray structure by
Schlichting et al’,which, as mentioned above, probably suffers

Figure 2. General description of the triradicaloid states of Cpd I. Two from contamination with other species in the crystal.
electrons occupyr* (FeO) orbitals. The third one is located in anyjaor

aqu agy

ay orbitals of the porphyrin. “a" involves a sulfur ligand contribution. This Si.tuatio_n inViFeS theqry as a viable method thaF can
The pure @ and a, MOs are shown above. The positions, Cs, and G, characterize this elusive species. Yet, theory encountered its own
are indicated on thegorbital. difficulties, associated with the size of Cpd I, and with the need

) to go beyond isolated molecule calculatiéfis®® Density
crystal lattice and the use of an unnatural electron source (X- fynctional (DFT) studies of different simplified models with
ray radiolysis) might, in principle, allow for the accumulation ,,re and hybrid functionals depend on the representation of the
of Cpd | under these special conditions, concern about this cysteinate ligand and the protoporphyrin IX. Thus, the cysteinate
structure arises because a mixture of different species is Ilkely"gand which is part of a polypeptide chain, was modeled by
to be present, and other interpretations remain possible. Reportgg- CHsS™, and by the anion of the cysteine amino acid.
of a te.ntative assignment of thg species using rapid scangimilarly, the native protoporphyrin IX was modeled by a
abso:ptlon spectroscop\were questioned receptly by.Davydov pristine porphine, by octamethyl porphyrin, as well as by the
et al* whose ENDOR and EPR spectroscopic studies showed native ligand itself. While the porphyrin substituents did not
that in a frozen solution, Cpd | of CYP101 does not accumulate geem to make much of a difference. the various truncated
at a detection temperature of 200 K (nor even below this cysteine-ligand models generated conflicting information re-
temperature). The product directly obtained was the iron(lll)- garding the Fe'S bond lengths and the distribution of the
hydroxy-camphor complex3(in Figure 1), the C-5 hydrogen  npaired electron density that typifies the ground state of the
of camphor being trapped in the hydroxyl group of hydroxy- gpecies. Thus, the F& bond depends on the model ligand and
camphor according to product inventory analysithese facts ranges from ca. 2.72 to 2.374:23 Similarly, calculations using
were interpreted as being consistent with monooxygenation of CHsS™ found a ground state that was neither, Aor Ay, but

camphor by Cpd |Y). In a recent study, Kellner et &. ather az-sulfur state {2ITs) in which the third electron of the
measured the kinetics of formation and decay of Cpd I in the yradicaloid was to a large exterit 80%) located in ther-type
thermostable cytochrome P450 CYP119 fr@ulfolobus sol- - |one pair of the sulfut®2022In other cases, the unpaired electron

fataricus which is thought to have a more rigid active-sit¢ a5 reported to be located more on the porphyrin, in @an a
structure and thus different relative reaction rates than its ype mixed porphine-sulfur orbita%-2! These differences were
mesophilic counterpart. The ferryl-oxe) porphyrin cation  shown to reflect the donor capabilities of the different ligand
radical was identified by its characteristic spectral featéfes. qdels vis:avis the porphyrin iron-oxo moie§2aTwo studies

In summary, the available experimental evidence indicates that

the key species in the catalytic mechanism of the isozyme (13) piacic, M. M.; Rutter, R.; Araiso, T.; Hager, L. P.; Dunford, H.Bochem.

CYP101 exists but eludes detection because of the special kinetic _ Biophys. Res. Commui98Q 94, 1123.
. f th hani (14) Schulz, C. E.; Rutter, R.; Sage, J. T.; Debrunner, P. G.; Hager, L. P.

scenario of the mechanism. Biochemistry1984 23, 4743.

All known model and enzymatic Cpd | species are triradi- (15) Rutter, R Hager, L. P.; Dhonau, H.; Hendrich, M.; Valentine, M.;

- 1013568912 . .y P p. R Debrunner, PBiochemistryl984 23, 6809.

caloids;3°082. shown in Figure 2, that exhibit two closely  (16) Hosten, C. M.; Sullivan, A. M.; Palaniappan, V.; Fitzgerald, M. M.; Terner,

i i i J.J. Biol. Chem1994 269, 13966.
lying quartet ar.]d dout_)let Spin states. These.anse f.rom the Weak(l?) Rutter, R.; Valentine, M.; Hendrich, M. P.; Hager, L. P.; Debrunner, P. G.
coupling of a triplet pair on the FeO moiety with a third electron, Biochemistry1983 22, 47609.

which in most cases resides in a porphyrin-based orbital of either (18) Joony, 3. Grodzicki, M.; Trautwein, A. X1. Phys. Chem. A997 101,
&y Or & character. The electronic states of Cpd | are generally (19) For general reviews, see: (a) Loew, G. H.; Harris, DChem. Re. 200Q

i H i ; H i 100, 407. (b) Harris, D. LCurr. Opin. Chem. Biol2001, 5, 724. (c) Harris,
classified according to the identity of the latter orbital as either D.L.: Loew, G- Waskell, L. Inorg. Biochem2001 83, 309, (d) Harris.
D. L.; Loew, G. H.J. Porphyrins Phthalocyanine2001, 5, 334.

(10) Egawa, T.; Shimada, H.; Ishimura, Biochem. Biophys. Res. Commun.  (20) Yoshizawa, K.; Kagawa, Y.; Shiota, ¥. Phys. Chem. B00Q 104, 12365.

1994 201, 1464. (21) (a) Ogliaro, F.; Cohen, S.; Filatov, M.; Harris, N.; ShaikABgew. Chem
(11) Kellner, D. G.; Hung, S.-C.; Weiss, K. E.; Sligar, S. &.Biol. Chem. Int. Ed.200Q 39, 3851. (b) Ogliaro, F.; Cohen, S.; de Visser, S. P.; Shaik,

2002 277, 9641. S.J. Am. Chem. So00Q 122 12892. (c) Ogliaro, F.; de Visser, S. P.;
(12) (a) Weiss, R.; Mandon, D.; Wolter, T.; Trautwein, A. X.; Mar, M.; Bill, Cohen, S.; Kaneti, J.; Shaik, ShemBioChen2001, 2, 848.

E.; Gold, A.; Jayaraj, K.; Terner, J. Biol. Inorg. Chem1996 1, 377. (b) (22) (a) Green, M. TJ. Am. Chem. S0d999 121, 7939-7940. (b) Green, M.

Watanabe, Y.; Fujii, HStruct. Bonding200Q 97, 61. (c) Mandon, D.; T.J. Am. Chem. So00Q 122, 9495.

Weiss, R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.; Trautwein, AlXorg. (23) Ohnta, T.; Matsuura, K.; Yoshizawa, K.; Morishima,l.Inorg. Biochem.
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J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002 8143



ARTICLES Schéneboom et al.

of the cysteinate mod@R-¢23igand led to different spin densities  hydrogen-bonding environment of tispecificprotein pocket,

on the sulfur (65% vs 87%) and different ground-state character as well as the steric constraints exerted on the bonding of the
(%A vs ATg). This discrepancy originates from the different heme to the cysteinate side chain. Such a calculation can, on
conformations of the cysteinate, one with internal hydrogen one hand, define a suitable truncated model, which ought to be
bonds and the other without them, which greatly affects its donor used in future mechanistic studies. On the other hand, and more
capability?* While all of these differences are by now well importantly, these calculations can form a useful guide for an
understood, they nevertheless underscore the fact that calculaeventual experimental characterization of Cpd | of cytochrome
tions using truncated and gas-phase models cannot resolve th®45Q.m,

dilemma of Cpd I, and one must resort to more realistic models )

which involve the electric field and structural constraints of the C0omputational Methodology

protein pocket. A. Setup of the SystemTo prepare suitable initial structures for
Structural studies of P450 enzymes show that the sulfur atomthe QM/MM calculations, we started from the experimental X-ray

of the coordinating cysteinate in the native species is coordinatedstructure for Cpd | reported by Schlichting et'@.and built a complete

by three NH- - -S hydrogen bonds with Legs, Glysss, and model of the solvated enzyme by adding missing hydrogen atoms and

Glnsgo (corresponding to the numbering system of R4g0and solvent water. The system then was relaxed by performing pure force

is exposed to the positive ends of dipoles in the protein flel_d energy minimizations a_nd mole_cular dynamlc_s (MD) simulations,

pocket’:2526 Mutation studies proved that the & bond is using the CHARMM force fiel& as implemented in the CHARMM

stabilized only if the protein pocket is sufficiently polar and program?? during which the coordinates of the entire heme unit and

. . . the coordinating Cys;were kept fixed. The complete system consists
supplies NH- - -S hydrogen bonding to the cysteinate suffur. of 24 394 atoms, including 16 956 atoms in the solvent. Details of these

Another mutation study showed that severing of a single fqce field calculations are given in the Supporting Information.

NH- - -S~ hydrogen bond can have a significant effect on all B. Snapshotsln principle, our QM/MM calculations should sample
aspects of the P450 enzyrifeThese features are therefore the configurational space of the system by means of a statistical method
critical for a reliable representation of Cpd I. Preliminary |ike MD or Monte Carlo. Because of the high computational effort
theoretical studies by some of us indicated that medium caused by the required accuracy of the QM treatment, this was not
polarization and hydrogen bonding to the thiolate ligand exert feasible in the present investigation. However, because we focus on
a dramatic effect on the properties of Cpd | in two model the electronic structure of Cpd | alone, it should be sufficient to perform
systems, one with porphyrin and HSand the other with only geometry optimizations for this species. To assess the impact of
octamethyl porphyrin and a cysteinate anié Thus, it was different enzyme conformati_ons on the electronic structure of the
found that by taking into account hydrogen bonding, the ground SPromophore, we separately investigated three snapshots (after 29, 40,
state of Cpd | changes from a dominant sulfur radical type to and 50 ps of equilibration) from an MD trajectory obtained in the
a dominant porphyrin radical type. Medium polarization further preparatory force field calculations by means of QM/MM geometry

¢ ’ optimizations.
increases this tendency but mostly serves to shorten th&Fe An important structural feature that was discussed by Poulog®tal.

bond, by as much as 0.1 A. It was postulated that Cpd 1 is a s the hydrogen-bonding situation of the sulfur of Gyswith the
chameleon state that adapts its electronic structure and packbone NH groups of amino acid residues that form the cysteine
geometry to the protein eironment into which it has to loop, Lewss, Glysss, and Glngo. The conformation of these hydrogen
accommodaté!®c Nevertheless, the simplicity of the models bonds in the different snapshots is shown in Figure 3. All snapshots
used to represent Cpd | naturally leaves doubts whether smallnicely reproduce the hydrogen-bonding situation with the first two
models can indeed represent the real species. Clearly, a definitiveresidues, but less so with Ghy where snapshot 40 is closest to the
assignment of the electronic state and geometry of Cpd |, for experimental structures>2e

P450, requires a realistic modeling of Cpd | within its protein  Another hydrogen bond found in the crystal structéiris that
environment. between the amide NHjroup of the Glaso side chain and the backbone

. . carbonyl oxygen of Cyg. This interaction is not present in snapshot
At present, combined quantum mechanical/molecular me- M 009 ol P P

hanical calculati M/MM h listi 29, and is far less than optimal in snapshots 40 and 50 as compared
chanical calculations (Q j are among the most realistic with the crystal structure$?>2¢To probe if the electron-withdrawing

methods. In these calculations, a suitable truncated Cpd | specieggtect of this particular hydrogen bond has an impact on the electronic
is treated with a QM method, while the protein environment is nature of the proximal sulfur ligand, we have manipulated the
treated with MM. This paper presents such QM/MM calculations conformation of this side chain in snapshot 40, which has the
on Cpd | of the enzyme cytochrome P4&0that hydroxylates conformation closest to the X-ray data, to form this respective hydrogen
C(5)—H of (:amphorz_q3 In this computational approach, the bond. Snapshot 29 was chosen for QM/MM calibration studies (vide
active species of the enzyme feels the electric field and infra), while the comparison of QM/MM results for the three snapshots
and the manipulated structure will be used to assess the influence of

(24) See method section in: Ogliaro, F.; de Visser, S. P.; Cohen, S.; Sharma, different enzyme conformations on the electronic properties of the active

P. K.; Shaik, SJ. Am. Chem. So@002 124, 2806. species.

(25) Poulos, T. LJ. Biol. Inorg. Chem1996 1, 356.

(26) Poulos, T. L.; Vickery, J. C.; Li, H. IrCytochrome P450: Structure,
Mechanisms, and Biochemisti3nd ed.; Ortiz de Montellano, P. R., Ed.;
Plenum Press: New York, 1995; Vol. 2, Chapter 4.

(27) Sigman, J. A.; Pond, A. E.; Dawson, J. H.; Lu,Bfochemistry1 999 38,
11122

(30) Brookhaven Protein Database, PDB code 1DZ9.

(31) CHARMMZ22 force field: MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.;
Dunbrack, R. L., Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.;
Guo, H.; Ha, S.; Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F.

(28) Yoshioka, S.; Takahashi, S.; Ishimori, K.; Morishimal.llnorg. Biochem.
200Q 81, 141.

(29) See, for example: (a) Gao, J. Reviews in Computational Chemistry
Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New York, 1996;
Vol. 7, p 119. (b) Gao, J., EdCombined Quantum Mechanical and
Molecular Mechanical MethodsACS Symposium Series 712; American
Chemical Society: Washington, DC, 1998. (c) Monard, G.; Merz, K. M.
Acc. Chem. Red.999 32, 904.

8144 J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002

T. K.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.;
Reiher, W. E., lll; Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub,
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Chem. B1998 102, 3586.
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GIn360 sidechain

\ GIn360 sidechain
GlIn360 sidechain

I w
snapshot 29 ps

GIn360 sidechain

snapshot 40 ps, side chain of
Glnssp manipulated

Figure 3. Hydrogen-bonding situations of Gysin P45Qam experimental X-ray structure and the calculated structures (snapshots 29, 40, 50 and snapshot
40 with added hydrogen bond between the side-chain amide group g @hd backbone carbonyl oxygen of Gyg. Only the hydrogens of the backbone

peptide NH groups and the side-chain amide group are shown. The right picture in the second row shows a superimposition of all the structures. For
calculated bond distances, see Table 6. Color code: white, hydrogen; green, carbon; dark blue, nitrogen; red, oxygen; yellow, sulfur; lmht blue, ir

snapshot 50 ps superimposition

R1:R= and at the same time test the validity of the various model calculations
\(H)m MM used currently in the literature.

R2:R =™ c-(Hr MM QM Methods. Because Cpd | is a triradicaloid (Figure 2), the QM
Hp Leu356 method of choice should be able to incorporate static and dynamic
0 electron correlation effects. Ab initio multireference methods such as
HN’u\(H)f\;MM CASSCF or CASPT2 are too demanding for the actual size of the
R3: R = - _AHMM system_ that has to be considt_ared. Dens_ity function_al theory in the

Oreas7 - unrestrlgted Kohr Sham formalism (UKS} is cc_)mputatlona_lly_more

y o (Hy~MM economical and has proven to be successful in the description of Cpd

| gas-phase model compound®Thus, in line with the model studies
described above, the QM method employed in the present calculations
is the gradient-corrected B3LYP hybrid density functiolidlhree basis
. . sets were used; the iron atom is always described by a small-core
C. QM/MM Calculations. The QM/MM calculations started from  ofective core potential and the associated LACVP basis of a dduble
the geometries of the snapshots prepared in the setup phase. Threﬁuality?‘a Basis B1 employs a 6-31G basis on all other atoms. Basis
different QM regions were employed (see Figure 4), all of which include g5 js augmented on the six ligands to iron (four pyrrole nitrogens, the
the iron-oxo-porphyrin subunit (without side chains) but differ in the = 54 atom, and the sulfur of the coordinating cysteine) with a set of
extension to the coordinating cysteine residue. The smallest choice for yo|arization functions (6-31G*), while basis B3 includes also diffuse
the sulfur ligand, denoted R1, comprises only the sulfur atom, the next fnctions (6-33-G*) on these atom&, The influence of the size of
bigger region R2 includes thegB, group, and the biggest QM
subsystem RS contins he ul Gyesidue, the COgroupof Lk (34) ot S0 ) 06ttt i o S S o o
and the NH-GH unit of Letsse The covalent bonds cut at the QM/ energy of such determinants ca?n be co?recteg with a si:heme (Yangaguchgi,
MM border are saturated by hydrogen link atoms, leading to QM K.; Jensen, F.; Dorigo, A.; Houk, K. NChem. Phys. Letl.988 149, 537)

that incorporates the energy of the next higher spin state. Presently, the
subsystems of 40 (R1), 43 (R2), and 57 (R3) atoms. Models R1 and uncorrected and corrected energies typically differ by less than 0.2 kcal/

Leu358
Figure 4. Choice of the QM regions RiR3.

R2 were investigated befdfe?® as naked molecules by QM calcula- mol, because the LS and next higher spin state are’virtually degenerate.
tions. These calculations were also performed with a full cysteinate This is because of the weak interaction of the two spins on the FeO unit
R . . . with the third spin on the ligands. We therefore report uncorrected energies
ligand with porphine as well as octamethyl-porphyrin macrocy&fes. for the LS state.

Model system R3 was never investigated before by QM calculations. (35) (a) Becrlfe' A. DPhys. Re. A1988 38, 309k8- (b) Lee, Ch YangH W.; Parr,
Thus, the QM and QM/MM results of the present models-R3, gé %638)./& Re. B 1988 37, 785. (c) Becke, A. DJ. Chem. Phys1993

will enable us to resolve the difficulties mentioned in the Introduction, (36) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
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Table 1. Computed Bond Distances r [A] around the Iron Center of Cpd | (in the 4A/2A States) and Angles 6re—s-x [deg] for Different
Choices of the QM Region (R1—R3) and Basis Sets (B1—B3)?@

QM/MM®P gas phase®
entry variable basis R1(SH) R2 (SMe) R3 (cys) R1(SH) R2 (SMe) R3 (cys)
1 lEe-0 Bl 1.655/1.653 1.654/1.652 1.653/1.651 1.651/1.648 1.646/1.645 1.644/1.643
B2 1.630/1.628 1.629/1.628 1.628/1.627
B3 1.627/1.626 1.626/1.626 1.626/1.625 1.624/1.622 1.620/1.619 1.618/1.617
2 lEe-s Bl 2.571/2.592 2.576/2.602 2.602/2.629 2.587/2.605 2.655/2.66 2.712/2.722
B2 2.559/2.591 2.569/2.588 2.590/2.614
B3 2.560/2.589 2.565/2.585 2.585/2.609 2.566/2.581 2.622/2.625 2.678/2.697
3 lFe-NA Bl 2.027/2.026 2.027/2.025 2.025/2.024 2.019/2.018 2.018/2.018 2.009/2.010
B2 2.031/2.028 2.029/2.027 2.028/2.026
B3 2.032/2.030 2.032/2.030 2.031/2.029 2.026/2.024 2.026/2.024 2.017/2.016
4 IFe-NB Bl 2.038/2.037 2.037/2.035 2.035/2.034 2.016/2.011 2.014/2.011 2.017/2.013
B2 2.045/2.043 2.044/2.043 2.042/2.041
B3 2.049/2.050 2.048/2.047 2.046/2.045 2.024/2.019 2.022/2.019 2.026/2.020
5 lFe-NC B1 2.030/2.032 2.028/2.030 2.029/2.031 2.018/2.019 2.019/2.019 2.019/2.019
B2 2.038/2.041 2.035/2.038 2.037/2.039
B3 2.042/2.045 2.038/2.042 2.039/2.043 2.027/2.030 2.029/2.030 2.029/2.030
6 lFe-ND B1 2.025/2.027 2.027/2.029 2.027/2.029 2.021/2.026 2.021/2.026 2.015/2.018
B2 2.029/2.031 2.031/2.033 2.032/2.034
B3 2.030/2.031 2.033/2.035 2.034/2.037 2.027/2.034 2.031/2.036 2.022/2.030
7 Ore-s—x B1 111.8/111.6 112.0/111.4 112.2/112.0 98.4/98.4 109.8/109.7 115.7/114.9
B2 111.5/111.6 112.5/112.2 112.4/112.2
B3 111.5/111.2 112.1/111.9 112.0/111.8 97.5/97.5 109.3/109.4 115.5/115.1

aR1-R3 refer to the QM model Cpd | systems in Figure 4. Atonfs Nare defined in Figure 2 B3LYP/CHARMM QM/MM geometry optimization,
544 optimized atoms.B3LYP QM optimization of the isolated QM systems.

the QM region and the basis set was investigated for snapshot 29 only.at the geometry of the QM system in the enzyme environment and
Snapshots 40, 50, and the manipulated structure of snapshot 40 wereeomplete geometry optimizations. These in vacuo calculations used only
studied with the R3 region and B3 basis exclusively. the B1 and B3 basis sets as defined above.

QM/MM Methods. An electronic embedding scheffievas applied; The QM programs employed in the QM/MM as well as in the pure
that is, the fixed MM charges were included into the one-electron QM calculations were TURBOMOL#2and GAMESS-UK?2> All QM/
Hamiltonian of the QM calculation, and the QM/MM electrostatic MM calculations were performed with the ChemShell packégehe
interactions were evaluated from the QM electrostatic potential and CHARMM22 force field! run through the DL-POLY* program was
the MM atomic charges. No cutoffs were introduced for the nonbonding used for the treatment of the molecular mechanics (MM) part of the
MM and QM/MM interactions. To treat the QM/MM boundary, we  system. Geometry minimizations were done with built-in optimizers
used hydrogen link atorffswith the charge shift modéf. The approach of ChemsShell; gas-phase geometries of model compounds R1 and R2
outlined above was recently applied and validated against others in awere optimized with NEWOPT while all other minimizations
theoretical calibration study on triosephosphate isoméfase. employed the HDLC optimize®, applying the default convergence

Geometry Optimizations. The standard optimized region treated criteria®> (see Supporting Information).
in the QM/MM calculations comprises 544 atoms. We have also tested
smaller and larger optimized regions, reaching up to 1900 atoms Results

(defined by including all residues in a sphef@d around the heme), . . 23
but did not observe a significant influence on the results as compared A. Snapshot 29 As in all gas-phase model calculatiotis’

to those of the standard region. With the larger optimized region, the there are two closely lying spin states of Cpd I, the high-spin
conformational complexity related to the many degrees of freedom in quartet and the low-spin doublet, that correspond to ferromag-
some cases led to local minima, which had to be dismissed becausenetic and antiferromagnetic coupling of electrons in the triradi-
they differed in conformations that are not related to Cpd I, but to the caloid species. For the time being, we label these statéa as
MM environment (e.g., the hydrogen-bonding network around the and?2A. Their precise identity will be assigned at the end.
A-propignato chain)._To_avoid corresponding artifacts, it was decided  Gepmetries.Table 1 summarizes the optimized key geometric
to re;tnct thg opt_lmlzatlons to _the smaller ‘standard region. Further parameters around the iron center of the Cpd | species in the
de;‘_"‘rzls are given l'n ;htf] S”pport'?g 'nformatt'on'l it the role of th 4A and ?A states, for the different models of the QM region

e main goal of the present paper is to clarity the role of the (R1—R3) and different basis sets (BB3). For comparison,

apoprotein in determining the electronic nature of the active iron-oxo- h I h | he isol h lecul
porphyrin species (Cpd I). To do so, we compare our QM/MM results we show also the results for the isolated gas-phase molecules.

for the full system to corresponding computations of the isolated QM
(a) Turbomole: Ahlrichs, R.; BaM.; Haser, M.; Horn, H.; Kdmel, C.

. s . A . (42)
systems in vacuo, which involve both single-point energy evaluations Chem. Phys. Letfl989 162 165, (b) GAMESS-UK is a package of ab
initio programs written by M. F. Guest, J. H. van Lenthe, J. Kendrick, K.

(37) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54, 724.
(b) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
2257, (c) Hariharan, P. C.; Pople, J. Fheor. Chim. Actd 973 28, 213.

(d) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. J. R.

Comput. Chem1983 4, 294.
(38) Bakowies, D.; Thiel, WJ. Phys. Chem1996 100, 10580.
(39) Antes, I.; Thiel, W. InHybrid Quantum Mechanical and Molecular

Mechanical MethodsGao, J., Ed.; ACS Symposium Series 712; American

Chemical Society: Washington, DC, 1998; pp-85.

(40) de Vries, A. H.; Sherwood, P.; Collins, S. J.; Righy, A. M.; Rigutto, M.;

Kramer, G. JJ. Phys. Chem. B999 103 6133.
(41) Lennartz, C.; ScHaer, A.; Terstegen, F.; Thiel, Wl. Phys. Chem. B002
106, 1758.
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Schoffel, and P. Sherwood, with contributions from R. D. Amos, R. J.
Buenker, H. J. J. van Dam, M. Dupuis, N. C. Handy, I. H. Hillier, P. J.
Knowles, V. Bonacic-Koutecky, W. von Niessen, R. J. Harrison, A. P.
Rendell, V. R. Saunders, A. J. Stone, D. J. Tozer, and A. H. de Vries. The
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(43) ChemShell is a modular QM/MM program based on the TCL interpreter

and developed in the European QUASI project under the coordination of
P. Sherwood. See: http://www.cse.clrc.ac.uk/Activity/ChemShell.
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The species ha<C; symmetry with four different FeN Table 2. Influence of the Protein Environment on QM Energies of
; ; i ; the Cpd | Species (Common Reference Point Is the QM Energy of
distances, which exhibit small d|ﬁerenges on the order of 6.01 Cpd 1'in the Protein Pocket (Spp in Eq 1))#6
0.02 A. These bond lengths show little dependence on the
identity of R, but are slightly expanded (0:60.03 A) in the AE,eid AEqg
enzyme pocket vis-ais the gas phase. The calculated-a RL(SH) R2 (SMe) R3(Cys)
bond distances are almost identical for different R but are “A Bl +106-8¢97-9 +99-5H:0-0 +150-1i128-4
; N ; ; ; B3 +108.7499.5 +100.7490.9 +150.6H-129.7
slightly ( O.Ql A) shorter |n2the |§olated mqlecule than in the A Bl 410674977  +99.5/4900 +150.34128.1
enzyme environment. Tr.fe!\/ A pairs have virtually the same B3  +109.0499.7 +100.7490.9  +150.6/4129.6
Fe—O and Fe-N bond distances, because of the fact that the
different spin states arise from the rather weak coupling of the L ;Rhl*R?alfsfert;O the tQMl mtocti){a"ll_ Crgd I systems ifnﬂl]:igurtlf%Even t(eq it
. . , ©9cheme IS the vertical stabilization energy o € naked system In Its
FeO _eIeCtron_S to the third unpal_red electron. The use of a protein geometry relative to the referen€E.q (eq 2, Scheme 1) is the
polarized basis causes a contraction of the-Bebond length adiabatic stabilization energy of the naked system in the gas-phase geometry
(by 0.02-0.03 A) and a slight elongation of the bl distances ~ relative to the reference.
(t_)y _|(_ESS than 0.01 A)’ whereas (_jlffuse functions have no Scheme 1. The QM Stabilization Energies of Cpd | in the Protein
significant effect on these geometrical parameters. In fact, all Environment (as Defined in Egs 1 and 2)2

calculations done so far find these bonds to be least sensitive ‘ T Sp,g (Cpd | at the protein geometry)
to the choice of model or basis set. AE giax
The computed FeS bond lengths in the isolated molecule - Sy, (Cpd | in its relaxed gas-phase environment)
re

exhibit strong variations of more than 0.1 A (as discussed in

the Introduction). For any one of the basis sets, model R1 gives
the shortest (e.g., 2.587/2.605 A), and R3 the longest (e.g., 2.712/ T
2.722 R), Fe-S bond length. In the protein environment, these E
variations are much less pronounced. Shifting the QM/MM
border away from the sulfur atom (i.e., moving from R1 to R3) AE,en  AEag
causes an elongation of the-F8 bond by 0.020.03 A, while
increasing the basis set slightly shortens the bond length, such
that the calculated bond lengths vary from a minimum of 2.560/
2.589 A @A/2A) to a maximum of 2.602/2.629 A in the QM/
MM computations. The FeS bond within the protein pocket

is significantly shorter than it is in the naked system, by as much
as 0.1 A in the case of the sulfur ligand R3 in combination seZoIgeo Eésggggigéptthm each SVS:;EE (S) SpecifieSéhet gfr?metry, a{u_i the
with the basis B1. These results accord well with the previous ; tHes the environmelitieiax COMESpONdSs to the geometric
conclusions of Ogliaro et &k and highlight the stabilizing relaxation of the gas-phase species relative to the protein.

impact of the hydrogen bonding and electric field of the protein ~ Taking as a common reference point the total QM energy of

nin = Spp (Cpdl in its protein environment)

on the Fe-S bond, as deduced from experimé&nis4é Gener- Sy, We reported the following energy differences in the table:

ally, the Fe-S bond is 0.020.03 A longer in théA than it is

in the %A statel9-23 AEen=E(S, 9 — ES,p) 1)
The anglefre-s—x (X being hydrogen or carbon, depending AE, = E(Sg,g) _ E(Sp,p) )

on the choice of the QM part) is almost the same in all QM/

MM models, because the geometry is largely determined by Thus, AE,, corresponds to the “vertical” stabilization energy
the enzyme environment. In the naked system, there is considerof Cpd | provided by the protein electric field, at the geometry
able conformational freedom, and the angle strongly dependsthat the species adopts in the pocket. On the other hsBg)
on the nature of the sulfur ligand, ranging from around”li@0  represents the “adiabatic” stabilization energy, which includes
the case of R1 to 125n the case of R3. It is Ilkely that the the energy ChangAErelax arising from geometry relaxation in
valence angle at the sulfur atom as well as the-Salistance the gas phase. Scheme 1 shows the relations between these
influence the ability of the thiolate ligand to bind to Fe and, quantities.
hence, the electronic structure of Cpd | as a whole. As expected, the polarization by the electric field causes a
Relative Energies.To appreciate the influence of the protein  substantial stabilization of Cpd | (approximately 109, 100, and
environment on the QM system in terms of energetic stabiliza- 150 kcal/mol for Cpd | systems with substituents R1, R2, and
tion, we compare in Table 2 the energies of Cpd | (the QM R3, respectively), which is virtually identical for both spin states.
system) in three situations defined by the subscripts p, protein, As compared to this large electrostatic effect, the energy change
and g, gas phase: (i), — the system in the geometry and because of the relaxation in the naked molecule is smaller but
electric field corresponding to the protein environment; (iyS  nevertheless substantiaH20 kcal/mol for R1 and R2, 20 kcal/
— the system at its protein geometry but in the gas phase, mol for R3), indicating that Cpd | is “strained” in the enzyme.
without the electric field of the protein; and (iiilyg— the naked It is clearly an advantage of combined QM/MM schemes that
system optimized in the gas phase. they are able to account for these effects of electrostatic
stabilization and steric strain simultaneously. The larger relax-
(46) Hydrogen bonding to sulfur shortens the-Sebond in model complexes  ation of Cpd | model R3 is apparently because of the ability of
by ca. 0.028 A. See: Suzuki, N.; Higuchi, T.; Urano, Y.; Kikuchi, K;;  thig species to adopt a gas-phase conformation with internal

Uekusa, H.; Ohashi, Y.; Uchida, T.; Kitagawa, T.; Nagana).TAm. Chem. X
Soc.1999 121, 11571, hydrogen bonding between the backbone NH group ok4ys
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Table 3. Relative “A—2A State Energies [kcal/mol] for Different Models of Cpd | (Defined by R1—R3) at the QM/MM and QM Levels2

QM region
entry R1 (SH) R2 (SMe) R3 (Cys)
1 AEQMMM (5 Y —0.18+0.14H-0.06 —0.10+0.014-0.04 —0.04H-0.04H-0.03
2 AEM(p,py —0.25A-0.07H-0.21 +0.06H-0.02AH-0.08 +0.04H0.114-0.04
3 AEM(p,gy —0.15+/-0.10 +0.06//+0.09 —0.13+/+0.06
4 AE?M(g,gF —0.07~/+0.03 +0.05+~/+0.14 +0.37+~/+0.08

aEnergy differences as defined by eq 3; a negative (positive) value implits @A) ground state. The triplet of entries corresponds to basis B1/B2/B3.
b QM/MM energy difference¢ QM contribution to the QM/MM energy differencé Energy difference of the naked system at the protein geonfefiyergy
difference of the naked system at the relaxed gas-phase geometry.

Table 4. Computed Net Spin Densities of the A and 2A States for Models R1—R3 and Basis Sets B1—B32

“A state 2A state
R1 (SH) R2 (SMe) R3 (Cys) R1 (SH) R2 (SMe) R3 (Cys)
FeO Bl 2.022/2.023/2.025 2.019/2.024/2.023 2.018/2.026/2.007 2.121/2.115/2.094 2.119/2.104/2.091 2.122/2.108/2.101
B2 2.021+/— 2.018f/— 2.018~/— 2.119+/— 2.116+/— 2.120+/—
B3 2.041/2.047/2.037 2.042/2.049/2.040 2.046/2.063/2.026 2.177/2.154/2.146 2.172/2.145/2.141 2.173/2.139/2.149
Seysas7 Bl 0.252/0.467/0.566 0.323/0.664/0.742 0.331/0.574/0.5860.296/-0.516/-0.618 —0.371/-0.730/-0.782 —0.381/-0.641/-0.627
B2 0.236+/— 0.312+/— 0.313~/— —0.285(/— —0.353F/— —0.360f/—

B3 0.201/0.408/0.526 0.282/0.645/0.719 0.283/0.539/0.539.270/0.477/-0.600 —0.349/-0.728/-0.777 —0.352/-0.620/0.593
porph Bl 0.734/0.528/0.431 0.658/0.313/0.239 0.652/0.399/0.469.835/-0.618/-0.500 —0.750/0.377/-0.312 —0.744/-0.466/-0.475

B2 0.749+/— 0.666//— 0.665+/— —0.841+/— —0.759f+/— —0.756f/—

B3 0.763/0.557/0.452 0.671/0.296/0.229 0.667/0.385/0.429.915/-0.691/-0.563 —0.820/0.407/0.350 —0.818/-0.506/-0.545

aThe triplet of numbers in each field refers to the QM/MM-optimized structure/the naked system in its protein geometry/the naked system in its gas-
phase geometry.

and the carbonyl oxygen of the same residue. This interaction optimized doublet geometry and have obtained valuest01/
is not feasible in the enzyme matrix. This concurs with the +0.054-0.08 kcal/mol for basis B1/B2/B3 and model R3 (i.e.,
notion that the protein pocket is not a malleable cavity, but rather —4/+18H-27 cntl).
more a rigid matrix that provides a hydrogen-bonding template.  Spin Densities.Table 4 summarizes the calculated net spin
The energy differences between the quartet and doublet spingensities of the two states of Cpd I. For each Cpd | modeH(R1
states R3) and basis set (BiB3), three data are given which refer to
4 5 the full system (QM/MM), the isolated Cpd | system at the
AE=E(A) — ECA) ©) geometry in the protein, and the relaxed gas-phase species (QM).
are listed in Table 3 for different QM regions (RR3) and ~ The FeO unit has a spin density of approximately 2.0 and thus
basis sets (BB3). The first entry gives the difference Corresponds to two unpaired electrons in a triplet situation, as
AEQMMM for the full systems, while the other three entries illustrated in Figure 2. This spin density is affected neither by
correspond to differences in the QM energies of the QM systemsthe Cpd | model nor by the polarizing effect of the enzyme
considered above (§ S,q Sy.0). Generally speaking, all values ~ €nvironment or the basis set. In contrast, the spin densities on
in Table 3 are rather small (typically less than 0.2 kcal/mol in the sulfur atom and the porphyrin moiety show a remarkable
absolute value), emphasizing again that the two spin states arelependence on all of the parameters. For the isolated gas-phase
close in energy regardless of the chosen computational approachcompounds, the spin density on sulfur changes in the order R2
Enlargement of the basis set from B1 to B3 tends to favor the > R3> R1, while the change on the porphyrin is precisely the
doublet state (entry 1), but there is apparently no clear trend Opposite, R1> R3 > R2. As discussed previoushy the
when extending the QM region from R1 to R3 (entry 1) or when substituent effect on the sulfur density reflects the electron-

passing from the full system to the model systems considereddonating capability of the group R attached to sulfur, R1 (R2)
(entries 2-4). being the worst (best) electron donor. Consequently, R1 (R2)

Our best calculations with the large basis B3 invariably underestimates (overestimates) the sulfur radical character with
predict that the ground state 38 in the enzyme (entry 1), in  respect to the full cysteine model compound (R3). The spin
accord with the experimental assignment of the related Cpd | density on the porphyrin macrocycle depends on the substituent
of the CPO enzymé&213-18 Qualitatively similar results are  in a complementary manner. The greatest changes in these spin
obtained for the relaxed gas-phase species (entry 4), indicatingdensities occur as Cpd | is transferred from the gas phase to
that the apoprotein has no major influence on the relative the protein environment. When this happens, Cpd | is trans-
energies of the two spin states. Using the data for model R3 formed from a dominant sulfur radical species (in all of the
and basis B3 in entry 1, the QM/MM energy difference between models R+R3) to a dominant porphyrin radical type. While
the two states is ca. 11 crhwhich may be compared with the  the R1 model still slightly underestimates the sulfur radical
experimental value of 37 cm for Cpd | in CPO!18 The character in the enzyme environment, R2 and R3 give quite
computed adiabatic energy differences in Table 3 come from similar results, especially for the larger basis sets. The R2 spin
separate geometry optimizations of the two states, and theirdensity on sulfur is usually even slightly lower than for R3,
precision is therefore limited by the convergence criteria of these which gives rise to an order R4 R2 < R3. Thus, the polarizing
optimizations. To assess the intrinsic ordering of the two states, effect of the enzyme environment cancels the artificially strong
we have also computed the vertical energy differences at theelectron pushing effect of the methyl substituent in R2 that is
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Table 5. Spin Density Distribution within the Porphyrin Ring for Models R1—R3 and Basis Sets B1—-B32

4Azu 2Azu
R1(SH) R2 (SMe) R3 (Cys) R1(SH) R2 (SMe) R3 (Cys)

C, Bl —0.087/0.069/0.054 —0.079/0.043/0.031 —0.078/0.054/-0.049 0.076/0.055/0.041 0.068/0.029/0.020 0.068/0.039/0.039

B2 —0.087+/— —0.077+I1— —0.078F/— 0.075+/— 0.067+/— 0.067+/—

B3 —0.089/0.072/-0.056 —0.079/-0.042/-0.029 —0.080/-0.054/-0.052 0.078/0.061/0.044 0.070/0.029/0.020 0.071/0.041/0.044
C; Bl —0.008~0.007+~0.005 —0.007/0.004/0.002 —0.007/0.005/0.005 0.005/0.004/0.003 0.005/0.001/0.000 0.005/0.003/0.003

B2 —0.008//— —0.007+/— —0.007+/— 0.005+/— 0.005+/— 0.005+/—

B3 —0.008/0.007/0.005 —0.007/0.004/-0.002 —0.007/0.005/~0.005 0.005/0.005/0.003 0.005/0.001/0.000 0.005/0.003/0.003
Cn B1 0.229/0.167/0.123 0.205/0.099/0.065 0.202/0.127/0.117 —0.226/-0.161/0.116 —0.202/-0.090/-0.063 —0.200/-0.117+0.114

B2 0.236f/— 0.209+/— 0.209+/— —0.230+/— —0.207+/— —0.206+/—

B3 0.243/0.183/0.133 0.214/0.101/0.066 0.215/0.133/0.131 —0.238(-0.178/0.127 —0.212/-0.092/-0.065 —0.212/0.125/0.129
N Bl 0.153/0.122/0.107 0.139/0.077/0.063 0.139/0.096/0.098 —0.154/-0.119/-0.101 —0.139/-0.068/-0.058 —0.139/-0.088/-0.092

B2 0.149+/— 0.134f-/— 0.135+/— —0.149+/— —0.135(/— —0.136+/—

B3 0.150/0.122/0.107 0.134/0.067/0.057 0.135/0.086/0.096 —0.166/-0.133/-0.113 —0.151+0.074/-0.066 —0.152/-0.095/0.106

aThe triplet of numbers in each field refers to the QM/MM-optimized structure/the naked system in its protein geometry/the naked system in its gas-
phase geometry. See Figures 1 and 2 for the definitions of the relevant atoms.

Table 6. Hydrogen Bond Distances [A] for N—X [H—X], Where X = S, Except for the Last Column with X = O (First Row Gives the X-ray
Data (Ref 7) with H-Atoms Added and Optimized at the Force Field Level; Other Rows Present Distances from QM/MM Optimizations
(Model R3, Basis B3, 2A State))

backbone N-H- - -S(Cysss7) side-chain Glnggo amide

Leussg Glysse Glngg N=H- - -0=C(Cyszs7)

X-ray(1DZ9)+ H 3.51[3.58] 3.23[2.51] 3.31[3.14] 3.00[2.02]
snapshot 29 3.46 [3.35] 3.32[2.42] 3.78 [3.81] 4.97 [5.44]
snapshot 40 3.45[3.34] 3.40[2.68] 3.57 [3.47] 3.15[2.86]

snapshot 40 3.49 [3.48] 3.33[2.57] 3.56 [3.43] 2.77 [1.77]
snapshot 50 3.48 [3.43] 3.35[2.48] 3.78 [3.65] 4.22 [4.50]

a Side chain of Glgso manipulated to form an H-bond with the carbonyl oxygen of &&ys

observed in the gas-phase calculations. These results demonstrat the X-ray positions). In the case of Lleggiand Glyssg the
the ability of QM/MM methods to converge a calculated four calculated N-S distances between the backbone peptide
property by increasing the size of the QM region stepwise. More groups and the cysteinate sulfur are quite similar (variations
important, however, is that the pitfall of overstabilization of within 0.04 and 0.08 A, respectively) and close to the X-ray
the sulfur radical state because of the lack of a polarizing values. Hence, the backbone conformation of these two residues
medium (as in isolated molecule calculations) is avoided. seems to be rather rigid. In contrast, the corresponding backbone
These results are consistent with small model calculations peptide group of Glgso exhibits more conformational flexibility
using added Nglmolecules to mimic NH- - -S bonding in the  because the computed+$ distances to the cysteinate sulfur
protein pocket and a continuum solvation model to mimic the change by up to 0.22 A between different snapshots; the H-bond
polarization by the electric fielétoc geometry is rather unfavorable in snapshots 29 and 50, and
Table 5 displays the spin density distribution on the various somewhat better in snapshot 40, although theS\istance still
positions of the porphyrin (see Figure 2). It is obvious that as exceeds the X-ray value by 0.26 A. The side chain ofsgIn
Cpd | is moved from the gas phase to the protein environment, clearly does not form an H-bond with the carbonyl oxygen of
the spin densities increase by a factor of 2 or even more on theCyss; in snapshots 29 and 50, and its orientation is also
meso carbon (&) and significantly also on the pyrrole nitrogen  unfavorable for this purpose in snapshot 40. This H-bond is
(Npyraid). This is a clear indication that the porphyrin spin density present in the manipulated structure.
is located in an orbital that has,acharacter (as drawn above Figure 5 shows other selected geometrical parameters and
in Figure 2). spin densities for the QM/MM optimized structures derived from
B. Comparison of Different Snapshots.The influence of the different snapshots. The #© and Fe-N distances show
different conformations of the enzyme environment on the only negligible variations, in accordance with their very small
calculated electronic properties of Cpd | can be assessed bysensitivity to the choice of QM region and basis set (for snapshot
comparing the results of QM/MM geometry optimizations that 29, see above). The F& bond again proves to be more flexible;
start from different snapshots of the initial MD trajectory (see it ranges from 2.585/2.609°4/2A) to 2.547/2.569 A. The
Figure 3). We have selected three such snapshots (after 29, 40shortest bond is found for snapshot 40 with the manipulated
and 50 ps) and generated an additional structure from the seconaide chain; the presence of this H-bond causes a slight shortening
snapshot by manipulating the side chain of §gdrsuch that it of 0.008 A with respect to snapshot 40. In line with these
forms an H-bond between its NH(amide) group and the carbonyl findings, the calculated spin densities on the FeO moiety are
oxygen of the backbone of Cys, to quantify the effect of this little affected by the different conformations, whereas those on
particular H-bond” Table 6 presents the most relevant H-bond porphyrin and sulfur show some variation. Thus, the ratio of
distances in the QM/MM optimized structures (QM region R3,

i 2 i i (47) Note that the H-bond interactions of Gyswith Glysse and Glngo are
basis set B37A State) and compares them with the available calculated between QM and MM atoms, and thus the physical picture is

X-ray datd for the heavy atom distances—X and with that of a constant (unpolarizable) charge that interacts with the polarizable

; ; _ i Fmi QM electron density. Thus, although we can quantify the effect of
estimated dlsta_nces X (H pOSItI(_)nS optlmlzed at the polarization of the QM subsystem, the importance of individual H-bond
CHARMM force field level while keeping the heavy atoms fixed interactions of this kind should not be overestimated.
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a) 2A2u b) 4A2u
Spin Density Geometry Spin Density Geometry
1.625; 1.626;
_-0.884; 0.889; 0.885; 0,893 1.625: _-0.907;0.915; 0.911; 0.917 }_ggg;
1.626; .626;
ﬁ/ .289; 1.285; 1.291; 1.282 ﬁ/ 1625 ﬁ/msg; 1.137; 1.141; 1.133 ﬁ/ 1626
— e — 111.8; —Fle— —F'e— 112.0; —Fle—
| .0.818;-0.854; -0.849; -0.874 | 109.1;| __ 2.609; 0.667; 0.700; 0.695; 0.719 109.3; 2.585;
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Figure 5. Cpd | of P45Q,m (model R3, basis B3): QM/MM optimized geometries and spin densities for different snapshots. The given values correspond
to snapshots 29, 40, 50 and snapshot 40 with the manipulateg,Gide-chain conformation.

porphyrin:sulfur unpaired spin density in the quartet changes is closed-shell, the corresponding compound is “f&&#® The
from 0.67:0.28 in snapshot 29 to 0.72:0.23 in snapshot 40 with characterized Cpd | of CPO is “greel’,and the U\-vis
the manipulated side chain. This shift of spin density between spectrum of the recently probed Cpd | of CYP119 matches that
sulfur and the macrocycle reflects the differential stabilization of CPO!! This indicates that the Cpd | species of cysteinate
of negative charge on sulfur through the different H-bond enzymes are also porphyrin-centered radical cation species and
networks. However, as compared to the large effect on the spinthat the QM/MM results thus match experiment. Furthermore,
density that is observed when Cpd | is transferred to the gasthe calculated porphyrin spin densities, which are large on the
phase, these changes appear rather small, and one should streairogen and & positions (Table 5), enable us to specify the
that the qualitative result that of a dominant porphyrin radical ~ state of Cpd | as an A type, in accord with EPR result$.
character— remains the same for all of the snapshots. Nevertheless, the small spin densities on other positions suggest
a small admixture of A charactet2%21°Finally, the calculations
predict that the ground state of the enzyme is the doublgt A

The present study reveals some key aspects related to theéstate (Table 3), which is consistent with the experimental
electronic and geometric features of Cpd | and its synergistic assignment of the related Cpd | of CP®:8
response to the protein pocket. These aspects are discussed These general trends are reproduced by small model systems,
below. which contain two external hydrogen bonds with NHolecules

The geometric data in Table 1 and energetic dAB,day and are placed in a solvent with a dielectric constant of®.7.
Scheme 1) in Table 2 show that Cpd | inside the pocket is Interestingly, the spin density distribution suggests that the
strained with respect to its relaxed gas-phase geometry. This issimplest model which consists of iron-oxo-porphine with™HS
especially apparent for the model R3 that uses an extended pargis a proximal ligand is not too far from the full model (Figure
of the cysteine loop as a proximal ligand. Thus, while in the 5), and might thus be used for more demanding calculations on
gas phase, the small chain curls to form an internal NH=@D  reaction mechanisms.
hydrogen bond; within the protein pocket, this interaction does A most interesting feature in Figure 5 is the chameleon
not exist and is replaced by another one from &ginThese behavior of Cpd P¢ Small changes in the hydrogen-bonding
results, as well as other indications from the pure MM situation of the thiolate ligand result in changes in the spin
calculations, show that the protein pocket is not a malleable density on the sulfur vis-gis the porphyrin ring. As shown
cavity, but a rather rigid matrix that provides a hydrogen- before?l? these changes can be conceptualized with a simple
bonding template that sustains the-f®bond. This is further  valence bond (VB) mixing model (Figure 6a), which is similar
emphasized by the F€& bond shortening (Table 1) and the to the resonance-theory picture used by experimentalists in the
increased electron density at sulfur (Table 4) in the pocket vis- area3512a48
&Vvis the gas phase. These results accord well with experimental  |n this description, the species is a resonance hybrid of two
observation¥ 33 that the hydrogen-bonding machinery in the forms: |a> involves a thiolyl radical and a closed-shell
proximal pocket is essential for the stability of the heme-thiolate porphyrin, while|b> involves a thiolate anion and a porphyrin
species. radical-cation. At infinite Fe S separationa> is considerably

The spin density data in Table 4 show that the protein pocket lower in energy. However, at the equilibrium geometry, the ion
is responsible for transforming Cpd | from a sulfur-centered pair structurgb> is stabilized and approachgs> energetically.
radical, in the gas phase, to a porphyrin-centered radical in theln the gas phasega> is still the lowest structure, and the VB
protein pocket. Mimetic Cpd | species with a porphyrin-centered
radical cation are “green”, while when the porphyrin macrocycle (48) Woggon, W.-DTop. Curr. Chem1996 184, 39.

Discussion
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Figure 6. The nature of the FeS bond in Cpd I. (a) A VB mixing diagram.
(b) A complementary orbital mixing diagram of the 8 bond orbital.

mixing leads to a Cpd | species which has a dominant thiolyl

radical. As the species is placed in the protein pocket, the electric

field and the NH- - -S hydrogen bonding stabilize preferentially
the ion-pair form]b>, which becomes the lowest VB structure.

ing porphyrin spin density in the doublet state changes from
—0.818 t0o—0.874 with an opposite and concomitant change in
the cysteinate spin density. This again shows the extraordinary
ability of Cpd | to accommodate its electronic structure to the
protein environment. Although there is not yet a direct
experimental verification of these subtle changes, the results
from site-directed mutageneses in the proximal pocket of
P45Q4-2332indicate that replacement of Ley and Glrgo by
proline, which does not form hydrogen bonds, exerts a marked
influence on all properties of the enzyme. One may thus expect
that cysteinate-Cpd | species in different proteins (with different
H-bond patterns) will have different properties. It is yet to be
unraveled whether these differences are also expressed in the
reactivity of different P450 isozymes and different thiolate
enzymes.

Conclusion

The present study characterizes the geometric and electronic
structure of the elusive active oxidant Cpd | of cytochrome P450.
It highlights the advantage of performing QM/MM calculations
for such a task. The calculations provide information on the
species in its specific protein environment, in this case B450
without the need to make assumptions about the nature and
architecture of this environment. In this respect, QM/MM
calculations come as close as possible to being a faithful partner

The VB mixing then leads to a Cpd | species that has a dominant, sy ,ctural and spectroscopic determinations by experiment.
porphyrin radical-cation character as indeed revealed by theAn added advantage is that these calculations offer important

calculations.

The interactions with the protein also strengthen the &e
bond. This complementary information becomes more obvious
from the orbital mixing diagram in Figure 6b, which shows the
alteration in the nature of the F& bond as the thiol center

changes from a radical to an anion. In each case, the iron-oxo-

porphyrin fragment has an empty hybrid orbital (a mixture of
dz, pz, and s orbitals on iron) pointing to the missing coordina-
tion site. This hybrid mixes with the;gybrid on sulfur to form
the Fe-S bond orbital. When the sulfur is in a radical situation,
the bond orbital will contain a single electron, and the-Be
bond will be a one-electron bond. However, when the sulfur is
in an anionic situation, the bond orbital is doubly occupied, and
the Fe-S bond is a two-electron bond. Thus, the interactions
in the protein pocket cause a transformation of the &dinkage

from a weak one-electron bond to a stronger two-electron bond.

This qualitative change of the F& bond is in line with the
calculated shortening and strengthening of this b8hé.

The VB model in Figure 6a further predicts that the stronger
the electric field and the hydrogen bonding, the more dominant
will be the porphyrin radical-cation character. Figure 5 reveals
this trend beautifully: when going from snapshot 29, in which
Glnzgo does not form an NH- - -S hydrogen bond, via snapshot
40, in which this hydrogen bond is present to some extent, all
the way to the manipulated structure in which galso forms
an NH- - -G=C hydrogen bond to the cysteine, the correspond-

insight into the factors that govern the properties of Cpd |,
through comparisons with various gas-phase models and through
inspection of different conformations within the protein pocket.
We find that Cpd I is transformed by the protein environment
from a sulfur-centered radical to the “greeh?A,, porphyrin-
centered radical cation (ca 70%). The hydrogen-bonding
machinery of the protein pocket shortens the-Bebond and
strengthens it. The best estimates of the-Beébond lengths in
the2A,/*A,, states are 2.569 A/2.547 A. A series of calculations
on different conformations of the protein pocket show that the
balance of the sulfur/porphyrin radical character and the precise
Fe—S bond length are finely tuned by small changes in the
architecture of the pockeCpd | behaes, therefore, as a
chameleon species that adapts its electronic and structural
character to the specific eironment.
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