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Abstract: The proton-coupled electron transfer reaction catalyzed by soybean lipoxygenase-1 is studied
with a multistate continuum theory that represents the transferring hydrogen nucleus as a quantum
mechanical wave function. The inner-sphere reorganization energy of the iron cofactor is calculated with
density functional theory, and the outer-sphere reorganization energy of the protein is calculated with the
frequency-resolved cavity model for conformations obtained with docking simulations. Both classical and
guantum mechanical treatments of the proton donor—acceptor vibrational motion are presented. The
temperature dependence of the calculated rates and kinetic isotope effects is in agreement with the
experimental data. The weak temperature dependence of the rates is due to the relatively small free energy
barrier arising from a balance between the reorganization energy and the reaction free energy. The unusually
high deuterium kinetic isotope effect of 81 is due to the small overlap of the reactant and product proton
vibrational wave functions and the dominance of the lowest energy reactant and product vibronic states in
the tunneling process. The temperature dependence of the kinetic isotope effect is strongly influenced by
the proton donor—acceptor distance with the dominant contribution to the overall rate. This dominant proton
donor—acceptor distance is significantly smaller than the equilibrium donor—acceptor distance and is
determined by a balance between the larger coupling and the smaller Boltzmann probability as the distance
decreases. Thus, the proton donor—acceptor vibrational motion plays a vital role in decreasing the dominant
donor—acceptor distance relative to its equilibrium value to facilitate the proton-coupled electron transfer
reaction.

. Introduction w o
= = OH ——/\/\/—W/a/\/\/\)LOH
Lipoxygenases catalyze the oxidation of unsaturated fatty 4

acids and have a wide range of biomedical applications. In HO=Fe(lh eoTrel
mammals, lipoxygenases aid in the production of leukotrienes 102
and lipoxins, which regulate responses in inflammation and

immunity! Thus, lipoxygenase inhibitors have been used as drug =
agents to treat inflammatory diseases such as asthma, athero-

sclerosis, and psoriasig.In addition, lipoxygenase inhibitors ) _ _ o
have been proposed as promising cancer chemobreventiv Figure 1. Proposed mechanism of soybean lipoxygeriaShis article
s prop S p . g . P Gocuses on the first step, which involves the net hydrogen atom transfer

agents’~8 Numerous kinetic studies of lipoxygenases have been from the linoleic acid substrate to the Fe(#PH cofactor.

carried out using soybean lipoxygenase-1 (SL&)d human

lipoxygenas with the substrate linoleic acRiAs shown in a radical intermediate substrate and Fe{DH,.” Subsequent

Figure 1, the prd8 hydrogen atom from carbon atom C11 of reaction with molecular oxygen eventually leads to hydro-

linoleic acid is transferred to the Fe(H)OH cofactor, forming peroxyoctadecadienoic acid and Fe(HQH.

The hydrogen transfer step in SLO has been investigated with

(1) Samuelsson, B.; Dahlen, S.-E.; Lindgren, J.; Rouzer, C. A.; Serhan, C. N. 3 wide range of experimental and theoretical techniques. Kinetic
Sciencel987, 237, 1171-1176. : . . o

(2) Holman, T. R.; Zhou, J.; Solomon, E. . Am. Chem. Sod.998 120, studies have shown that this step is rate-limiting abové@2
12564-12572. _ for SLO 19 Quantum mechanical calculations indicate that the

(3) Steele, V. E.; Holmes, C. A.; Hawk, E. T.; Kopelovich, L.; Lubet, R. A.; . . .
Crowell, J. A.; Sigman, C. C.; Kelloff, G. Lancer Epidemiol., Biomarkers electron transfers from the-system of the linoleic acid to an
Prev. 1999 8, 467—483. i i

(4) Riotix, N.» Chstonguay. ACarcinogenesid998 19, 1393-1400. orbital localized on the Fe(lll) center, and the proton transfers

(5) Nie, D.; Hillman, G. G.; Geddes, T.; Tang, K.; Pierson, C.; Grignon, D. J.; from the donor carbon to the oxygen acceptorhus, although
Honn, K. V. Cancer Res1998 58, 4047-4051. 7 P

(6) Ghosh. J.: Myers. C. EProc. Nat. Acad. Sci. U.S.A998 95, 13182 the reaction involves a net hydrogen_at_om transfer, the electron
13187. and proton are transferred between distinct donors and acceptors.

(7) Rickert, K. W.; Klinman, J. PBiochemistry1999 38, 12218-12228. R f ; R
(8) Lewis, E. R.: Johansen, E.: Holman, T.JRAm. Chem. 504999 121 Moreover, analysis of the thermodynamic properties of the single

HO—Fe(lll)

1395-1396.
(9) Although the natural substrate for human lipoxygenase is arachidonic acid, (10) Glickman, M. H.; Klinman, J. PBiochemistry1995 34, 14077 14092.
it also reacts with linoleic acié. (11) Lehnert, N.; Solomon, E. L1. Biol. Inorg. Chem2003 8, 294—305.
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proton transfer (PT) and electron transfer (ET) reactions, as well mechanically, and the solvent is represented as a dielectric
as the concerted proton-coupled electron transfer (PCET)continuum. This theory may be used to calculate the free-energy
mechanism, indicates that the single PT and ET reactions aresurfaces for PCET as functions of two collective solvent
significantly endothermic, whereas the PCET reaction is exo- coordinates corresponding to PT and ET, respectively. The
thermic112 On the basis of these analyses, the proposed multistate continuum theory also provides rate expressions for
mechanism for this reaction is a PCET in which the electron PCET reactions?
and proton transfer simultaneously between different donors and The PCET reaction catalyzed by lipoxygenase may be de-
acceptors. scribed in terms of the following four electronic diabatic states:
The deuterium kinetic isotope effect (KIE) on the catalytic
rate for SLO has been measured to be as high as 81 at room (1a) CH --- "OH—Fe(lll)
temperaturé:12-15 Large KIEs have also been measured for - .. _
human lipoxygenas&The temperature dependence of the KIEs (1b) C HOH=Fe(lll) (1)
has been analyzed in terms of various tunneling mo@®ls. (2a) CH" -+« "OH—Fe(ll)
These theoret'lcal §tud|es .suggest Fhat hydrogen tunnellng plays (2b) C -+ HOH—Fe(ll)
a central role in this reaction. The importance of gating, which
is defined in terms of vibrational modes that modulate the \yhere 1 and 2 denote the ET state anandb denote the PT
hydrogen transfer distance, has also been discusséd.  state. The proton is transferred from the C11 carbon atom of
addition, a number of mutants of SLO have been studied the linoleic acid to the oxygen atom of the Fe-bound OH ligand,
experimentally and theoretically.'° and the electron is transferred from thesystem of the linoleic
In this article, we investigate the PCET reaction in SLO with acid to the iron. Within this notation,al— 1b represents PT,
a multistate continuum theo#y-1° In this theoretical formula- la — 2a represents ET, andal— 2b represents EPT (where
tion, the PCET reaction is described in terms of the four charge both the proton and the electron are transferred).
transfer states involving the proton and the electron, and the As shown in ref 17, the free energy surfaces for PCET
transferring hydrogen nucleus is represented by a quantumreactions may be calculated as functions of two collective
mechanical wave function. The conformations of the linoleic sglvent coordinateg, and z, corresponding to PT and ET,
acid bound to SLO are investigated with docking calculations. respectively. For the systems studied in this article, the PT
The reorganization energy of the iron complex is examined with reaction is electronically adiabatic, while the ET/EPT reactions
density functional theory (DFT) methods, and the reorganization are assumed to be electronically nonadiab®tin this case,
energy of the protein environment is calculated within the the ET diabatic free energy surfaces corresponding to ET states
dielectric continuum approximation using the frequency-resolved 1 and 2 are calculated as mixtures of thendb PT states. The
cavity modek%?1 The multistate continuum theory calculations  reactants (1) are mixtures of thealand b states, and the
reproduce the experimentally observed temperature dependencgroducts (Il) are mixtures of thea2and 2 states. The proton
of the rates and KIEs for a range of physically reasonable vibrational states are calculated for both the reactant (I) and
parameter values. An analysis of the results elucidates theproduct (II) ET diabatic surfaces, resulting in two sets of two-
detailed mechanism of the PCET reaction and provides andimensional vibronic free energy surfaces that may be ap-
explanation for the unusually large magnitude and observed proximated as paraboloids. In this theoretical formulation, the
temperature dependence of the KIE. PCET reaction is described in terms of nonadiabatic transitions
from the reactant (I) to the product (ll) ET diabatic surfaces.
Thus, the ET diabatic states | and Il, respectively, may be viewed
PCET reactions have been studied with a variety of theoretical as the reactant and product PCET states. Note that EPT refers
methodsl’-1922-24 The theoretical formulation used to describe to a transition between pure diabatic statasafid b, whereas
ET and PCET reactions in this article is based primarily on the PCET refers to a transition between mixed ET diabatic states |
recently developed multistate continuum thebry® In this (1a/1b) and Il (2a/2b). For the system studied in this article,
formulation, the solute is described by a multistate valence bondthe lowest energy PCET reactant state | is predominaraly 1
model, the transferring hydrogen nucleus is treated quantumand the lowest energy PCET product state Il is predominantly
2b.
The unimolecular rate expression derived in ref 18 for PCET

Il. Theory

(12) Knapp, M. J.; Rickert, K. W.; Klinman, J. B. Am. Chem. So2002
124, 3865-3874. .
(13) Jonsson, T.; Glickman, M. H.; Sun, S.; Klinman, JJPAm. Chem. Soc. IS
1996 118 10319-10320.
(14) Glickman, M. H.; Wiseman, J. S.; Klinman, J.? Am. Chem. S0d994

116, 793-794. 2 —AG;V
(15) Hwang, C.-C.; Grissom, C. B. Am. Chem. S0d.994 116, 795-796. KPCET = _ZP ZN |*(47h. kBT)_llz exd——| (@
(16) Knapp, M. J.; Seebeck, F. P.; Klinman, JJPAm. Chem. So001, 123 A lu v v kBT
2931-2932. I v

(17) Soudackov, A.; Hammes-Schiffer, $. Chem. Phys1999 111, 4672-
4687

(18) Soudackov, A.: Hammes-Schiffer, §. Chem. Phys200Q 113 2385~ where Y, andy, indicate summations over vibrational states
2396

(19) Hamhes-Schiffer, SAcc. Chem. Re001, 34, 273-281. (25) Here electronically adiabatic refers to reactions occurring in the electronic

(20) Basilevsky, M. V.; Rostov, I. V.; Newton, M. BChem. Phys1998 232,
189-199.

(21) Newton, M. D.; Basilevsky, M. V.; Rostov, |. \Chem. Phys1998 232
201-210.

(22) Cukier, R. I1.J. Phys. Chem1996 100, 15428-15443.

(23) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem1998 49, 337-369.

(24) Mayer, J. M.; Hrovat, D. A.; Thomas, J. L.; Borden, W.JT Am. Chem.

S0c.2002 124, 11142-11147.
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ground state, and electronically nonadiabatic refers to reactions involving
excited electronic states. An ET reaction is nonadiabatic if the coupling
between the electron transfer states is much less than the thermal energy.
Even if the ET reaction were adiabatic, the overall PCET reaction for the
system studied in this article is expected to be nonadiabatic (i.e., the overall
coupling V,, is much less than the thermal energy) due to the small overlap
between the dominant reactant and product hydrogen vibrational wave
functions.
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associated with ET states 1 and 2, respectively, is the summing over reactant vibronic statgs For the quantum
Boltzmann probability for stateu| andAG;V is the free energy ~ mechanical treatment of the doraacceptor vibrational mode
barrier defined as R, we use the general form of the rate expression given in eq 2

in conjunction with two-dimensional vibrational wave functions
that depend on the hydrogen coordinateand the proton
A% @) donor-acceptor distanc® The two-dimensional vibrational
" wavefunctions are calculated for both the reactant (I) and product
In this expression, the free energy of reaction is defined as  (Il) ET diabatic surfaces, resulting in two sets of vibronic sur-
faces that are used to determine the input quantities for eq 2.
AGZV = (Zg”, 2 — eL(ZL",Z'e'“) (4) The inner-sphere reorganization energy for the PCET reaction
due to the Feligand bonds is approximated?s

(AG?, + 4, )°
+ uv Uv.
AG), = —t-

where @, 2/) and @,",z") are the solvent coordinates for

the minima of the ET diabatic free energy surfaegap,ze) frgp
and eﬂ(zp,ze), respectively. Moreover, in the high-temperature Ain = z I (qu)2 9)
approximation for uncoupled solute modes, the total reorganiza- ] fjr + f]P
tion energy is expressed as the sum of the outer-sphere (solvent)
and inner-sphere (solute) contributions: where the summation is over the six-Figand modes (assumed
to be harmonic)f ' andf? are the equilibrium force constants
j"mz = (AO)/AV + /1in ( ) )fl ! q

of the jth mode in the reactant and product, respectively, and
Aq; is the difference in the reactant and product equilib-

where the outer-sphere reorganization energy is defined as = ' A
rium bond lengths for thggh mode. For the system studied in

Aoy = ¢ (z:)'V’ 72”) — EL(Z'F‘)M, z'eﬂ) this article, the inner-sphere reorganization energy is calculated
" “ ‘ between the diabatic statea and D because these diabatic
= EH (2:')“, —'.“) — eﬂ (7:)”, 7gV) (6) states are dominant in the reactant and product PCET states.
The inner-sphere reorganization enetgy will be discussed ~ !ll- Calculation of Input Quantities
below. The coupling/,., in the PCET rate expression is defined Within the framework of this theoretical formulatiéf,® the

as calculation of the rates and KIEs requires the inner-sphere

@) reorganization energy, the solvent reorganization energy matrix
elements, and the gas-phase valence bond matrix elements. For
the classical treatment of the domacceptor mode, the
calculation of the rates involves the following three steps. In
the first step of the procedure, the two-dimensional free energy
surfaceSeL(zp,ze) and eﬂ(zp,ze) corresponding to the solvated
reactant and product vibronic states are calculated for a series
dof proton donor-acceptor distance® along a grid. These
surfaces are calculated from the gas-phase valence bond matrix
elements and the solvent reorganization energy matrix elements
using the analytical expressions given in ref 17. In the second
step, the free energy differenoﬁG/‘jV and the solvent re-
organization energyif),, are determined for each pair of
27 o _ vibronic states using egs 4 and 6, respectively, at each grid point
F:)?ET:;L dRzPLu(R)Z|VW(R)|2[4”/1M(R)|<BT] vz for R The couplingV,, for each pair of vibronic states is
“ v determined from the associated vibrational wave functions and
—AG;V(R) the off-diagonal gas-phase valence bond matrix elements using
e— (8) eq 7. In the third step, these quantities and the inner-sphere
ke T reorganization energy are used to calculate the total PCET rate
. i with eq 8 (or eq 2 for a fixed value dR).
where all of the quantities are defined analogously as for eq 2 g this theoretical formulation requires three types of input
and are evaluat_ed at a particular prot_on deramrceptor distance _ quantities. The inner-sphere (solute) reorganization en&rgy
R. (Note that this thermal averaging is based on the assumptiony, 5y, pe calculated from the equilibrium force constants and bond

that a Boltzmanry dis_tribution is maintained for t_he prpton lengths. In this article, the outer-sphere (solvent) reorganization
donor-acceptor vibrational mode.) Thus, the two-dimensional energy matrix elements are calculated with an electrostatic

vibronic free energy surfaces and the corresponding PCET ratejigjectric continuum model. In practice, the gas-phase valence
are calculated for a series of proton donacceptor distances ),nq matrix elements are represented by molecular mechanical

along a grid, and the integral in eq 8 is evaluated numerically. torms fit 1o electronic structure calculations or experimental
Note that the normalization constant for the Boltzmann prob- 5428

ability P,(R) is calculated by integrating oveR as well as

V,, = B IV(r,2) )0

where the subscript of the angular brackets indicates integration
over the proton coordinate,, z:, is the value ofz, in the
intersection region, an¢/', and ¢>ﬂ are the proton vibrational
wave functions for the reactant and product ET diabatic states,
respectively.

Recently, the multistate continuum theory has been extende
to include the motion between the proton donor and accéptor.
For the classical treatment of the dor@cceptor vibrational
modeR, we use the following expression to calculate the total
rate:

X ex

(27) Zhou, Z.; Khan, S. U. MJ. Phys. Chem1989 93, 5292-5295.
(26) Soudackov, A. V.; Hatcher, E.; Hammes-Schiffer, S., to be submitted for (28) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes and
publication. Solutions John Wiley & Sons: New York, 1991.
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Asn 694

Ile 839

His 499

His 504

Figure 2. Model iron complex used for the DFT B3LYP calculations with
the geometry optimized for the Fe(H)OH state.

Table 1. DFT B3LYP Results for the Fe—Ligand Distances for the
Four Diabatic States of the Model System in Figure 2

Fe(l)-OH  Fe(ll)-OH,  Fe(l)-OH  Fe(ll)-OH,
Fe—His499 N:2 2.16 211 2.24 2.18
Fe—His504 Ne2 2.14 2.11 2.21 2.19
Fe—His690 Ne2 2.18 2.08 2.27 2.14
Fe—Asn694 &1 2.18 2.05 2.30 2.22
Fe—11e839 O1 2.05 2.02 2.22 2.23
Fe-Wat842 O 1.86 2.13 1.97 2.17

Inner-Sphere Reorganization Energy. The inner-sphere
reorganization energy due to the-Hegand bonds was deter-
mined from eq 9. The force constants were obtained from
experimental measurements on model compoéh@&pecifi-
cally, the force constants for [Fe(N)d]?" and [Fe(NH)g]3"
of 148 and 232 kcal moF A2 are used for the three histi-
dines (His499, His504, His690) and the force constants for
[Fe(H:0)e]2*, [Fe(H:0)¢]3* of 230 and 366 kcal mot A—2are
used for Asn694, 11e839, and Wat842. The values/Aoy are
determined from geometry optimizations with density functional
theory at the B3LYP/LanL2DZ lev&~32for the model system
depicted in Figure 2. All electronic structure calculations in this
article were performed with Gaussian®8in this model, the

Figure 3. Conformation of linoleic acid and the iron cofactor obtained
from docking calculations that included the entire SLO protein.

calculations on the Fe(lll)OH and Fe(ll)Qlshodel complexe$!
The calculated Feligand distances were used to estimate the
inner-sphere reorganization energy to be 19 kcal/mol.
Outer-Sphere Reorganization EnergiesThe solvent re-
organization energies are calculated with the frequency-resolved
cavity model (FRCM) developed by Newton, Rostov, and
Basilevsky?921 This approach allows for distinct effective solute
cavities pertaining to the optical and inertial solvent response.
The cavities are formed from spheres centered on all of the
atoms. The two effective radii for the solute atoms are defined
asrle = kfygw andrin = re + 0, whererygw is the van der
Waals radiusy is a universal scaling factor, ards a constant
specific to the particular solvent. In our calculatiorss= 0.9
andd = 0.9, as determined for cations in waféfmhe static
dielectric constant for the protein was chosen tabe 4.03°
and the optical dielectric constant was chosen te.be 1.78,
as for water. The solvation properties are calculated with the
model shown in Figure 3, which includes all atoms of the
linoleic acid and an iron complex. The charge density of each
diabatic (i.e., valence bond) state is defined by assigning
appropriate partial charges to all atoms. The reorganization

amino acids are represented by the relevant fragments: histidinegnergy matrix element between diabatic stateand j is
by imidazole rings, asparagine by a formamide molecule, and determined by calculating the interaction of the charge density

isoleucine by a formic anion. We performed optimizations for
Fe(lll) and Fe(ll) complexes with both a water and a hydroxide
ligand. Table 1 gives the Fdigand bond lengths for the four

of statei with the dielectric continuum solvent response to the
charge density of stafe
The atomic coordinates utilized for the FRCM calculations

different complexes. These results are consistent with previouswere obtained from docking calculations on linoleic acid and

(29) Lee, C.; Yang, W.; Parr, P. ®hys. Re. B 1988 45, 785.

(30) Becke, A. D.J. Chem. Phys1993 98, 5648.

(31) Dunning, J., T. H.; Hay, P. Modern Theoretical ChemistriPlenum: New
York, 1976; Vol. 3.

(32) Hay, P. J.; Wadt, W. Rl. Chem. Phys1984 82, 270.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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SLO. We used the AutoDock 3.0.5 progréto perform these
docking calculations. In these calculations, the protein (including
the Fe(lll-OH cofactor) is fixed at the crystal structure
coordinates obtained from the Brookhaven Protein Data Bank
(pdb code 1F8NY’ During the docking procedure, the linoleic
acid is flexible within a grid of dimensions 3@ 15 x 15 A
spanning the cavity region. We generated 1000 different

(34) Borowski, T.; Krol, M.; Chruszcz, M.; Broclawik, E. Phys. Chem. B
2001, 105, 12212-12220.

(35) Olson, M. A.; Reinke, L. TProteins: Struct., Funct., Gene200Q 38,
115-1109.

(36) Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart, W. E;
Belew, R. K.; Olson, A. JJ. Comput. Chen998 19, 1639-1662.

(37) Tomchick, D. R.; Phan, P.; Cymbrowski, M.; Minor, W.; Holman, T. R.
Biochemistry2001, 40, 7509-7517.
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conformations. We chose several suitable conformations on the (0) 1, 1, = ULEPS - yham . yharm
. . o0/1a,la a aC FeO
basis of the €O distance and the CHO angle. One of the
suitable conformations is depicted in Figure 3. This conforma- (N = UpT" >+ UMM+ U+ AE,,
tion has a G-O distance of 2.83 A and a CHO angle of 152 LEPS harm harm (10)
and the carboxylate group of the linoleic acid is oriented (ho)za2a = Uz~ "t Usc™ + Ugeo + AE,,

opposite to the isoleucine ligand as found in the purple
bacteria®® We calculated the solvent reorganization energy
matrix elements for this conformation and for two other
conformations with GO distances of 3.0 and 3.2 A, respec-
tively. We found that the solvent reorganization energies are
not sensitive to the specific choice of conformation.

The atomic charges for the diabatic states used for the FRCM
calculations in this article were designated as follows. The iron
atom was assigned a chargede? or +3, corresponding to the LEPS 1
appropriate oxidation state. The atomic charges on the His499, Uz 7= Qen+ Qon + Qeo E(JCO + Jou) + Jen
His504, His690, Asn694, and 11e839 ligands were obtained with (11)
the CHELPG methdtl based on DFT B3LYP/6-31G** calcula- U= Qcy + Qo + Qeo — %(Jco + Jen) + Jon
tions for each individual ligand with the crystal structure
coordinates. The atomic charges for the water ligand were yhere the Coulombic and exchange terms are
obtained with the CHELPG method based on DFT B3LYP/6-

(M) 20 = UtEPS+ U?fé"“r UE?SHL ARy,

These diagonal terms represent the potential energy for the
unperturbed diabatic states. Note that the positions ofithe
and Fg sites are fixed, and these matrix elements depend on
the positions of the g H, and Q sites. The proton-transfer
interface GHO, is described by a LEPS potenti&r:42

31G** calculations for an optimized isolated water molecule. E>1<Y(1 + kyy) + Eiv(l — Kyy)

The atomic charges for the hydroxide ligand were determined Xy = 201+ ko)

by assigning the same charge(.36) for the hydrogen as XY (12)
determined for the water ligand and assigning the remainder of B E>1<Y(1 + Kyey) — E>3<Y(1 — Kyy)

the —1 charge to the oxygen atom. The atomic charges on the Jyy =

linoleic acid were obtained by applying the CHELPG method 2(1+ kyy)

with DFT B3LYP/6-31G** for the conformation determined
from the docking calculations. The atomic charge for the
transferring hydrogen was assigne®.36 for diabatic states g1 _ exp(—2 Roo—R.)) —
laand 2, and the atomic charge for C11 was adjusted to obtain " xv[BXPC 2y (Rey ~Rey))

and the Morse and anti-Morse potentials are

the correct overall charge for each of the four diabatic states. 2 exp=Pyy (Rey—Roy))]
Note that the solvent quantities are approximated to be 1
independent of the proton doneacceptor distanc® within Eyy = Eva [eXp(—2Byy (Rey —Ry)) + (13)
the relevant range. .
Gas-Phase Valence Bond Matrix ElementsThe gas-phase 2 expPxy (Rey —Ruy))]

valence bond matrix elements for the PCET reaction are based

on a linear. five-site model: For simplicity, the empirical Sato parametex was set to 0.5

for all pairs of atoms, similar to the value used previously.
75— Cp—H—0,— Fe, The values foiDcy and Don were determined to be 77 and 82
kcal/mol on the basis of the bond dissociation energies discussed
where the D and A subscripts denote donor and acceptor,in the Appendix. The values fgicy andfon were determined
respectively. The proton is transferred from the carbon atom to be 2.068 and 2.4427A to reproduce the typical experimen-
(Cp) of the linoleic acid to the oxygen atom fPof the Fe- tally measured €H and O-H frequencies of 2900 and 3500
bound OH ligand. The electron is transferred fromhgystem cm~L. The values foRY,, andR%,, were determined to be 1.09
of the linoleic acid £p) to the iron (Fg). The gas-phase valence and 0.96 A from typical experimentally measured bond lengths.
bond matrix elements are represented by molecular mechanicaln the first model studied, the €0 Morse parameters were
terms fit to electronic structure calculations and experimental chosen as followsR, = 2.83 A, the distance in a conforma-
data. We emphasize that this five-site model is used only to tion obtained from dockinddco = 8 kcal/mol, as used in related
provide molecular mechanical functional forms for the gas-phase LEPS potentialé* andfBco = 2.5 A1, corresponding to a Morse
matrix elements. The carbon, hydrogen, oxygen, and iron atomsfrequency of 415 cmt for a reduced mass of 6.86 g/mol, to be
are not linear in the conformation obtained from the docking consistent with the harmonic frequencies of the-Beand the
procedure, but the linear model provides a qualitatively reason- carbon atom C11 motions discussed below. In the Results and
able potential for fitting to experimental data. As described Discussion section, we discuss the dependence of the results
above, all atoms of the complex are included in the conforma- on the G-O Morse parameter®2, and Sco and present the
tions obtained from the docking procedure for the calculation results for an alternative model in whi&, = 3.0 A andfco
of solvation properties. =18 A1
The diagonal matrix elements of the gas-phase Hamiltonian
are expressed as

(40) Kuntz, P. J.; Nemeth, E. M.; Polanyi, J. C.; Rosner, S. D.; Young, C. E.
Chem. Phys1966 44, 1168-1184.
(41) Kim, Y.; Truhlar, D. G.; Kreevoy, M. MJ. Am. Chem. S0d.99], 113
(38) Skrzypczak-Jankun, E.; Bross, R. A.; Carroll, R. T.; Dunham, W. R.; Funk, 7837-7847.
J. M. O0.J. Am. Chem. So@001, 123 10814-10820. (42) Basilevsky, M. V.; Soudackov, A. V.; Vener, M. Chem. Phys1995
(39) Breneman, C. M.; Wiberg, K. Bl. Comput. Chem199Q 11, 361. 200, 87—106.
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The harmonic terms are included in eq 10 to confine the
carbon and oxygen atoms between the electron donor and
acceptor in a physically reasonable manner. In the first model 32
studied, the force constant forta'was chosen to be 366 kcal
mol~-1 A-2, corresponding to the experimentally measured value
for [Fe(H,0)]3".27 The equilibrium distance fotJf2T" was
chosen to be the value determined from the DFT B3LYP
calculations for the Fe(lllyOH state, as given in Table 1. The 26
force constant of 117 kcal mol A2 for U"¥™was determined
from a DFT B3LYP/6-31G** frequency calculation on an 24
optimized structure for linoleic acid, where the scaling fattor
of 0.96 was applied to the frequency (339 dinof the mode r(A)
representing the relevant vibrational motion of carbon atom C11.

The equilibrium distance fod">™was chosen to be 1.0 A. On

the basis of the equilibrium distances, the-Fe, distance was

fixed at 5.69 A for all diabatic states. Note that the frequency

of the G-0 vibrational motion is determined mainly by these .

harmonic frequencies in this model. In the alternative model <
X

S

343

3.0

R(A)

28

arm

mentioned above, the force constantslﬂﬂ@rom and U/f‘,c were
chosen to be 100 and 25 kcal mbA~2, respectively, and the
frequency of the €O vibrational motion was determined
mainly by the Morse paramet@eo. 24 ‘ v
The constanté\Ejp, AEz,, andAEy, are fit to reproduce the 6B B 040620 0 )
experimentally determined driving forces (i.e., reaction free D o
energies) for PT, ET, and PCET, respectively. As shown in the r(A)

Appendix, the resulting reaction free energies are estimated toFigure 4. Gas-phase EVB potential energy surface as a function of the
be: proton coordinate and the proton doneracceptor distanc® for (a) ET
: state 1, which is a mixture of diabatic statesahd b, and (b) ET state 2,

which is a mixture of diabatic states2nd .

AGST,, = 32 kcal/mol
oET and was refined to fit the experimental KIE for the PCET
AGy; .5, = 43 keal/mol (14) reaction afT = 303 K.

We emphasize that the gas-phase potential energy surface
for each ET diabatic state is a mixture of the PT diabatic states.
Specifically, the gas-phase potential energy surface for ET
diabatic state 1 is a mixture of the diagonal ternasabhd b
given in eq 10, where the degree of mixing is determined by
the off-diagonal terms. Moreover, each diabatic state is a
combination of LEPS potentials and additional harmonic terms.

AGER), = —5.4 keal/mol

The parametrized constantsE;,, AEz,, and AEy, are 36.07,
37.26, and—20.42 kcal/mol, respectively.
In this article, the couplings are of the form

_ _ T 0
()10 = (N)2a.20 = —Vexp-a(Reo ~ Reo) Thus, typically the equilibrium bond lengths and frequencies
(h.) =(h) = \ET (15) for the overall gas-phase potential energy surface are different
o1aza— Holib2 from the corresponding input parameters for the Morse poten-
(ho)1a20 = (hp)1p2a = VET o tials. The gas-phase potential energy surfaces are depicted in
Figure 4.

where the overlap integral= 0.5, as in the standard two-state

LEPS model for triatomic collinear systerffsThe exponential V. Results and Discussion

factora. = 1 A1 was chosen to reproduce tRec dependence Reorganization Energies.The inner-sphere reorganization
of the LEPS off-diagonal term for larger-€© distances: energy due to the Fdigand bonds was calculated from eq 9,
where the force constants were obtained from experimental data
(ho)1a.10 = (No)2a 2 and the bond length changes were determined from density
1 1 functional theory calculations on model compounds. The
~ E(QCH + Qon+ Qco) = Jeo T E(‘JCH +Jow) resulting inner-sphere reorganization energy is 19.1 kcal/mol.

As indicated in Table 1, the dominant contribution to this inner-
sphere reorganization energy arises from the difference in the
Fe(ll)—OH and the Fe(IB-OH, bond lengthg>4¢ Note that

this calculation provides only an estimate of the total inner-
sphere reorganization energy. The inner-sphere reorganization

(16)

The couplingVET = 0.019 kcal/mol was determined by fitting
to the experimental rate for the PCET reactiomat 303 K.

The couplingv®T = 19.5 kcal/mol was chosen to be similar in
magnitude to the couplings used in other related EVB models

(45) This contribution is significantly larger than an estimate based on the inner-
sphere reorganization enef§yfor the oxidation of Fe(ll)(HO) to

(43) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502-16513. Fe(Il)(H20)s because the ligand is changing from OH to Qtdring the
(44) Glasstone, S.; Laidler, K. J.; Eyring, fihe Theory of Rate Processes PCET reaction.
McGraw-Hill: New York, 1941. (46) Bu, Y.; Liu, S.; Song, XChem. Phys. Lettl994 227, 121—-125.
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energy due to the Fdigand bonds is expected to be somewhat 1000
smaller in the protein than in the gas phase. Moreover, the Hydrogen
reorganization of the linoleic acid substrate may also contribute A © R Q
to the total inner-sphere reorganization energy. At the end of 100 E 7
this section, we discuss the dependence of the results on the T
inner-sphere reorganization energy and show that the temper- o}
ature dependence of the KIE is reproduced qualitatively for C‘g 10
inner-sphere reorganization energies of-B0 kcal/mol, but the 80 . o Deuterium
temperature dependence of the rates increases as the inner-sphere ° fa A O Q

reorganization energy increases mainly due to an increase in . 2
the free energy barrier.

We calculated the outer-sphere reorganization energies due
to the protein with the FRCM method for conformations with 120 i
C—O distances of 2.83, 3.0, and 3.2 A. The calculated diabatic
outer-sphere reorganization energies for PA{11b), ET (1a E 100
— 2a), and EPT (& — 2b) are 1.8, 3.8, and 2.4 kcal/mol, A O
respectively, for the conformation with a«© distance of 2.83 80 | o i
A. The calculated diabatic solvent reorganization energy for EPT y o
varied by less than 0.3 kcal/mol for the three different o
conformations, and therefore we concluded that the solvent 60 ' '

o . - o : 3.1 3.3 3.5 3.7
reorganization energies are not sensitive to the specific choice )
of conformation. These outer-sphere reorganization energies are 1000/T (K)
small compared to those calculated for analogous reactions inFigure 5. Temperature dependence of the rates and KIEs for multistate

polar solvents because the dielectric constant for the protein iscontinuum theory calculations with a classical treatment of the proton
donor-acceptor vibrational motion. The experimental data are denoted with

relatively small. Furthermore, the outer-sphere reorganization gircles, and the theoretical results are denoted with triangles. The calculations
energy is smaller for EPT than for ET because the electron anduse the original parameter set. The equilibrium@distance and frequency
proton are transferred in the same direction. The EPT reactionareR’ = 2.88 A andw;’ = 511 cn?, and the dominant €0 distance is
corresponds to a net hydrogen atom reaction, which involves gFom = 2.69 A

smaller change in the solute charge distribution than does the 75
ET reaction.

Classical Treatment of Donor-Acceptor Motion. We
calculated the rates and KIEs for the overall PCET reaction using
the multistate continuum theory. The first step was to generate
the two-dimensional free energy surfaces corresponding to the
solvated reactant and product vibronic states as functions of
the solvent coordinates andz. for a series of doneracceptor
distancesR along a grid. Using the parameters given in the
previous section, we found that the equilibrium-O distance 25 I ) ] N
and frequency ar&® = 2.88 A andw? = 511 cm! at the -0.5 Y 0.5
minimum of the lowest energy reactant free energy surface. This I (A)

frequency was calculated from the second derivative with resF)ectFigure 6. Reactant and product proton potential energy curves (black) and

to Rusing a reduced mass of 6.86 g/mol corresponding to carbonine associated proton vibrational wave functions (red) for the lowest energy
and oxygen. Note that this frequency represents the local reactant and product states at the lowest energy intersection point of the

vibrational motion of the carbon and oxygen atoms and is not tWo-dimensional free energy surfaces R 2.69 A. The overlap of these.
hydrogen vibrational wave functions is 0.0093, and the corresponding

directly related to a “gating” frequency of the protein as overlap of the deuterium vibrational wave functions is 0.00086.
discussed in ref 12. Nevertheless, the protein motion is expected
to influence the local proton doneacceptor vibrational motion.  below, this agreement with experimental data can be achieved
As discussed above, five parameters were fit to five experi- for a range of physically reasonable parameter values.
mentally determined quantities. Specifically, the relative energies We examined the origin of the unusually large KIE for this
AE1, AE2,, andAEz, were fit to the experimentally determined ~ reaction. We found that the dominant contribution to the rate
reaction free energies in eq 14, and the coupligsand VPT in eq 8 arises from the lowest energy reactant and product
were fit to the experimental rate and KIE &t= 303 K. No vibronic states. The hydrogen potential energy curves and the
other parameters were adjusted_ The temperature dependenc@SSOCiated proton vibrational wave functions for these vibronic
of the rates was calculated from eq 8. (For simplicity, all input States are depicted in Figure 6. The relatively small overlap
guantities were assumed to be independent of temperature.) Théetween these two wave functions leads to a large KIE. As
resulting temperature dependences of the hydrogen and deutediscussed previously, the KIE for each pair of states is
rium rates, as well as the KIE, are depicted in Figure 5. This approximately proportional to the square of the ratio of the
figure illustrates that the calculated rates and KIEs agree with
the experimental data for these parameter values. As discusse

odopo

o B>
o>

50

25

Free Energy (kcal/mol)

847) lordanova, N.; Hammes-Schiffer, §.Am. Chem. So2002 124, 4848-
4856.
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Figure 7. Analysis of the theoretical calculations with a classical treatment 60 L L
of the proton donoracceptor vibrational motion. (a) Contribution to the 3.1 33 3.5 3.7
overall rate as a function of the proton dor@cceptor distanc® The -1
overall rate is obtained by integration of this function. The dominant 1000/T (K ')
contribution to the overall PCET rate corresponds to the dist®age= Figure 8. Temperature dependence of the rates and KIEs for multistate

2.69 A. (b) The square of the couplind, (dashed) and the Boltzmann  continuum theory calculations with a fixed proton doracceptor distance.
probability Pio (solid) for the lowest energy reactant and product states as The experimental data are denoted with circles. The theoretical results were

functions of the proton doneracceptor distanc®. The equilibrium donor generated with fixed proton doneacceptor distances dR = 2.7 A
acceptor distance on the lowest energy reactant free energy surifce is (triangles) and 2.8 A (squares).
2.88 A.

acceptor distance for the overall PCET reaction is determined

overlap for hydrogen to the overlap for deuterium. This ratio by a balance between the larger coupling and the smaller
increases as the vibrational wave function overlap decreasesBoltzmann probability as the distance decreases.
Moreover, since the vibrational overlap is smallest for the  Fixed Donor—Acceptor Distance.To further analyze the
reactive channel involving the lowest energy reactant and role of the proton doneracceptor vibrational mode, we
product vibronic states, the overall KIE decreases as the calculated the rates and KIEs for fixed doraicceptor distances
contributions from channels involving higher energy vibronic of R = 2.7 and 2.8 A using eq 2. As for the previous
states increase. Thus, the unusually large KIE for lipoxygenasecalculations, the relative energies of the four diabatic states were
is due to the relatively small overlap of the vibrational wave fit to the experimentally determined reaction free energies in
functions and the dominance of the lowest energy reactant andeq 14, and the coupling&" andVFT were fit to the experimental
product vibronic states in the tunneling process. rate and KIE, respectively, al = 303 K, but no other

We investigated the importance of the proton derexceptor parameters were adjusted. Figure 8 illustrates that the experi-
vibrational motion to the PCET rate. As mentioned above, the mental temperature dependence of the rates and KIEs can be
equilibrium proton donoracceptor distance iR = 2.88 A reproduced for the fixed proton doneacceptor distance d?
for the lowest energy reactant free energy surface. In contrast,= 2.7 A. Note that this doneracceptor distance is similar to
the dominant contribution to the overall PCET rate (eq 8f at the distance corresponding to the dominant contribution to the
= 303 K arises from a proton doneacceptor distance &jom overall PCET rate calculated with eq 8 but is considerably
= 2.69 A, as illustrated in Figure 7a. The dominant proton smaller than the equilibrium doneacceptor distance for this
donoracceptor distance is0.02 A smaller for deuterium than ~ model.
for hydrogen and varies by0.02 A over the temperature range Figure 8 also illustrates that the experimental temperature
studied. Figure 7a indicates that the contribution from the dependence of the KIEs is not reproduced for the fixed proton
equilibrium donor-acceptor distance dR’ = 2.88 A to the donor-acceptor distanc® = 2.8 A. Specifically, the slope of
overall PCET rate is negligible. We analyzed the various terms the KIE as a function of I7is much larger foR = 2.8 A. For
in the rate expression to understand the origin of this phenom- shorter proton doneracceptor distances, the temperature
enon. The reaction free energies and the reorganization energieslependence of the KIE is weaker than the experimentally
do not depend strongly on the proton donacceptor distance.  observed temperature dependence. For the fixed proton ¢onor
As illustrated in Figure 7b, the coupling,, given in eq 7 acceptor distance & = 2.6 A, we were unable to reproduce
increases significantly as the proton donacceptor distance  the high KIE of 81 atT = 303 K due to the large overlap
decreases. This increase in the coupling is due mainly to thebetween the reactant and product hydrogen vibrational wave
increase in the overlap between the reactant and product protorfunctions at this shorter distance. Analysis of the terms in the
vibrational wave functions aR decreases. On the other hand, rate expression indicates that at larger proton deagceptor
the Boltzmann probability,,(R) has a maximum &R ~ 2.88 distances, the excited vibronic states contribute more signifi-
A, as depicted in Figure 7b. The dominant proton denor cantly to the overall rate. In general, the relative contributions
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of the vibronic states are determined by a competition betweenresults are sensitive to the—<® equilibrium distances and
the coupling, which favors the higher states, and the free energyfrequencies on the free energy surfaces representing the reactant
barrier, which favors the lower states in the normal Marcus and product vibronic states. These properties of the free energy
region. As the proton doneracceptor distance increases, the surfaces are determined mainly by thef& andz—C force
coupling for the lowest energy reactant and product statesconstants and the-80 Morse parameters. We emphasize that
decreases due to the averaging over the reactant and produdghe C-O equilibrium distances and frequencies on the free
vibrational wave functions, thereby leading to greater contribu- energy surfaces are not determined solely by theédOMorse
tions from the excited vibronic states. Moreover, the relative parameters but rather are strongly influenced by the other terms
contributions of the excited states are different for hydrogen in the EVB potential such as the £& andsz—C frequencies.
and deuterium and depend strongly on the temperature. ThisWe performed a detailed analysis based on systematic variation
analysis suggests that the proton denacceptor vibrational of these parameters.
motion plays a vital role in decreasing the dominant proton  For the first model studied, the F® and 7—C force
donor-acceptor distance relative to its equilibrium value to constants were chosen to correspond to physically reasonable
facilitate the reaction. frequencies for those types of modes. For these parameter values,
Quantum Treatment of Donor—Acceptor Motion. We the results were relatively insensitive to the choice of theQC
have also performed multistate continuum theory calculations Morse parametelico because the FeO and 7x—C force
in which the donoracceptor vibrational motion is treated constants dominated the overalt-O frequency. The temper-
guantum mechanicalRf In this case, the vibrational wave ature dependence of the rates and KIEs are reproducgidor
functions depend on the hydrogen coordinasand the proton = 1.21-3.62 A1, which corresponds to-€0 Morse frequen-
donor-acceptor distanck, and the rate expression has the same cies of 206-600 cnt* and G-O frequencies on the free energy
general form as eq 2. The results obtained with the quantum surfaces ofw] = 460-580 cml. Although the results are
treatment of the doneracceptor mode for two different relatively insensitive tQ3¢co for these Fe-O andsz—C force
parameter sets are provided in Supporting Information. For the constants, the results are very sensitive to the value of @ C
original parameter set used to generate Figure 5 with the Morse parameteRo, which influences the equilibrium €0
classical treatment of the doneacceptor mode, the quantum  distance. The results f&, = 3.0 A, which corresponds to an
treatment slightly overestimates the rates and underestimatesquilibrium C-0O distance on the free energy surfaceRif=
the KIEs, but the temperature dependence of the rates and KIE3.05 A, are provided in Supporting Information. In this case,
agree well with the experimental data and the classical treatmentthe slope of the temperature dependence of the KIE is too large,

of the donoracceptor mode. When the couplings™ andVFT and the dominant proton doneacceptor distance contributing
were adjusted slighthyMET = 0.022 kcal/mol and/’T = 18.25 to the rate isRgom = 2.79 A, which is significantly larger than
kcal/mol) to fit the experimental rate and KIE at= 303 K, the dominant distance oRgom = 2.69 A for the original

the results obtained with the quantum treatment of the denor parameter set. We found that the slope of the temperature
acceptor mode agree well with the experimental data. dependence of the KIE increases as the dominant proton-€onor

Parameter DependenceWe investigated the dependence of acceptor distance increases, because the contributions of the
the results on the reorganization energies. As mentioned abovegxcited vibronic states increase for larger distances. The physical
the outer-sphere reorganization energy was calculated with thebasis for this observation is described above in the discussion
FRCM method for several different conformations correspond- of the calculations with fixed proton doneacceptor distances.
ing to proton donoracceptor distances &= 2.8-3.2 A. The Alternative Model. We have also developed an alternative
diabatic outer-sphere reorganization energies for EPT weremodel that allows larger equilibrium -G0 distances. As
found to be the same to within 0.3 kcal/mol for these different discussed above, the equilibrium-© distance and frequency
conformations. The calculation of the inner-sphere reorganiza- areR’ = 2.88 A andw; = 511 cntin the first model studied.
tion energy of 19.1 kcal/mol is not straightforward because it This equilibrium C-O distance oR} = 2.88 A is significantly
is based on relatively small changes in bond lengths for DFT smaller than the sum of the corresponding van der Waals radii
calculations and neglects the inner-sphere reorganization energyf ~3.2 A. In the alternative model, the harmonic teruﬁfom
of the linoleic acid. The rates and KIEs for inner-sphere and U"™ are chosen to be relatively small and are not
reorganization energies #f, = 10 kcal/mol andii, = 30 kcal/ associated with any physical properties. In this case, the
mol are provided in Supporting Information. The temperature equilibrium G-O frequency on the free energy surface is
dependence of the KIE is reproduced reasonably well for inner- determined mainly by the frequency associated with thedC
sphere reorganization energies in the rahge= 10-30 kcal/ Morse potential (i.e., the parametBec) and represents an
mol, although the slope increases slightly as the inner-sphereeffective frequency resulting from motions of the substrate,
reorganization energy increases. The magnitude of the slope ofprotein, and iron complex. We found that the equilibrium@
the temperature dependence of the rates increases as the innefrequency must be decreased significantly to fit the data for
sphere reorganization energy increases mainly due to an increasgirger equilibrium G-O distances. The outer-sphere reorganiza-
in the free energy barrier. tion energies were calculated for a conformation with-aGC

We also investigated the dependence of the results on thedistance of 3.0 A. The coupling¢s™ and VP were fit to the
gas-phase EVB potential parameters. TheHaand O-H Morse experimental rate and KIE, respectively, Bt= 303 K. The
parameters are determined by experimentally determined fre-results obtained with this alternative model are provided in
guencies, bond lengths, and dissociation energies. Variation ofSupporting Information. For this model, the equilibrium-O
these parameters within the physically reasonable range doeslistance and frequency aR¢ = 3.05 A andw} = 284 cnr?,
not significantly influence the results. On the other hand, the respectively, on the lowest energy reactant free energy surface.
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The dominant proton donefacceptor distance contributing to  expression depend on the proton donacceptor distance.
the rate isRqom = 2.69 A, which is identical to the dominant  Moreover, the anharmonicity of the dorescceptor motion is
distance for the smaller equilibrium-@ distance oR’ = 2.9 included by using a Morse potential to describe the proton
A. These results indicate that the temperature dependence oflonoracceptor motion in the diabatic states. In addition,
the KIE can be reproduced by larger equilibriumQ distances Klinman and co-workers treated the gating mode classically,
if the C—0O frequency is low enough to allow the dominant whereas we performed calculations with both classical and
distance contributing to the rate to Bgm~ 2.7 A. As discussed  quantum treatments of the proton doracceptor mode.

above, the dominant distance is determined by a balance The parametrization of the potential energy term describing
between the coupling and the Boltzmann probability. the donot-acceptor motion also differs for the two approaches.
Comparison to Previous CalculationsPreviously, Klinman Klinman and co-workef@ represent the gating mode with a
and co-worker¥ applied a simpler tunneling theory to this  mass of 110 g/mol, corresponding to the mass of an amino acid,
reaction. This previous application used an equatibased on  and a frequency of 400 cth The present calculations represent

Marcus theory for ET with only two electronic states, rather the donor-acceptor mode with a mass of 6.86 g/mol, corre-
than the four diabatic electronic states used in the multistate Sponding to the reduced mass of carbon and oxygen, and a

continuum theory for PCET. In the two-state formulat?@ﬁ:? frequency of 306500 cntl. The force constant used in

the reorganization energies and reaction free energies arecjinman and co-workers’ calculations is more than a factor of
assumed to be the same for all pairs of vibronic states, and the10 |arger than the effective force constant based on the second
electronic coupling is separable from the proton vibrational wave derivative of the free energy surface with respect to the denor
functions. In the four-state formulatii® the reorganization  acceptor distance used in the present calculations. Thus, the
energies and reaction free energies differ for each pair of motion is much stiffer for the gating mode in Klinman's
vibronic states because of variations in the relative weights of cgjculations than for the doneacceptor mode in the present
the PT diabatic states, and the electronic coupling is not cajculations. As a result of this stiffer motion of the gating mode,
rigorously separable from the proton vibrational wave functions e equilibrium tunneling distance (defined in ref 12 as the
because it depends on the proton coordinate. separation between the minima of the donor and acceptor wells
The present approach differs from Klinman and co-workers’ zjong the hydrogen coordinate) is required to be smaller in
approach in the treatment of the proton coordinate. In Klinman glinman and co-workers’ calculations than in the present
and co-workers’ approacti the proton potential is assumed to  calculations. Klinman and co-workers’ calculations required a
be harmonic with the same frequency for both the reactant anddono&acceptor distance of 2.8 A, whereas we are able to
product. Thus, the overlap reduces to an integral over harmonicreproduce the experimental temperature dependence with an
oscillator wave functions, and the energies of the proton equilibrium donor-acceptor distance of 3.1 A in conjunction
vibrational states are assumed to be equally spaced. Thisyith an equilibrium donor-acceptor frequency of 300 crh
previous approach neglects changes in the shape of the protor\igreover, the equilibrium doneracceptor distance can be

potential (i.e., the tunneling barrier) due to the proton denor  jncreased further if the frequency is decreased within the
acceptor vibrational motion. In the present approach, however, framework of our theoretical formulation.

Eagh diabatic Stat? |nhcll(dees a Motrse potg?glal for tne o{on?r-l Many of the conclusions in the present article are similar to
ydrogen oracceptor-nydrogen motion, and the overall potentialy, 5o of Kjinman and co-worket8.To fit the experimental

energy surface is a mlxtur_e of these diabatic state_s._ Thus, thekinetic data, Klinman and co-workers used a total reorganization
potential energy surface _mcludes th_e anharmonicity of the energy of 19.5 kcal/mol, which is similar to our calculated value
hydrogen motion and provides a phy_S|caIIy reasonable descnp-of 21.0 kcal/mol for the lowest energy reactant and product
tion of the_dependence of the.barner on the proton ‘?'enor PCET states. Note that we calculated the inner-sphere and outer-
acceptor distance. Moreover, in the present formulation the sphere reorganization energies independently with quantum

.COlljp(ljlngtLS ((;ialculaged by fntl;melncil |nltegrat|(|)ln of et?] 7 antd mechanical methods. Klinman and co-workers were also able
Includes the dependence of Ine electronic coupling on the proton,, & ¢ temperature dependence of the KIE without inclusion

\r/;vo?/rdlpa:]tetiai wgll_lhasrther annr;gr?onnlcnefrfeicts 'nn:jh? wb;atrl]ofrr\al of the proton donoracceptor vibrational motion if they used a
ave functions. the reorganization €nergies and reaction fre€, , . hydrogen transfer distance.

energies are calculated numerically for each vibronic state s | | lusi ¢ h K of Kii q
without the assumption of equal spacing for the energies of the evera ceqtra conclusions from the work o Kmman an
co-workerd? differ substantially from the conclusions of the

hydrogen vibrational states. .
present work. Klinman and co-workers conclude that the rates

The present approach also differs significantly from Klinman . .
and co-workers' approach in the treatment of the proton denor and KIEs will become more temperature-dependent as the gating
f frequency decreases because a larger range of dacoeptor

acceptor mode, which is denoted the “gating” coordinate in ref = - : .
distances will be thermally accessible for lower frequencies.

12. In Klinman and co-workers’ approa¢hpnly the Franck 8 . .
eAccordlng to ref 12, decreasing the frequency of the gating mode

Condon overlap term depends on the gating coordinate, and th ¢ .
motion of the gating coordinate is assumed to be harmonic. In increases the temperature dependence of the tunneling distance,
hich is different for hydrogen and deuterium, leading to a

the present formulation, the overall free energy surfaces depend”/ )
on the proton doneracceptor distance because diagonal and 9réater temperature dependence of the KIE. Their model
off-diagonal gas-phase valence bond matrix elements dependndicates that an extremely stiff gating frequency is required to
on the donoracceptor coordinate. Thus, the reorganization '€Produce the experimental data for wild-type SLO (i.e., gating

energies, reaction free energies, and couplings in the ratedoes not significantly modulate thg hyo!rogen trgnsferdistanc_e).
Thus, they conclude that the active site for wild-type SLO is

(48) Kuznetsov, A. M.; Ulstrup, XCan. J. Chem1999 77, 1085-1096. highly preorganized with a relatively short proton donor
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acceptor distance. In the present work, the temperature dependfree energies were used in conjunction with the multistate
ence of the KIE is found to be strongly influenced by the denor  continuum theory to calculate the rates and KIEs for the PCET
acceptor distance with the dominant contribution to the overall reaction.

rate. The KIE becomes more temperature dependent as this The temperature dependence of the calculated rates and KIEs
dominant distance increases because excited vibronic states plays in agreement with the experimental data. A detailed analysis
a greater role at larger distances. (This phenomenon is discusse@f the terms in the PCET rate expression provides further insight
above in the context of calculations with fixed proton donor into the mechanism. The lowest energy reactant and product
acceptor distances.) The relative contributions of these excitedyibronic states were found to represent the dominant contribution
states depend strongly on temperature and vary for hydrogento the overall rate. The weak temperature dependence of the
and deuterium. Within the framework of our theoretical rates is due to a relatively small free energy barrier, which
formulation, the dominant distance depends on the equilibrium derives from a balance between the total reorganization energy
donor-acceptor distance and frequency. For a physically and the reaction free energy. The temperature dependence of
reasonable equilibrium doneacceptor distance, the temperature  the rates was found to increase for larger values of the inner-
dependence of the KIE increases as the frequency increasegphere reorganization energy mainly due to an increase in the
because the dominant doreacceptor distance increases (i.€., free energy barrier. The unusually high KIE of 81 results from
smaller donot-acceptor distances are not thermally accessible). the small overlap of the reactant and product proton vibrational
We are able to reproduce the experimental data for wild-type wave functions and the dominance of the lowest energy reactant
SLO with a larger equilibrium doneracceptor distance by  and product vibronic states in the hydrogen tunneling process.
decreasing the corresponding frequency. We conclude that the \ya 4150 investigated the role of the proton doracceptor
relatively low-frequency doneracceptor vibrational motion'is iy ational motion in this PCET reaction. The effects of the

critical in SLO to decrease the doremcceptor distance from 100 donor-acceptor vibrational motion were examined with
its equilibrium value to allow hydrogen tunnel_lng. both a classical treatment involving thermal averaging over the
Solomon and Lehnert also used computational methods 10 44 acceptor distances and a quantum mechanical treatment
study this reaction: As mentioned above, their density . e donor-acceptor mode. The results obtained from the
functional theory calculations indicate that the reaction occurs classical and quantum treatments were qualitatively similar.
through a PCET mechanism in which the electron transfers from Thus, the quantum mechanical effects associated with the
the-system of the substrate to the iron as the proton tranSferSdonor—acceptor mode are not critical for the description of the
frgm the carbon to the_ oxygen._This conclus_ion is consiste_nt temperature dependence of the rates and KIEs within the
with the thermodynamic analysis presented in the Appendix. rg|eyant temperature range. For the classical treatment, the
Solomon and Lehnert also observed that the calculated energyy,minant contribution to the overall PCET rate was found to
barriers for this process depend strongly on the proton denor ., esnond to a proton doneacceptor distance that is consid-
acceptor distance. The calculated barrier for hydrogen transfereramy smaller than the equilibrium doreacceptor distance

IS 30 keal/mol at the stated (_:rystallogrgphm donacceptor in this model. Analysis of the results indicates that the dominant
distance of 3.0 A, but protein fluctuations are expected 10 104 donor-acceptor distance is determined by a balance
decrease the distance and thereby lower the barrier. Solomory .\ een the larger coupling and the smaller Boltzmann prob-
and Lehnert hypothesize that the hydrogen transfer reaction injjity as the distance decreases. Although the dominant proton
SLO occurs at a doneracceptor distance of2.7 A with a donor-acceptor distance is energetically unfavorable relative
barrier of 15 kcal/mol including zero-point energy corrections. ;o ha equilibrium distance, this dominant distance is sampled

A simple hydrogen tunneling model is used to explain the small y, ;41 thermal fluctuations and contributes significantly to the
activation energy that was observed experimentally. The hy- oo o1 rate due to the large coupling

drogen transfer doneracceptor distance proposed by Solomon

and Lehne#t is consistent with the results of the present work. For comparison, we also performed calculations for fixed

proton donot-acceptor distances. We found that the temperature
V. Conclusions dependence of the rates and KIEs could be reproduced with a
In this article, we applied a multistate continuum theory to fixed proton donor-acceptor distance that is similar to the
the PCET reaction catalyzed by the enzyme SLO. The inner- dominant distance in the calculations including the proton
Sphere reorganization energy of the iron cofactor for the PCET dOﬂOI"_aCCEPtOT vibrational motion. On the other hand, we were
reaction was estimated to bel9 kcal/mol based on DFT  unable to reproduce the temperature dependence of the KIEs
B3LYP calculations on a model system. The diabatic outer- With the larger equilibrium proton doneacceptor distance for
sphere reorganization energy of the protein for EPT was this model. Our analysis indicates that the experimental tem-
calculated to be 2.4 kcal/mol with the frequency-resolved cavity Perature dependence cannot be reproduced with the proton
model for a conformation obtained from docking simulations. donor-acceptor distance fixed at its equilibrium value due to
These calculations indicate that the inner-sphere reorganizationthe increased contributions of the excited vibronic states for
energy is significantly larger than the outer-sphere reorganizationthe larger donoracceptor distances. The relative contributions
energy of the protein for this process. The free energy of reaction of these excited states are different for hydrogen and deuterium
for PCET was estimated to be5.4 kcal/mol from experimen- ~ and vary significantly with temperature.
tally determined thermodynamic properties. In contrast, the free  Thus, this study illustrates that the proton donacceptor
energies of reaction for ET and PT were estimated to be vibrational motion plays a vital role in decreasing the dominant
substantially endothermic. This thermodynamic analysis implies donor-acceptor distance relative to its equilibrium value to
that the electron and proton transfer simultaneously rather thanfacilitate the PCET reaction. We reproduced the experimentally
sequentially. The reorganization energies and estimated reactiordetermined temperature dependence of the rates and KIEs with
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two different models. In the first model, the equilibrium-O Electron Transfer. The electron transfer reaction from
distance and frequency are 2.9 A and 500 &mespectively. linoleic acid to the iron complex is

In the second model, the equilibrium—© distance and

frequency are 3.1 A and 300 c respectively. For both CH + HO—Fe(lll) =~ CH" + HO—Fe(ll) (A1)

models, the proton donemacceptor distance with the dominant _ _

contribution to the overall rate is 2.7 A. For the range of Equation Al is the sum of eqs A2 and A3:
temperatures studied, the temperature dependence of the KIE N -

is determined largely by this dominant dor@cceptor distance. CH—CH +e (A2)
The dominant distance is determined by numerous factors, - - HA_

including the equilibrium doneracceptor distance and fre- HO—Fe(lll) +e HO—Fe(Il (A3)
quency. Within the framework of this theoretical formulation, The reduction potential for eq A2 E° = 2.7 V/ (vs NHE) for
the frequency of the donemcceptor vibrational mode mustbe  arachidonic acid in acetonitrifé.We estimate that the potential
decreased as the equilibrium donacceptor distance is in- || be lower in water by approximately 0.4 ¥,leading toE®

creased to maintain the same dominant dersmceptor distance  — o 3y (vs NHE) in water. Equation A3 is the sum of egs A4
for the overall rate. and A5:

These calculations lead to several general predictions con-
cerning the rates and KIEs of PCET reactions in enzymes. The HO—Fe(lll) + & + HT — H,0—Fe(ll) (A4)
temperature dependence of the rates is determined mainly by
the free energy barrier, which depends on the reorganization H,O—Fe(ll) — HO—Fe(ll) + HT (A5)

energy and the reaction free energy. The magnitude of the KIE

increases as the overlap between the reactant and producthe reduction potential for eq A4 in SLO1E = 0.6 V at pH
hydrogen vibrational wave functions decreases and the contribu-= 851 leading toE° = 0.6 + 0.059(8) V= 1.1 V at pH= 0.
tions of excited vibronic states decrease. As the proton donor The K, for H,O—Fe(ll) in SLO1 has been determined to be
acceptor distance increases, typically the overlap between the>11 52 Using a (K, of 11.5, AG® = 1.368 [K, kcal/mol =
reactant and product hydrogen vibrational wave functions 1573 kcal/mol. Therefore, the overall free energy of the reaction
decreases and the contributions of excited vibronic statesin eq Al is estimated to bAG® = [—23.061¢2.3+ 1.1) +
increase. Thus, if all other factors remain constant, this theory 15 73] kcal/mol= 43 kcal/mol.

predicts that the temperature dependence of the KIE will increase  proton Transfer. The proton transfer reaction from linoleic
as the dominant donetacceptor distance increases. In general, acid to the hydroxide ligand on iron in SLO1 is

however, the magnitude of the KIE is determined by a complex

balance of numerous factors, including the dominant proton  cH + [HO—Fe(lI)]*" — C ™ + [HZO—Fe(III)]3+ (AB)
donor-acceptor distance, the reorganization energy, the reaction

free energy, and the electronic couplings. Similarly, the tem- Equation A6 is the sum of eqs A7 and AS8:
perature dependence of the KIE is strongly influenced by the

dominant proton doneracceptor distance but also depends on CH—C +H" (A7)
other factors such as the reorganization energy, reaction free ot . .
energy, and electronic couplings. [HO—Fe(lN]"" + H" — [H,O—Fe(llN)] (A8)

Although these model calculations provide insight into the
fundamental principles of the PCET reaction catalyzed by SLO, The free energy of the reaction in eq A7 for 1,4-pentadiene in
a number of important issues remain unresolved. The detailedDMSO is estimated to be 43 kcal/mol (where the enthalpy was
mechanism by which the protein environment facilitates the measured to be 40 kcal/mol and the entropy contribution is
PCET reaction is not well understood. Moreover, the role of approximated as 3 kcal/md#j Estimating a decrease in thi&p
dynamical effects in this reaction has not been investigated. of ~3 units in water relative to DMSE&5° the free energy of
Hybrid quantum/classical molecular dynamics simulations the reaction in eq A7 for linoleic acid in water is estimated to
including the explicit protein can be used to address these issuesbe AG® = 39 kcal/mol. The [, for H,O—Fe(lll) in SLO1 has
In addition, these types of simulations may be used to elucidatebeen determined to be6.¢ Using a K, of 5, AG® = —1.368
the impact of enzyme mutations on the overall reaction. pKa kcal/mol = —6.84 kcal/mol for the reaction in eq A8.
Therefore, the overall free energy of the reaction in eq A6 is
Acknowledgment. This work was supported by NIH Grant ~ estimated to beAG® = [39 — 6.84] kcal/mol= 32 kcal/mol.
GM56207 and NSE Grant CHE-0096357. We thank Justine PCET. The PCET reaction from linoleic acid to the iron
Roth and Judith Klinman for helpful discussions, and we are complex in SLO1 is
grateful to Justine Roth for assistance in the estimation of the
thermodynamic properties given in the Appendix. CH + HO—Fe(lll) — C* + Fe(ll)—OH, (A9)
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Equation A9 is the sum of eqs A10 and Al1l:

Fe(l)—OH + H*— Fe(Il)~OH, (A10)
CH—C'(ag)+ H° (A11)

On the basis of the reduction potenttabf eq A4 and the
conversion to an aqueous bond enthdpyhe free energy
change associated with eq A10 is estimated taA\B8 = —82
kcal/mol!? The bond strength of 1,4-pentadiene is 76.6 kcal/

mol %8 and assuming negligible entropy change upon reaction,

(57) Mayer, J. MAAcc. Chem. Red.998 31, 441-450.

AG® = 76.6 kcal/mol for the reaction in eq All. Therefore,
the overall free energy of the reaction in eq A9 is estimated to
be AG°® = [—82 + 76.6] kcal/mol= —5.4 kcal/mol.

Supporting Information Available: Four figures depicting
the temperature dependence of the rates and KIEs are provided
to illustrate the parameter dependence of these results, and a
table with the Ahrrenius activation energies for the various
models is also provided (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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(58) Clark, K. B.; Culshaw, P. N.; Griller, D.; Lossing, F. P.; Simoes, J. A. M.;
Walton, J. C.J. Org. Chem1991, 56, 5535-5539.
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