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Proteins and Their Models
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ABSTRACT The vibronic theory of activation and quantum chemical intermediate neglect of differential overlap (INDO)
calculations are used to study the activation of carbon monoxide (change of the C-0 bond index and force field constant) by
the imidazole complex with heme in dependence on the distortion of the porphyrin ring, geometry of the CO coordination,
iron-carbon and iron-imidazole distances, iron displacement out of the porphyrin plane, and presence of the charged groups

in the heme environment. It is shown that the main contribution to the CO activation stems from the change in the a donation
from the 5a CO orbital to iron, and back-bonding from the iron to the 2e* orbital of CO. It follows from the results that none

of the studied distortions can explain, by itself, the wide variation of the C-0 vibrational frequency in the experimentally
studied model compounds and heme proteins. To study the dependence of the properties of the FeCO unit on the presence

of charged groups in the heme environment, the latter are simulated by the homogeneous electric field and point charges of
different magnitude and location. The results show that charged groups can strongly affect the strength of the C-0 bond and
its vibrational frequency. It is found that the charges located on the distal side of the heme plane can affect the Fe-C and C-O
bond indexes (and, consequently, the Fe-C and C-0 vibrational frequencies), both in the same and in opposite directions,
depending on their position. The theoretical results allow us to understand the peculiarities of the effect of charged groups

on the properties of the FeCO unit both in heme proteins and in their model compounds.

INTRODUCTION

Heme proteins (HPs) play central roles in the life of or-
ganisms (Eichom, 1973). The major classes of heme pro-
teins share the same prosthetic group, heme IX, but differ in
the axial coordination of the iron and the distal environment
of the heme. In myoglobins (Mbs), hemoglobins (Hbs),
peroxidases, and b- and c- cytochromes, imidazole (Im) is
one of the iron axial ligands. In Mb and Hb the sixth
coordination position is empty or weakly ligated by the
solvent. The process of coordination of diatomic molecules
by some kinds of HPs lies at the basis of their very impor-
tant ability to store and transport them. The coordination of
diatomics leads also to their activation (change of inter-
atomic distance, force field constant, and activation barrier
of dissociation). For example, cytochrome P-450 breaks the
0-0 bond of coordinated dioxygen (Ullrich, 1979). In this
case the energy required to cleave this bond in the coordi-
nated state decreases by one order of magnitude in compar-
ison to free 02
The nature of the proximal iron ligand, hydrogen bonds,

steric and electrostatic interactions of the distal heme envi-
ronment with the diatomics, and the geometry of coordina-
tion of the latter are the essential factors through which the
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protein regulates their storage, transport, or catalytic activ-
ities. One major problem is that of discriminating between
the different factors affecting these properties of HPs.
The infrared and resonance Raman spectroscopies allow

us to investigate directly the effects of the proximal and
distal heme environment on the activation of diatomics by
HPs. These methods, applied to carbonmonoxy complexes
of HPs and their models (for reviews, see Babcock, 1988;
Yu and Kerr, 1988; Ray et al., 1994), showed that even in
Hbs, Mbs, and their models containing a complex of car-
bonylheme with neutral imidazole, Fe(P)(Im)(CO), the C-O
and Fe-C stretching frequencies (vcO and vFec) vary within
a very wide range, from 1932 to 2014 cm-' and from 486
to 514 cm-1, respectively. Several mechanisms were in-
voked to explain these variations of vco and vFec. It was
assumed, first, that they can be caused by the electron
donor-acceptor interactions between the proximal nitrogen
of the distal histidine and the coordinated carbon monoxide
(Maxwell and Caughey, 1976; Makinen et al., 1979; Fuchs-
man and Appleby, 1979; Ray et al., 1994). However, the
distance between the distal histidine and carbon monoxide
(-3 A) seems to be too large to provide an effective
electron density transfer from the former to the latter (Han-
son and Schoenborn, 1981; Kuriyan et al., 1986; Cheng and
Schoenbom, 1991; Cameron et al., 1993; Quillin et al.,
1993, 1995; Jewsbury and Kitagawa, 1994, 1995; Li et al.,
1994).

Second, the distortion of the CO coordination geometry
due to the steric interaction with the distal environment was
considered to be another cause of the dependence of the
FeCO properties on the protein structure (Maxwell and
Caughey, 1976; Case and Karplus, 1978; Makinen et al.,
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1979; Fuchsman and Appleby, 1979; Alben et al., 1982;
Kerr et al., 1983; Yu et al., 1983; Campbell et al., 1987; Yu
and Kerr, 1988; Li and Spiro, 1988; Desbois et al., 1989;
Lee and Oldfield, 1989; Morikis et al., 1989; Ramsden and
Spiro, 1989; Potter et al., 1990; Nagai et al., 1991; Balasu-
bramanian et al., 1993; Braunstein et al., 1993; Mourant et
al., 1993; Hirota et al., 1994). The data of the earlier x-ray
(Kuriyan et al., 1986) and neutron diffraction (Hanson and
Schoenbom, 1981; Cheng and Schoenborn, 1991) studies
and molecular dynamics calculations (Case and Karplus,
1978; Kuriyan et al., 1986) supported the possibility of this
distortion in HPs, but these results were questioned by the
latest investigations (Cameron et al., 1993; Quillin et al.,
1993, 1995; Li et al., 1994; Springer et al., 1994). All of the
available data on the model compounds (Ricard et al., 1986;
Kim et al., 1989; Kim and Ibers, 1991; Tetreau et al., 1994)
also manifest the same linear perpendicular coordination of
CO. The possibility of the Fe-C distance variation in dif-
ferent HPs and model compounds and the effect of this
variation on the frequencies under consideration was dis-
cussed by Ray et al. (1994). Note also that in principle the
porphyrin ring deformation can also affect vFec and vco.

Third, the electrostatic interaction between the protein
polar groups and the heme is under intensive discussion
now (Li and Spiro, 1988; Morikis et al., 1989; Augspurger
et al., 1991; Oldfield et al., 1991; Park et al., 1991; Brant-
ley et al., 1993; Lian et al., 1993; Cameron et al., 1993;
Sakan et al., 1993; Hu et al., 1994; Ivanov et al., 1994; Li et
al., 1994; Ray et al., 1994; Springer et al., 1994; Decatur
and Boxer, 1995).
The intensive experimental investigation of the HPs un-

der consideration and their models have stimulated a num-
ber of the quantum chemical calculations of Fe(P)(Im)(CO)
complexes, simulating the active centers of these proteins.
Zerner et al. (1966), Loew and Kirchner (1978), Case et al.
(1979), Dedieu et al. (1979), and Herman et al. (1980)
showed that tilting and bending of CO change the strengths
of the Fe-C and C-O bonds. Paul and Rosen (1984), Smith
et al. (1984), and Paul et al. (1985) showed that both
ferric/ferrous reduction potential and the presence of the
point charges in the heme vicinity affect the population of
the antibonding 2,r* molecular orbital (MO) of the coordi-
nated CO. These results imply that the distortions of the
FeCO unit due to the charged groups close to the heme must
change both vFec and vcO. However, the magnitude of these
changes was not obtained in the papers mentioned above.
The study of electric field effects on the electronic struc-

ture and adiabatic surface of the free carbon monoxide
molecule showed (Augspurger et al., 1991) that polarization
of this molecule must itself lead to the pronounced depen-
dence of its 13C and 170 isotropic chemical shifts and C-O
stretching frequency on the field. This conclusion was used
by Oldfield et al. (1991) to state that in Hbs and Mbs vCo is
controlled mainly by the electric field of the distal histidine.
This and other (Lambert, 1984, 1988; Bauschlicher, 1985;
Andres et al., 1991; Bishop, 1993) results on the free CO
molecule obviously do not take into account covalent inter-

action of CO with the rest of the complex, which strongly
affects the strength of the C-O bond and essentially depends
on the applied electric field (Paul and Rosen, 1984; Smith et
al., 1984; Paul et al., 1985). Therefore, to study the effect of
the heme environment on vco in the frameworks of the
traditional quantum chemical approach, the ground-state
equilibrium configuration of the Fe(P)(Im)(CO) complex
and the cross sections of its adiabatic surface in the direction
of the corresponding normal coordinates in the presence of
the protein environment or model electric field must be
found. Realization of this plan for such a large transition
metal complex is very difficult.
At the same time, the vibronic theory of activation (VTA)

was recently developed (Bersuker, 1978, 1984). This theory
elucidates the relationship between the metal-ligand orbital
electron density transfers (OEDTs) and the activation of the
ligand due to its coordination. In particular, VTA allows us
to obtain such parameters of the coordinated ligand as its
interatomic distances and force field constants without cal-
culating its adiabatic potential, provided that the OEDTs to
or from the ligand upon its coordination are known. In our
previous work (Stavrov et al., 1993) we combined the VTA
results with extended Huckel self-consistent charge quan-
tum chemical calculations of OEDTs and applied this ap-
proach to the investigation of CO activation due to its
coordination by HPs. In this way (Stavrov et al., 1993) we
were able to describe the activation of carbon monoxide
upon its binding to HPs and their models.

In this work OEDTs are calculated using a semiempirical
quantum chemical technique of the intermediate neglect of
differential overlap (INDO) version of MO LCAO ap-
proach, which was developed (Ridley and Zerner, 1973;
Bacon and Zerner, 1979; Zerner et al., 1980; Anderson et
al., 1986) and applied (Herman et al., 1980; Waleh and
Loew, 1982a,b,c; Loew, 1983; Edwards et al., 1986; Du et
al., 1991; Du and Loew, 1992, 1995; Harris and Loew,
1993) to study electronic structure and the spectroscopic
properties of a number of heme proteins and their models.
The above-described combined VTA-INDO approach is

used to study theoretically the dependence of vco and VFeC
of the FeCO unit of carbonylheme proteins and their models
on the distortion of the CO coordination geometry, change
of the iron-carbon and iron-imidazole distances, displace-
ment of the iron out of the porphyrin plane, ruffling and
doming of the porphyrin ring, a homogeneous electric field,
and point charges located in the distal environment of the
heme. In particular, the following general questions will be
answered:

1) To what extent can at least one of the frequencies
under consideration be affected by the heme distortions and
charges mentioned above?

2) How does each of the events mentioned above affect
the relative magnitudes of vco and vFec?

3) What kind of effects (heme distortion or charged
groups) can explain the notable changes of vCo and VFeC in
different HPs and their models?
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Preliminary results of this study have been presented
elsewhere (Kushkuley and Stavrov, 1994).

METHODS

The intermediate neglect of differential overlap (INDO)
version of the MO LCAO approach is used for quantum
chemical calculation of the Fe(P)(Im)(CO) electronic struc-
ture and orbital charge transfers, Aqi. This type of approach
is based on the self-consistent solution of the Hartree-Fock
equation with the inclusion of all the one-center exchange
terms necessary for rotational invariance and accurate spec-
troscopic predictions, as well as an accurate description of
integrals involving 3d atomic orbitals (Ridley and Zemer,
1973; Bacon and Zerner, 1979; Zerner et al., 1980; Ander-
son et al., 1986). INDO is the technique in which one-center
core integrals are obtained just from ionization potentials,
and the ionization potentials and electron affinities are used
for calculation of the ground-state electronic configuration.
For calculation of the low-, intermediate-, and high-spin
states of iron porphyrin complexes, the spin restricted Har-
tree-Fock method (RHF) was used and was shown (Waleh
and Loew, 1982a,b,c; Loew, 1983; Edwards et al., 1986; Du
et al., 1991; Du and Loew, 1992, 1995; Harris and Loew,
1993) to correctly describe the ground state of this system.
In this work the INDO calculations were performed using
Mataga-Nishimoto parameterization (Ridley and Zerner,
1973; Bacon and Zerner, 1979; Zerner et al., 1980; Ander-
son et al., 1986). For quantum chemical calculations by this
method we used the ZINDO program (kindly supplied by
Dr. M. Zerner, Department of Chemistry, University of
Florida).
To calculate the OEDTs to and from CO the MOs ob-

tained by the INDO calculations were rewritten in the basis
of the eigenfunctions of the free CO and atomic functions of
other atoms. Then the occupations of the CO eigenfunctions
in the complex were calculated as the Mulliken population
of the corresponding orbitals.
The basic structure of the Fe(P)(Im)(CO) complex is

presented in Fig. 1. For the calculations the known struc-
tures of the porphyrin and imidazole rings (Eaton et al.,
1978) were used. The distances Fe-Nim = 2.04 A and Fe-C
= 1.745 A were taken from the x-ray diffraction studies of

the model compounds (Ricard et al., 1986; Kim et al., 1989;
Kim and Ibers, 1991; Tetreau et al., 1994), and for the C-O
distance the free molecule value (1.128 A) was used (Huber
and Herzberg, 1979).
The vibronic theory of activation is described in detail

elsewhere (Bersuker, 1978, 1984; Stavrov et al., 1993). Its
main idea is to build a bridge between the MO description
of the electronic structure and the coupling of electronic
states with the nuclear configuration described by the vi-
bronic coupling theory (Bersuker, 1978, 1984).

For this reason, like the integral linear diagonal vibronic
constants,

(1)

orbital vibronic constants were introduced (Bersuker, 1978,
1984).

a a = (ifo(rHeaR)R=oni) a (2)

and it was shown that for the diagonal constants F") and fi

(3)

In these formulae, i and I are the wave functions of the
one-electron ith MO and the Ith state of the diatomic,
respectively; H is the Hamiltonian; R is the interatomic
nuclear coordinate; Ro is its equilibrium magnitude; qiI) is
the ith MO population number in the Ith electronic state of
the diatomic; and the electronic configuration of different I
states differ by the excitation of the electron from the ith to
the jth MO.

Similar to Eqs. 1 and 2, the expressions for the curvature
constants, K and ki, and anharmonicity constants, F and 'y,
can be written.
The diagonal constants Fr1) and f(i) have the physical

meaning of the force with which the electronic distribution
in the Ith or ith state acts upon the nuclear configuration in
the R direction. For a free molecule in the equilibrium
position

F "(Qo) Ei=lq% = 0. (4)

By coordination or perturbation (excitation, ionization, re-
duction, etc.) qi changes to qi + Aqi. In the first-order
approximation with respect to Aqi a distorting force, AF,
and changes of curvature, AK, and anharmonicity, AG, at
the equilibrium point of free CO QO occur (below the index
of the electronic state I is omitted for simplicity):

AF(Qo) = >Aqfi
i

AK(Qo) = >Aqiki

AF(QO) = I5qiyi.
FIGURE 1 Structure of the Fe(P)(1m)(CO) complexes.

N

N

(5)
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Eq. 5 is valid for any rearrangement of the electronic
structure of the molecule, including excitation, ionization,
reduction, and coordination, provided that the orbital elec-
tron transfers Aqi are sufficiently small as compared to the
whole valence electron charge.
The appearance of the distorting force and changes of the

curvature and anharmonicity of the diatomic adiabatic curve
directly affect such observable properties of the coordinated
ligand as its interatomic distances and vibrational fre-
quency. To estimate the expected changes of these molec-
ular properties from the changes of the parameters men-
tioned in Eq. 5, one must describe the molecular adiabatic
potential in terms of the model potential (Bersuker, 1978,
1984), E(Q). In this paper the Morse potential is used to
describe analytically the adiabatic potential of a diatomic:

E(R) = D{1 - exp[-a(R -R)]2, (6)

a. b

a. b.

Q

75C

C.

I-

Q

2.87

C.

FIGURE 2 Schematic representation of the geometry of the complexes
with linear perpendicular (a), bent (b), and tilt (c) coordinated CO without
and with (d and e) point charge Q.

where D is the dissociation energy and a is the parameter
defining the curvature of the potential curve.
The constants fi, ki, and y1 were considered as empirical

parameters and were obtained (Stavrov et al., 1993) for the
chemically active 5So and 2itr* CO molecular orbitals (MO)
from the experimental data on different electronic states of
free carbon monoxide:

f(5fo) = - 0.25 mdyn, k(5o-) = 1.23 mdyn/A,

-y(5o-) = 16.45 mdyn/A2, f(2,w*) = - 1.71 mdyn,
(7)

k(27T*) = 4.66 mdyn/A, y(2,nT*)=-21.04 mdyn/A2.
The ground-state values of Ko = 19.00 mdyn/A and Fo =

-131.22 mdyn/A2 were also used for the calculations. Note
that the 5a orbital vibronic constants are considerably
smaller than the 2ir* ones. This is a result of the weak
antibonding character of the So MO.

Using all of these parameters and having calculated the
orbital charge transfers from 5o- and to 27T* CO MOs,
Aq(5o-) and Aq(2,.*), we are able to estimate the above
properties of the coordinated carbon monoxide.

RESULTS

To investigate the effect of charged groups and heme and
CO distortion on the C-O and Fe-C bonds, the electronic
structures of different Fe(P)(Im)(CO) complexes with and
without external point charges (Fig. 2) were studied with the
INDO-RHF approach. Note, first of all, that the neglect of
the configurational interaction with single- and double-
electron excited configuration is justified by the conclusion
of Herman et al. (1980) and Waleh and Loew (1982a,b,c)
that these configurations very weakly contribute to the
electronic structure of the ground state of Fe(P)(Im)(CO).
Our calculations on the electric field effect also support this
conclusion.

Second, any distortion of Fe(P)(Im)(CO) can be caused
only by the interaction with the protein environment. In

principle, the effect of this interaction on the CO coordina-
tion geometry can be studied for each protein. However, the
problem of the correct consideration of this interaction,
including, for example, correct consideration of the protein
electric field and choice of the protein dielectric constant, is
too complicated to guarantee a high accuracy of the results.

Therefore in this paper to estimate the contribution of
different Fe(P)(Im)(CO) structural parameters to the control
of vco and vFec we calculate the effect of the different
distortions on the electronic structure of the compound
under consideration, as it was done, for example, by Zerner
et al. (1966), Loew and Kirchner (1978), Case et al. (1979),
Dedieu et al. (1979), and Herman et al. (1980).

All of the calculations support our previous results
(Stavrov et al., 1993), namely, that the So and 2,ir* CO MOs
provide major contributions to the formation of the Fe-CO
bond. OEDTs from the CO 3a, 1u7r, and 4o* MOs to the iron
are weak (Aq(3o-) = -0.02 e-, Aq(4o-*) = -0.08 e- and
Aq(1 ) = 0 e-) and practically do not depend on the
presence of point charges or distortion of the CO coordina-
tion geometry, the only exception being the CO bending,
which causes Aq(l ) = -0.04 e-. Therefore, upon calcu-
lating vcO we only take into account the effect of the change
of 5So and the 2wt* MO population. This approximation
slightly overestimates vco reduction upon coordination, but
allows us to evaluate the dependence of this frequency on
the structure of the compound under consideration.
To investigate the effects of the CO distortion on the

properties of the FeCO unit the Fe(P)(Im) complexes with
linear perpendicular-, bent-, and tilt-coordinated CO (Fig. 2,
a-c) were studied. The calculated charges of Fe, CO and
porphyrin, Fe-C and C-O bond orders, and Aq(5f)
and Aq(2w*) are presented in Table 1 (because the 27Tr* and
2i-ry) orbitals contribute equally to the CO activation, the
change of the net population of both orbitals is presented in
this table and below in the text). It follows from these data
that Aq(5o-) and Aq(2wr*) for the linear tilted coordination
are higher, and those for the bent one are lower than for the
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TABLE I Effect of the CO distortion on the charge distribution in Fe(P)(lm)(CO) and the properties of FeCO unit

Iron Porphyrin CO Fe-C C-O
Coordination charge charge charge bond bond Aq(5ou) Aq(2-i*) K(CO) Vco
geometry (e-) (e-) (e-) index index (e-) (e-) (mdyn/A) (cm-1)

Linear
R(Fe-C) = 1.73 A -0.09 -0.25 -0.01 1.15 2.06 -0.34 0.45 15.76 1969
R(Fe-C) = 1.745 A -0.10 -0.25 0 1.12 2.07 -0.34 0.43 15.89 1977
R(Fe-C) = 1.77 A -0.10 -0.26 -0.02 1.08 2.10 -0.33 0.40 16.10 1990

Tilt -0.11 -0.19 -0.04 1.06 2.01 -0.35 0.49 15.43 1949
Bent -0.08 -0.26 -0.01 1.04 2.05 -0.28 0.42 15.95 1976

*The imidazole charge is the same for all of the structures, +0.35 e.

linear perpendicular coordination. Extended Huckel self-
consistent charge calculations (Howell et al., 1990) per-
formed by us to test this conclusion showed the same trend
(the data are not presented). Note that in our previous paper
(Stavrov et al., 1993) the OEDTs for the bent structure
represented in the corresponding line of table 3 were dif-
ferent because of an error in the calculation.

Using Eqs. 5 and 6, and data on Aq(5o) and Aq(2ir*), we
also calculated the dependence of the force field constant,
K(CO), of coordinated CO on its coordination geometry.
Then the vcos were calculated (Table 1) using the K con-
stants evaluated and taking into account vibrational cou-
pling in the FeCO unit, K(FeC) = 2.48 mdyn/A, H(Fe-C-O)
= 0.8 mdyn * A/rad2 and K(FeC, CO) = 0.8 mdyn/A (Li
and Spiro, 1988).
The effect of the Fe-CO distance (RFeC) on the strengths

of the Fe-C and C-O bonds and corresponding frequencies
was studied by the calculation of the electronic structure of
Fe(P)(Im)(CO) with the RFeC changed in the region between
1.73 A and 1.77 A, which corresponds to the variation of
this distance in the model compounds (Ricard et al., 1986;
Kim et al., 1989; Kim and Ibers, 1991; Tetreau et al., 1994).
The calculations show that increase of the RFeC markedly

reduces both a donation and X back-bonding, causing an
increase in the C-O bond index (Bco) and a decrease in the
Fe-C bond index (BFeC), the latter change being consider-
ably stronger than that of the former (Table 1). This result
implies that a change in RFeC must lead to opposite changes
in strengths of the C-O and Fe-C bonds and corresponding
frequencies. Application of VTA shows that the 0.04 A
variation of RFeC changes vco by 21 cm-1, approximately
by 5 cm-1 for each 0.01 A.
The effect of the displacement of the iron out of the

porphyrin plane was studied by the displacement of the
axial nuclear system CO-Fe-Im by 0.1 A from the porphyrin
plane in both directions with respect to the plane (x-ray
studies of the model compounds by Ricard et al., 1986; Kim
et al., 1989; Kim and Ibers, 1991; and Tetreau et al., 1994,
show that this displacement is smaller than 0.05 A). The
distances between the iron and axial ligands were kept
constant.

It was found that such a displacement changes Aq(27r*)
very weakly (-0.01 e-), causing a 5 cm-' change in vco,
whereas BFeC can be significantly affected by such a dis-

tortion, from 1.08 to 1.16. It follows from this result that the
iron out-of-plane displacement can notably affect VFec and
not vco.
To estimate the effect of the iron-imidazole distance

(RFe-N(Im)), the electronic structure of Fe(P)(Im)(CO) was
studied for two magnitudes of RFeCN(Im), 2.04 A and 2.08 A,
obtained in the x-ray studies of the model compounds
(Ricard et al., 1986; Kim et al., 1989; Kim and Ibers, 1991;
Tetreau et al., 1994). The results show that neither Bco
(vCo) nor BFeC is significantly affected by the change of the
Fe-Nim distance in the region under consideration.

Effect of the porphyrin ring deformation on vcO
Several kinds of deformations (Ricard et al., 1986; Kim et
al., 1989; Kim and Ibers, 1991; Cartier et al., 1992; Tetreau
et al., 1994) of the heme were studied:

a) The S4 ruffling deformation with one pair of opposite
pyrrole nitrogens 0.12 A above the porphyrin plane and
another pair 0.12 A below the plane. The corresponding
distal pyrrole carbons were displaced by 0.2 A below and
above the porphyrin plane, respectively.

b) The S4 ruffling deformation with one pair of opposite
mesocarbons 0.5 A above the porphyrin plane and another
pair 0.5 A below the plane. The porphyrin pyrrole rings
were rotated around the iron-pyrrole nitrogen bonds to keep
each ring in the same plane with the corresponding meso-
carbon (Tetreau et al., 1994).

c) Two doming deformations with all of the pyrrole
nitrogens 0.12 A below the porphyrin plane and the distal
pyrrole carbons 0.2 A above the same plane and vice versa.

In all of these cases iron was kept in the plane of four
nitrogens and distances between the iron and the axial
ligands were not changed.
The results show that none of the distortions of the

porphyrin ring nuclear configuration described above affect
the population of CO 5S( and 2ir* MOs. This fact, as well as
the independence of the C-O bond index (Bco) on the ring
distortion, brings us to the conclusion that the studied ruf-
fling and doming of the porphyrin ring do not affect vCO
notably. The bond index of the Fe-C bond is not changed by
the ruffling and is very slightly affected by the doming
(from 1.22 to 1.21), implying that only a weak decrease of
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VFeC should be caused by ring doming, whereas ruffling
hardly affects this frequency.
The effect of charged groups and electric field on the

FeCO unit was studied by locating different point charges,
Q, in the vicinity of the Fe(P)(Im)(CO) complex with lin-
early coordinated CO (Fig. 2, d and e). The electronic
structure of this complex in the presence of point charges Q
= ±0.5 e- and ± 1.0 e- located at distances r = 2.5, 3.0,
4.0, 5.0, and 7.0 A from the CO oxygen in the direction
perpendicular (Fig. 2 d) and parallel (at a distance of 2.87 A
from the porphyrin) to the porphyrin plane (Fig. 2 e) was
obtained using the same INDO-RHF technique. To calcu-
late K(CO) and vco the above-described VTA procedure
was used. It was found that the presence of a charge in the
heme vicinity strongly affects electron density transfers in
the Fe(P)(Im)(CO) (Fig. 3). This essentially changes Bco
and BFeC (see Fig. 4) and, consequently, the C-O (Fig. 5)
and Fe-C vibrational frequencies.
The effect of the homogeneous electric field of magni-

tude from -0.02 to 0.02 a.u. (1 a.u. = 5.14225 * 109 V/cm)
oriented perpendicular and parallel to the porphyrin plane,
on C-O and Fe-C bond indexes and C-O vibrational fre-
quencies, was also studied. The results show that the per-
pendicular field changes vcO from 2042 to 1880 cm- 1, Bco
from 2.26 to 1.86, and BFeC from 0.97 to 1.36, whereas the
parallel field hardly affects the parameters under consider-
ation.
The large variation of BFeC implies that the electric field

affects the strength of the Fe-C bond. As a result, the change

IJ) -0.36

w57Z-0.34

-0.32

0.55

0.50

0.45
CMJ
C- 0.40
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7 6 5 4 3'r, A3 4 5 6 7

-0.36

-0.34

0

06
6

x 1.25

-S 1.20

c 1.15

d 1.10

7 6 5 4 3 3 4 5 6 7
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FIGURE 4 Dependence of the C-O (a and b) and Fe-C (c and d) bond
indexes on the magnitude of the point charge and its displacement in the
perpendicular (a and c) and parallel (b and d) directions in respect to the
porphyrin plane. Notations for different charge magnitudes are the same as
on Fig. 3.

of the length of this bond could be expected. However, the
results of the calculations using the same INDO technique
and theoretical values of gammas show that the field of 0.01
a.u. directed perpendicular to the porphyrin plane affects the
Fe-C bond length very weakly (-0.005 A).
To obtain the results on the relationship between the C-O

and Fe-C vibrational frequencies and corresponding bond
indexes, note first of all that at small changes of the force
field constant K the change of the vibrational frequency v
equals

-0.32 AVK(v+Av)-v==( i+g-1>
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FIGURE 3 Dependence of the -donation (a and b) and ir back-bonding
(c and d) on the magnitude of the point charge (+1 e-, V; +0.5 e-, 0;
-0.5 e-, 0; -1 e-, V; no charge, solid line) and its displacement in the
perpendicular (a and c) and parallel (b and d) directions with respect to the
porphyrin plane.

FIGURE 5 Dependence of vco on the magnitude of the point charge and
its displacement in the perpendicular (a) and parallel (b) directions in
respect to the porphyrin plane. Notations for different charge magnitudes
are the same as on Fig. 3.
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Then, taking into account that all the perturbations of the
Fe(P)(Im)(CO) system (the heme geometry changes and the
charges) affect the absolute values of BFeC and Bco rela-
tively weakly (up to 10%), we can state that the dependence
of each bond index on the perturbation must be close to
linear. Therefore, the relationship between the changes in
these bond indexes (ABFeC and ABco) is also expected to be
close to linear. Assuming that the relative change of the
force field constants is proportional to the corresponding
relative change of the bond indexes, we can write for the
relationship between the changes of the force field constants
and bond indexes:

AK AB
K- B' (9)

where ; is a coefficient of proportionality. Using Eqs. 8 and
9 we obtain for the relation between the changes of vFec and
VCo

AVFeC vFec Bco ABFeC
AVC BFeC ABco

where ( describes the possibility that the ; coefficients for
the Fe-C and C-O bonds can be different.

Using the following values of the vibrational frequencies
and bond orders vCO 2000 cm-l, vFeC c

2, and BFeC and notations

a.= AVFeC/AVCO

(1 1)

aB = ABFeC/ABCO,

and assuming that ( 1, we obtain for the relationship

between av and aB

aV -/2aB5. (12)

DISCUSSION

It follows from our calculations that the major contribution
to the Fe-CO bond provides a cr donation from the weakly
antibonding 5o- MO of CO to the iron 4s and 3d,2 orbitals
and 7r back-bonding from the iron 3d,a orbitals to the
strongly antibonding CO 2Ir* MO. Therefore, an increase in
both the cr donation and ur back-bonding strengthens the
Fe-C bond, whereas the C-O bond is strengthened by an

increase in the a- donation and a decrease in the 7r back-
bonding. As a result, in the cases where the back-bonding is
mainly affected we should expect an opposite change in the
strengths of the Fe-C and C-O bonds (Fe-C and C-O vibra-
tional frequencies), whereas a change predominantly in the
o- donation must lead to a change in the same direction in
the bonds under consideration. In the intermediate case

when both cr donation and IT back-bonding are essentially
affected by the charge, a complicated correlation between
the Fe-C and C-O vibrational frequencies should be ex-

pected.

Effect of the porphyrin ring deformation, iron
out-of-plane displacement, and change of the
iron-imidazole distance

The porphyrin ring doming and ruffling and change of the
iron-imidazole distance of reasonable magnitude do not
affect K(CO) and vco notably. Therefore, the heme distor-
tions themselves cannot be considered a major cause of the
essential changes of vCo, observed in different HPs and
their models. vFec can be weakly affected by the porphyrin
ring doming. The iron out-of-plane displacement considered
can weakly affect both vCo ('5 cm- 1) and BFeC (and,
consequently, VFeC).
From these results we can conclude that the distortions

under consideration cannot explain the wide variability of
vCo in HPs and their models.

Effect of the CO distortion

Our results confirm the qualitative conclusion (Li and Spiro,
1988) that CO bending and tilting must affect the properties
of the complex in different ways. Because the interaction
between the IT electrons of Fe and CO (and not of porphy-
rin) mainly controls the distribution of the FeCO X elec-
trons, the CO tilt causes a tilt of the whole ir electron
subsystem of this unit. Such a tilt notably reduces an overlap
between the iron dr and porphyrin eg(T*) orbitals and,
consequently, decreases iron-porphyrin back-bonding. The
main part of the liberated 7T electron density is transferred to
the antibonding 27r* MO of CO and the rest remains on the
iron (Table 1). It is this additional electron density transfer
to 2iir MO that causes the reduction in K(CO) and makes it
smaller than in the case of the linear perpendicular CO
coordination (Fig. 2 a).
The CO bending causes overmixing of the cr- and IT-elec-

tron subsystems. It decreases electron density transfer from
the 5cr to the 2Xt* MOs by 0.06 e- and 0.01 e-, respec-
tively, and increases donation from the bonding 1 Tr MO of
CO by 0.04 e- (Table 1). The effect of the latter OEDT was
not taken into account in the K(CO) calculation because of
the lack of the experimental data on the free CO excited
states necessary for the estimation of the corresponding
orbital vibronic constants. Therefore, the value of K(CO) for
the bent CO coordination represented in the Table 1 should
be considered an overestimation, and it is expected to be in
the region between the magnitudes of K(CO) for linear and
tilt-coordinated CO.

Support for this conclusion comes from data on the C-O
bond index (Table 1). It is possible to see from the corre-
sponding column that indeed both bending and tilting
weaken this bond, the effect of the latter being much stron-
ger.

In the last column of Table 1 are presented the magni-
tudes of vCo calculated taking into account the vibrational
interactions between the Fe-C, C-O, and Fe-C-O oscillators.
Because in the tilt and linear perpendicular complexes the
geometry of the FeCO unit is the same, the vibrational
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coupling of these oscillators is the same and the change of
vCO completely reflects the change in K(CO). In the bent
FeCO unit the vibrational repulsion of the Fe-C and C-O
oscillators is weaker than in the linear one (Li and Spiro,
1988; Desbois et al., 1989), leading to additional reduction
of vco. Therefore we can conclude that both bending and
tilting of CO should reduce the C-O frequency; the effect of
the latter distortion is expected to be stronger.
As was mentioned above, reduction of K(CO) associated

with CO tilt is caused by an increase in the back-bonding,
and the reduction associated with CO bending is caused by
OEDT from the 1 i orbital of CO. Both electron density
transfers must strengthen the Fe-C bond. However, it is seen
from Table 1 that both types of distortion of linear perpen-
dicular CO coordination geometry reduce both Bco and
BFeC and, consequently, weaken these bonds. This relax-
ation of the Fe-C bond is caused by weakening of the a

bonds between CO and iron, which predominates over the
strengthening of the corresponding 7r bonds and leads to the
weakening of the net Fe-C bond (see also, Loew and Kirch-
ner, 1978; Herman et al., 1980). Such a behavior of the Fe-C
bond is to be expected, because the linear-perpendicular
geometry of CO coordination corresponds to the strongest
interaction between the Fe(P) and CO (Dedieu et al., 1979),
any distortion being caused by the interaction with the distal
environment of the porphyrin (Ricard et al., 1986; Kim et
al., 1989; Kim and Ibers, 1991; Stryer, 1988; Tetreau et al.,
1994). As a result, a distortion of the linear-perpendicular
coordination geometry has to weaken both the C-O and
Fe-C bonds (see also, Herman et al., 1980).

Effect of the Fe-C distance variation

The results obtained show that even a small increase in RFeC
significantly reduces back-bonding, decreasing the strength
of the Fe-C bond and increasing that of the C-O bond (Table
1). Calculation of vco shows that it also depends on RFeC
significantly, being changed by approximately 5 cm-' by
the 0.01 A change of RFeC. Using the available data on the
iron-carbon force field constant, K(FeC) = 2.48 mdyn/A2
(Li and Spiro, 1988), it is easy to show within the harmonic
approximation, E = ½12kq2, that the 0.01 A change of RFeC
requires only about 0.02 kcallmol. This implies that com-
pression of the Fe-C bond can take place in HPs and their
models and can considerably affect vCO.

It is important to note, however, that even the absolute
magnitude of the change in BFeC by this displacement is
considerably stronger than that of Bco (Table 1). As far as
relative changes are considered, it follows from the data
represented in the Table 1 that this Fe-C distance variation
changes BFeC by 6%, whereas Bco is changed by only 2%.
The theoretical data on the relationship between BFeC and
Bco are represented in Fig. 6 a (asterisks), from which it is
possible to see that the relationship between these two
parameters is very close to the linear one with the slope aB
=-1.72. This result is understandable, because the change

i 1.16

O 1.12

C0
1.08

1.04

1.14

x

b 1.12
0
.0
0
C)

1.10

1.96 2.00 2.04 2.08 2.12 2.16

C-O bond index

2.04 2.06 2.08

C-O bond index
2.10

FIGURE 6 Theoretical data on the relationship between the Fe-C and
C-O bond indexes in dependence on the iron-carbon distance (a, *),
homogeneous electric field (a, *) and different charges in the axial (a, O )
and nonaxial positions (b, + 1 e-, V; +0.5 e-, ; -0.5 e-, 0; and -1 e-,
V). Relationships between BFeC and Bco on the substitution for different
charges at the same position (b, solid lines) and for the same charge at
different positions (dashed lines) are represented.

in RFeC, as any other change of the heme structure, has to
affect first of all the Fe-C bond, the change of the C-O being
considerably weaker. The dependence of the changes in
vFec and vco on the change of RFeC can be estimated using
Eq. 11: a,, = -0.86 ((= 1).

Effect of charges and electric field on the C-O
bond strength and vibrational frequency

Obviously the presence of point charges in the vicinity of
CO should affect the difference in electrostatic potentials
between CO and rest of the molecule. Changes in this
difference should also change the electron density distribu-
tion in the FeCO unit. For example, the appearance of a

positive charge in the CO vicinity should attract electron
density to CO decreasing o- donation and increasing back-
bonding, whereas a negative charge would be expected to

k (b)

IIaB= 1.57(r=5A)

-'- -

j ""'no charge" point

I I
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affect the electron density distribution in the opposite direc-
tion (Li and Spiro, 1988; Ray et al., 1994).

This qualitative conclusion is strongly supported by our
results on the influence of a point charge on the population
of the CO Scr and 2iir* MOs. Fig. 3, a and c, shows that the
charge located at any distance from the CO oxygen along
the FeCO bond (Fig. 2 d) affects the back-bonding much
more strongly than the a- donation. This result implies that
charged particles located along the FeCO direction are
expected to affect the FeCO properties mainly through
change of the iron back-bonding.
The data on the respective bond indexes are presented in

Fig. 4 a. They show that indeed the charged particles should
essentially affect the strength of the C-O bond. For example,
coordination of carbon monoxide itself reduces Bco from
2.48 to 2.07, whereas the appearance of a unit positive or
negative charge in 2.5 A from the CO oxygen varies this
index from 1.83 to 2.34, respectively. vCo (Fig. 5) also can
be strongly affected by the charged particle: coordination
reduces this frequency from 2170 to 1977 cm- 1, whereas
the presence of the same charge changes it from 1910 to
2030 cm-'.

Figs. 3-5 show that displacement of the charge from CO
in the direction parallel to the porphyrin plane (Fig. 2 e)
reduces the charge effects much more strongly than that
along the porphyrin axial axe. To understand the causes of
this difference let us consider, for example, the effect of a
positive charge. Because the charge located near the CO
oxygen is closer to CO than to the iron and porphyrin, it
attracts electron density to CO more strongly than to the
iron and the porphyrin ring.

Displacement of the charge in the direction perpendicular
to the porphyrin plane conserves this hierarchy of distances
(see Fig. 2 d); the greater the displacement, the smaller the
difference in potential between CO and iron and porphyrin.
As a result we find a smooth decrease in the charge effect
with its displacement (see left sides of Figs. 2-5).

Displacement in the direction parallel to the porphyrin
plane, first of all, decreases the difference between the Q-Fe
and Q-CO distances, causing a faster decrease in the poten-
tial difference between iron and CO. Second, such a dis-
placement does not affect the Q-porphyrin distance (Fig. 2
e) and, consequently, does not practically affect the porphy-
rin potential. Therefore, attraction of the electron density to
the porphyrin is not practically affected by the charge dis-
placement, whereas its attraction to CO decreases even
faster than in the previous case. Combination of these two
mechanisms causes a faster decrease in the charge effects in
the case of the parallel charge displacement. Note that
because 7r electrons are more polarizable than the ar ones,
dependence of the back-bonding on the charge coordinate
must be much sharper than the dependence of the cr dona-
tion (Fig. 3, b and c).

For example, a positive charge located at 5 A from the
FeCO line still reduces o- donation but does not practically
affect back-bonding. Because both Bco and vCo are con-

the Bco (Fig. 4 b) and vco (Fig. 5 b) is negligible. The
charge located at r > 5 A already attracts X electrons to the
porphyrin ring more strongly than to CO and, as a result,
reduces the back-bonding in respect to its "no charge"
value, the effect of this charge on the or donation being very

weak (Fig. 3, b and c). Therefore, a positive charge located
at a distance greater than 5 A is expected to strengthen the
C-O bond and increase respective vibrational frequency. It
implies, for example, that the charges of opposite signs
located closer and farther away than 5 A from the FeCO line
must cause changes in the same direction of Aq(27i*) and,
consequently, of vco.
The homogeneous electric field of the magnitude in the

range between -0.02 and 0.02 a.u. affects mainly back-
bonding (Aq(27i*) changes from 0.29 to 0.63), the oc dona-
tion being affected much more weakly (Aq(5o-) changes
from -0.33 to -0.36). These variations in OEDTs change
Bco by 0.4 (from 1.86 to 2.26) and vCO by 160 cm-' (from
1880 to 2042 cm-), the magnitude of these changes de-
pending linearly on of the field variation. Note that the same
variation in the electric field affects vCo of the free carbon
monoxide about 2 times more weakly (Augspurger et al.,
1991).
Note that the effect of the point charges and electric field

on the geometry of Fe(P)(Im)(CO) is ignored in this study.
This assumption is based on the result that vco is almost
unaffected by all of the distortions of the complex under
consideration, except the change in the Fe-C distance. The
latter was shown to be changed very weakly by the applied
electric field (-0.005 A at the field of 0.01 a.u.). Therefore,
neglect of this change is not expected to cause uncertainty in
vco larger than 5 cm- (see Table 1). To understand qual-
itatively the cause of such a weak field effect on the Fe-C
distance in spite of the strong field dependence of BFeC, let
us consider for simplicity the effect of the positive electric
field. Such a field causes electron density transfer to CO,
which on the one hand increases the strength of the Fe-C
bond and on the other increases the CO negative and iron
positive charges. Therefore, the direct interaction of the
field under consideration with the Fe-CO unit tends to
extend the Fe-C bond, whereas the electron density transfer
tends to shorten it. Our calculations show that the latter
effect is slightly stronger than the former one. Because the
reduction of the Fe-C distance increases vco, the neglect of
its relaxation leads to the slight (<5 cm-1) underestimation
of the field effect on this frequency.

Effects of charges and electric field on the
relationship between Fe-C and C-O bond
strengths and frequencies

It has been noted already that any displacement of the
charge in the direction perpendicular to the porphyrin plane
along the Fe-CO line affects Aq(2ir*) much more strongly
than Aq(5or); the smaller the charge magnitude and the more

trolled mainly by Aq(27r*), the effect of such a charge on
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charge" value (Fig. 3, a and c). Thus, as it was mentioned
earlier in this section, appearance of a charge in the region
under consideration must cause opposite changes of C-O
and Fe-C bond strengths (Fig. 4, a and c) and corresponding
vibrational frequencies. Moreover, because in this case the
charge is closer to CO than to any other part of the heme
complex, it affects absolute magnitudes of the C-O bond
strength more strongly than that of the Fe-C bond (Fig. 4, a
and c), contrary to the situation of the heme distortion.
A different situation occurs for the charges located rela-

tively close to the porphyrin plane (in our case, at a distance
of 2.87 A from this plane). Indeed, the dependence of
Aq(2ir*) on the charge coordinate crosses the "no charge"
line at r = 5 A. The Aq(5o-) depends less on the charge
presence and reaches its "no charge" value at r 7 A (Fig.
3, b and d). Thus, a charge located in the region of 5 A
affects Aq(5o) more strongly than Aq(2n.*) (Fig. 3, b and
d). Because a change in the or- donation affects the strengths
of the Fe-C and C-O bonds in the same direction, the charge
located in this region should also affect these bonds (and
their frequencies) in the same direction; this conclusion is
supported by the results of our calculations (Fig. 4, b and d).
The charges located at r > 7 A again affect the Aq(27r*)
more strongly than Aq(5or), causing opposite changes in
Bco and BFeC.

Note also that the charges located close to the heme plane
strongly interact with the porphyrin and essentially affect
redistribution of the electron density between the porphyrin
and the FeCO unit. Consequently, dependence of the Fe-C
bond strengths on the charge position in this case must be
much sharper than in the case of the axially located charges
(compare Fig. 4, c and d). Moreover, the relative depen-
dence of BFeC on the charge coordinate is stronger than that
of Bco (Fig. 4 d). This fact makes possible situations in
which the charge affects Bco and does not practically affect
BFeC, and vice versa (Fig. 4, b and d; r = 4 A and 5-7 A
region, respectively).
As a result, we can conclude that the appearance of

charges relatively close to the porphyrin plane at r = 4-7 A
must lead to a very complicated relationship between the
changes of the Fe-C and C-O bond strengths and, conse-
quently, corresponding frequencies.

Taking into account that r = 5 A approximately corre-
sponds to the edge of the porphyrin ring, we can conclude
from this discussion that the charges located relatively close
to the porphyrin plane and porphyrin ring edge would affect
the relationship between Bco and BFeC in a very compli-
cated manner. At the same time, the charges located close to
the FeCO line (or far enough from the porphyrin plane)
would reverse the strengths of the bonds under consider-
ation.
The relationship between Bco and BFeC for the axially

located distal charges and homogeneous electric field stud-
ied in this work is presented in Fig. 6 a. The charges of
different magnitude located along the Fe-CO line at differ-
ent distances from the CO oxygen alter the C-O and Fe-C
bond indexes in opposite directions, because these charges

affect mainly the back-bonding. The correlation between
BFeC and Bco is very close to the linear one, with aB =
-0.48. For the same reason, the electric field also affects
these bond indexes in the opposite direction, the only dif-
ference being in the higher aB (-0.98). The origin of this
difference is well understood, because the charges are lo-
cated closer to the CO than to the rest of the complex,
affecting the C-O bond more strongly than the Fe-C one.
The charges located 2.87 A from the porphyrin plane and

closer than 4 A from the Fe-CO line also alter Bco and BFeC
in opposite directions, the correlation also being almost
linear, with aB = -0.78. However, the effect on this
relationship of the charges located in the region between 4
A and 7 A from the porphyrin axis is very complicated (Fig.
6 b), because of the very complicated relationship between
the changes in Aq(27r*) and Aq(5o-) caused by them. It can
be seen from Fig. 6 b that the appearance of the charges in
this region can change both BFeC and Bco, leading to the
very different slopes of the relationship between these bond
indexes. All of the substitutions at 4 A from the axis of the
complex under consideration have almost no affect on BFeC
(aB = 0), the substitutions at 5 A cause a change in BFeC
and Bco in the same direction (aB = 1.57), and the appear-
ance of the charges at 7 A leads to an opposite change in
BFeC and Bco (aB = -4.37). At the same time, as it follows
from the same data (Fig. 6 b), a change in the location of
each of the charges leads to the opposite change in BFeC and
Bco, the relationship between them being close to linear,
with slopes between -0.54 and -0.62.
From Eq. 11 and theoretical data on aB, and assuming (

= 1, we can easily deduce that the appearance of different
axially located distal charges must lead to a linear relation-
ship between changes in the frequencies under consider-
ation, with a slope a, -0.24; the homogeneous electric
field would lead to a.x -0.5, whereas the charges located
close to the porphyrin plane and CO (not in the region of the
porphyrin edge) must cause almost linearly interrelated
changes of these frequencies with a,, -0.38. Appearance
of different charges near the porphyrin edge (4-7 A from
the porphyrin center) should lead to a very complicated
relationship between vFec and vco, whereas a change in
their locations in the direction parallel to the porphyrin
plane is expected to lead to a,, -0.3.

This implies that a substitution of a nonpolar group for a
polar one in the region of the porphyrin edge should cause
a very complicated relationship between vFec and vco,
whereas a change in the position of this group (for example,
in the series of the analogous compounds) is expected to
cause opposite changes in these frequencies. Both the sub-
stitution of the nonpolar group for a polar one in the region
of the porphyrin edge and a change in its location in the
series of analogous compounds is expected to lead to the
linear relationship between VFec and vco with a,, -0.3,
the whole linear dependence being shifted up or down with
respect to the "no charge" point (compare to Fig. 6 b).
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Comparison with the experimental data

Let us consider, first, model carbonyl complexes with neu-
tral imidazole, the experimental data for which are pre-
sented in Fig. 7. The available x-ray diffraction studies
show that in these compounds the CO coordination geom-
etry is very close to the linear perpendicular one (Ricard et
al., 1986; Kim et al., 1989; Kim and Ibers, 1991; Tetreau et
al., 1994), and, consequently, the wide variation of vco in
the compounds under consideration cannot be explained in
principle by the ligand distortion. It follows also from our
calculations that none of the investigated distortions of the
porphyrin ring can significantly affect vco.
The only variation of the heme complex geometry that

can affect both vFec and vco is a change in RFeC, but it is
impossible to explain from this point of view the change of
vCo in a number of model compounds (Kim et al., 1989;
Kim and Ibers, 1991). For example, a change in the distal
environment of a-PocPiv(NMeIm) with respect to C2-Cap-
(NMeIm) has almost no affect on vFec (500 and 497 cm- 1),
but vco is affected very strongly (1964 cm- and 2002
cm l, respectively). Moreover, a change in RFeC in these
two compounds (1.74-1.75 A in the former and 1.77 A in
the latter) itself is expected to cause an opposite change in
vCo. The much stronger change in vco than in vFec (av =
-0.38; Fig. 7, solid circles) takes place in the series of the
strapped heme complexes FeSP-n (n = 13, 14, and 17 and
describes the length of the aliphatic chain providing distal
steric hindrance). This relationship also cannot be explained
by taking into account only the effect of RFeC alteration.
The only other interaction that can explain the very wide

distribution of vco in the model compounds is an electro-
static interaction between the heme and charged groups
attached to the different substituents at the porphyrin ring.
In general, among all the considered perturbations only
distal charges could cause weaker a change in BFeC than in
Bco and, consequently, only these charges are expected to

520-

510-

FIGURE 7 The experimental data (Ray et al., 1994) on
the C-O and Fe-C vibrational frequencies for the heme
proteins (U), SP-n (-), and Piv2C,, (*) and other (LO)
model carbonyl complexes with neutral imidazole.
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be able to cause the experimentally observed (Fig. 7), con-
siderably weaker change in vFec than in vco.

In many model compounds the charged or electron-rich
groups are located close to the porphyrin edge in the region
of 4 A < r < 7 A (for a review, see Momenteau and Reed,
1994). In these compounds different charged or polar sub-
stituents must cause the complicated relationship between
the C-O and Fe-C vibrational frequencies. Additional con-
tribution to the scattering of vFec can stem from the varia-
tion, even very weak, of RFeC, distortion of the porphyrin
ring, or the iron out-of-plane displacement. Thus, the model
complexes with different charged or polar substituents are
expected to demonstrate the poor correlation between vFec
and vco, with strong scattering of the corresponding points
around the "no charge" point. At the same time, in the series
of the model compounds with the same charged or polar
substituents located at different points in the space close to
the porphyrin edge, the graph of the dependence between
vFec and vco must be close to a line that does not pass
through the "no charge" point and has a slope a, -0.3.
Therefore, in the case of the model compounds the charged
groups themselves must lead to a complicated relationship
between vFec and vco, which consists of the superposition
of the scattered points around the "no charge" point and a
number of almost linear relationships, with a,- -0.3 not
crossing the "no charge" point.

Indeed, for the relation between the experimental values
of vFec and vco of all the model compounds (Fig. 6 b) we
obtain a very low correlation coefficient of linear regres-
sion, R = -0.63. The whole figure represents a superposi-
tion of the linear plots with a,, = -0.38 and -2.28, corre-
sponding to SP-n and Piv2Cn series, respectively, and the
points scattered around the "no charge" point with coordi-
nates of vFec 495 cm-', vcO 1965 cm-' (the theoret-
ical value vco = 1977 cm-l was calculated for the "no
charge" situation at RFeC = 1.745 A).
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The relationship between vFec and vco in the SP-n series
is very close to the theoretically expected one (a,, 0.3) for
the case of the charged or polar substituents located close to
the porphyrin edge at slightly different distances from the
axis of the porphyrin ring. This implies that in the series
under consideration a change in the length of the aliphatic
chain causes mainly a change in the location of charged
substituents.

It is impossible, however, to explain from the same point
of view the very large value of a,, = -2.28 in the carbonyl
complexes of a series of the superstructured iron-porphyrins
with the general formula Fe(II)(Piv)2Cn (Desbois et al.,
1989; Tetreau et al., 1994). In this formula n describes the
length of the aliphatic chain providing distal steric hin-
drance and equals the number of CH2 groups in this chain (n
= 6, 7, 8, 10). The only other perturbation that can notably
affect both vFec and vco is a change in the iron-carbon
distance. Indeed, x-ray diffraction study of the compounds
with n = 6 and 8 showed that a decrease in the length of the
chain causes a decrease in RFeC from 1.752 ± 0.004 A to
1.733 ± 0.004 A, and changes the porphyrin ring doming
and ruffling and positions of the polar groups of the ali-
phatic chain. This change of the complex structure increases
vFec from 497 to 515 cm-, whereas vco decreases much
less markedly, from 1952 to 1948 cm-, and in general a
decrease in n from 10 to 6 increases vFec from 488 to 515
cm- and decreases vCO from 1958 to 1948 cm-. Our
calculations show that an increase in RFeC from 1.733 to
1.752 A itself must increase vco by IO cm-', a considerably
stronger effect than the experimentally observed 4 cm-'.
This discrepancy may result from an error in the x-ray
diffraction studies of the compounds under consideration.
The possibility of such an explanation stems from the pre-
cision of the RFeC evaluation (± 0.004 A), the precision for
AIRFec being, consequently, on the order ARFeC = 0.019 ±
0.008 A. From the latter it could be concluded that the
actual change in RFec is smaller than, or on the order of,
0.01 A, which should cause a change in vco of 5 cm-'. It
was mentioned above, however, that for this kind of change
in the heme geometry the theoretical value of a. is expected
to be close to -0.9, whereas the experimental value of a. is
-2.28. (Fig. 6 b, asterisks). This pronounced difference
between the theoretical and experimental values of a., im-
plies that there is an additional interaction that affects vFec
much more strongly than vco. Because the change of the
porphyrin ring geometry does not affect vFec so strongly,
the effect of the charged groups located in the region of the
porphyrin edge (r = 5-6 A) is the only possible explanation
of the large value of a.. Indeed, in these compounds there
are charged NH groups located close to the porphyrin edge
that provide positive polarity. It follows from Fig. 6 b that
when the positive charges approach the porphyrin center
with the reduction in length of the aliphatic chain BFeC
increases and Bco decreases, amplifying the increase in aB
(and, consequently, in a,,) due to the reduction in RFeC upon

and position of the charged groups naturally explains the
large negative value of a,
The location of the FeC2-Cap(NMeIm) point (vFec = 497

cm- l, vco = 2002 cm- 1) close to the line corresponding to
the FeSP-n compounds can be explained as a result of the
electrostatic interaction with the charged groups of the four
chains linking the benzene to the porphyrin that are located
close to the porphyrin edge and, therefore, affect vcO much
more strongly than vFec (see Fig. 5, b and d). The change in
RFeC can also essentially affect vFec and vCO of this com-

pound.
As in the case of the model compounds, the recent data on

HPs (Cameron et al., 1993; Quillin et al., 1993, 1995; Li et
al., 1994; Springer et al., 1994; Lim et al., 1995) also show
that the heme environment does not cause essential distor-
tion of the CO coordination geometry. Consequently, elec-
trostatic effect of the heme environment must be invoked to
explain the wide variation in vco in the proteins. The
specificity of the situation in the heme proteins stems from
the fact that it is very difficult to realize a point mutation
close to the plane of the porphyrin ring 4-7 A from its
center. All other substitutions, with respect to protein dif-
ferences, affect back-bonding more strongly than the o-

donation. This implies that the relationship between the
Fe-C and C-O vibrational frequencies in different HPs is
expected to be closer to the inverse linear dependence than
that in the model compounds (compare to Fig. 7). Note that
the experimental points corresponding to HPs form a line
with slope a,, = -0.75, which is three times larger than the
value of -0.24 obtained for the effect of distal charges. This
fact implies that the difference between vco and vFec in
different HPs stems not only from the different distal envi-
ronment, but also from the different proximal environments
(theoretical value for this case, av, -0.55; unpublished
result) or different structures of the whole proteins, which
produce different electric fields close to the homogeneous
one (theoretical value of a, = -0.5). Additional contribu-
tions to a. can stem from the differences in RFeC produced
by different heme environments.
The weak bending or tilting of CO can also modulate the

relationship between vFec and vCO, but cannot by them-
selves cause opposite changes in these frequencies.

It also follows from our results that the charge located on
the distal side of the heme affects notably not only the
closest C-O and Fe-C bonds but also the Fe-Nim bond up to
± 10%, the Fe-Nim and Fe-C bond indexes being altered in
the same direction. This implies that charged groups located
on the distal side of the heme must lead to a significant
change in strengths of both the Fe-Nim and Fe-C bonds in
the same direction.

Effect of the environment on the heme electronic
structure and its spectroscopic manifestations

The traditional interpretation (Stryer, 1988) of the experi-
this chain shortening. This joint effect of the change of RFeC
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mental data has been based on three main assumptions: 1)
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the dependence of a diatomic (CO or 02) affinity on the
protein type is controlled by different geometries of the
ligand coordination in these proteins; 2) these different
coordination geometries are caused by different "steric"
interactions with the distal environment in different pro-
teins; 3) the "steric" interactions are described usually by
the Lenard-Jones potential (Atkins, 1986) and, conse-
quently, are supposed to affect, first of all, the nuclear
configuration of the complex (geometry of the CO coordi-
nation), the electronic subsystem being affected through the
change of the nuclear one. However, all of the interactions
between any two molecules are caused by different types of
noncovalent electrostatic (charge-charge, dipole-charge, di-
pole-dipole, dipole-induced-dipole, etc.) and dispersion (in-
terelectronic) interactions (Atkins, 1986). All of the electro-
static interactions must affect both the electronic and
nuclear subsystems. Moreover, because electrons are lighter
and move faster than the nucleus, the electron subsystem
is expected to be affected by this interaction more
strongly than the nuclear one (for example, the dispersion
interaction is caused only by the electron subsystem)
(Atkins, 1986).
The only exception can be the case where the electrons

and nuclei interact very strongly and electrons cannot move
freely from one atom to another under the external field, as
in the case of localized electrons in organic compounds. In
this case any change of the shape of the electron cloud
strongly affects the nucleus positions and vice versa. There-
fore in this case we really can suppose that the essential part
of the intermolecular interactions can be described as a
result of the change of the nuclear configuration or, in other
words, the "steric" interaction prevails.

It follows from our theoretical study that the 'r electron
subsystem of Fe(P)(Im)(CO) is very sensitive to the pres-
ence of charges, and any electrostatic interaction should first
of all affect the ii electron distribution. If we agree with
this result and with the statement that the intermolecular
repulsion or attraction is caused by some electrostatic
interactions, we should conclude that the interaction be-
tween Fe(P)(Im)(CO) and the heme environment would
affect most strongly the Xr electron distribution, the geom-
etry of the heme complex being less affected due to the
distortion of the 7r electron cloud and nonbonding "steric"
interactions. Therefore, to discuss any spectroscopic
manifestation of the CO coordination geometry distortion
caused by the heme environment, we must take into account
not only the manifestations of the distortion itself but
also the direct effect of the electrostatic interaction with
the heme environment, which causes this distortion
(see also, Oldfield et al., 1991; Park et al., 1991; Ray et al.
1994).

It is the redistribution of the Xn* electrons that changes the
Fe-C and C-O bond orders in opposite directions, leading to
the experimentally observed opposite change of the Fe-C
and C-O frequencies in different heme proteins.

CONCLUSION

Application of the vibronic theory of activation and INDO
quantum chemical calculations to the study of the activation
of CO by different heme proteins and their models showed
that a major contribution to the CO activation arises from
the electron density transfer from the 5a orbital ofCO to the
heme (oa donation) and from the heme to the 2Xr* orbital of
CO (back-bonding).

Investigation of the effect of the different distortions of
the porphyrin ring showed that ruffling and doming of the
porphyrin ring, displacement of iron out of the porphyrin
plane, and change in the iron-imidazole distance cause very
weak changes in the C-O vibrational frequency and, there-
fore, cannot in principle explain by themselves the wide
range of the C-O vibrational frequency in different heme
proteins and their models.

Distortion of the carbon monoxide linear perpendicular
coordination geometry or change in the iron-carbon distance
affects both a donation and back-bonding and, in principle,
can notably affect both Fe-C and C-O vibrational frequen-
cies. However, by themselves these changes of the heme
geometry can explain neither the wide range of vco nor the
inverse relationships between vFec and vco in the model
compounds.

Appearance of the charges in the vicinity of the heme
affects both the back-bonding and o- donation and can very
strongly affect activation of the coordinated CO, causing a
change in the C-O bond index up to ±50% of its change due
to the coordination and changing the C-O vibrational fre-
quency up to ±30% of its change upon coordination. The
Fe-C and Fe-Nim bonds can be also essentially affected (up
to ±10%) by the distal charges.

Axially located distal charges affect mainly back-bonding
and, consequently, change the Fe-C and C-O bond strengths
and corresponding vibrational frequencies in opposite direc-
tions. The charges located in the region of the porphyrin
edge affect both or donation and back-bonding and lead to
the very complicated relationship between vFec and vCo.
The presence of these charges explains the relationships
between these frequencies in the model compounds,
whereas in the heme proteins the relationship between the
frequencies under consideration can be explained by the
changes on the proximal side of the heme or by the substi-
tution or/and displacement of different charged groups lo-
cated far enough from the porphyrin ring.

All of the results obtained for the dependence of the Fe-C
bond strength unequivocally show that the protein charged
groups can essentially affect the affinity of different heme
proteins to carbon monoxide and other diatomics.

In general, these theoretical results strongly support the
experimental observations (Li and Spiro, 1988; Park et al.,
1991; Brantley et al., 1993; Lian et al., 1993; Cameron et
al., 1993; Ivanov et al., 1994; Li et al., 1994; Ray et al.,
1994; Springer et al., 1994) that charged or polar amino acid
groups can control both spectroscopic and thermodynamic
properties of HPs, essentially affecting the properties of the
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Fe-CO unit. Moreover, because the charge effect decreases
slowly upon the charge displacement away from the heme,
we can expect that charged groups located even relatively
far from the heme can notably affect the affinity of HPs for
different ligands and different spectroscopic properties of
these proteins. Note that in this paper the effect of only the
model point charges and homogeneous electric field on the
extent of the changes of vco and vFec was studied. The
effect of the specific point mutations on vco, which is of
special interest from this point of view, will be studied in
detail in our future works.

Note also that some of our other results (the paper under
preparation) on the effect of the point charges located on the
imidazole side of Fe(P)(Im)(CO) show that these charges
can also essentially affect the properties of the active center
under consideration.

We would like to thank Dr. Michael C. Zerner for supplying the ZINDO
program, Dr. Tom G. Spiro for a preprint of his paper (Ray et al., 1994)
before its publication, and Dr. Abel Schejter for helpful discussions.

This work was supported by the Sackler Fund for Scientists Absorption
(SSS) and the Center for Scientists Absorption, Ministry of Absorption of
Israel. This work was done in partial fulfillment of the requirements for the
Ph.D. degree from the Sackler School of Medicine at Tel Aviv University
(BK).

REFERENCES

Alben, J. O., D. Beece, S. F. Bowne, W. Doster, L. Eisenstein, H. Frauen-
felder, D. Good, J. D. McDonald, M. C. Marden, P. P. Moh, L. Reinisch,
A. H. Reynolds, E. Shyamsunder, and K. T. Yue. 1982. Infrared spec-
troscopy of photodissociated carboxymyoglobin at low temperatures.
Proc. Natl. Acad. Sci. USA. 79:3744-3748.

Anderson, W. P., W. D. Edwards, and M. C. Zerner. 1986. Calculated
spectra of hydrated ions of the first transition-metal series. Inorg. Chem.
25:2728-2732.

Andres, J. L., M. Duran, A. Liedos, and J. Bertran. 1991. Calculation of the
vibrational frequency and line strength versus applied field of carbon
monoxide. Chem. Phys. 151:47-43.

Atkins, P. W. 1986. Physical Chemistry. Oxford University Press, Oxford.
Augspurger, J. D., C. E. Dykstra, and E. Oldfield. 1991. Correlation of

carbon-13 and oxygen-17 chemical shifts and the vibrational frequency
of electrically perturbed carbon monoxide: a possible model of distal
ligand effects in carbonmonoxyheme proteins. J. Am. Chem. Soc. 113:
2447-2451.

Babcock, G. T. 1988. Raman scattering by cytochrome oxidase and by
heme a model compounds. In Biological Applications of Raman Spec-
troscopy, Vol. 3: Resonance Raman Spectra of Heme and Metallopro-
teins. T. G. Spiro, editor. Wiley-Interscience, New York. 292-346.

Bacon, A. D., and M. C. Zerner. 1979. An intermediate neglect of differ-
ential overlap theory for transition metal complexes: Fe, Co and Cu
chlorides. Theor. Chim. Acta. 53:21-54.

Balasubramanian, S., D. G. Lambright, and S. G. Boxer. 1993. Perturba-
tions of the distal heme pocket in human myoglobin mutants probed by
infrared spectroscopy of bound CO: correlation with ligand binding
kinetics. Proc. Natl. Acad. Sci. USA. 90:4718-4722.

Bauschlicher, C. W., Jr. 1985. The effect of an external electric field on the
vibrational frequency of CO. Chem. Phys. Lett. 118:307-310.

Bersuker, I. B. 1978. Mutual vibronic influence of weakly coordinated
molecular systems in chemical reactions and catalysis. Chem. Phys.
31:85-93.

Bersuker, I. B. 1984. The Jahn-Teller Effect and Vibronic Interactions in
Modern Chemistry. Plenum, New York.

Bishop, D. M. 1993. The vibrational Stark effect. J. Chem. Phys. 98:
3179-3184.

Brantley, R. E., Jr., S. J. Smerdon, A. J. Wilkinson, E. W. Singleton, and
J. S. Olson. 1993. The mechanism of autoxidation of myoglobin. J. Biol.
Chem. 268:6995-7010.

Braunstein, D. P., K. Chu, K. D. Egedberg, H. Frauenfelder, J. R. Mourant,
G. U. Nienhaus, P. Ormos, S. G. Sligar, B. A. Springer, and R. D.
Young. 1993. Ligand binding to heme proteins. III. FTIR studies of
His-E7 and Val-El 1 mutants of carbonmonoxymyoglobin. Biophys. J.
65:2447-2454.

Cameron, A. D., S. J. Smerdon, A. J. Wilkinson, J. Habash, J. R. Helliwell,
T. Li, and J. S. Olson. 1993. Distal pocket polarity in ligand binding to
myoglobin: deoxy and carbonmonoxy forms of a threonine68(EI 1) mu-
tant investigated by X-ray crystallography and infrared spectroscopy.
Biochemistry. 32:13061-13070.

Campbell, B. F., M. R. Chance, and J. M. Friedman. 1987. Ligand binding
channels reflected in the resonance Raman spectra of cryogenically
trapped species of myoglobin. J. Biol. Chem. 262:14885-14890.

Cartier, C., M. Momenteau, E. Dartyge, A. Fontaine, G. Tourillon, A.
Bianconi, and M. Verdaguer. 1992. X-ray absorption spectroscopy of
carbon basket handle Fe(II) porphyrins: the distortion of the tetrapyrrolic
macrocycle. Biochim. Biophys. Acta. 119:169-174.

Case, D. A., B. H. Huynh, and M. Karplus. 1979. Binding of oxygen and
carbon monoxide to hemoglobin. An analysis of the ground and excited
states. J. Am. Chem. Soc. 101:4433-4453.

Case, D. A., and M. Karplus. 1978. Stereochemistry of carbon monoxide
binding to myoglobin and hemoglobin. J. Mol. Biol. 123:697-701.

Cheng, X., and B. P. Schoenborn. 1991. Neutron diffraction study of
carbonmonoxymyoglobin. J. Mol. Biol. 220:381-399.

Decatur, S. M., and S. G. Boxer. 1995. A test of the role of electrostatic
interactions in determining the CO stretch frequency in carbonmonoxy-
myoglobin. Biochem. Biophys. Res. Commun. 212:159-164.

Dedieu, A., M.-M. Rohmer, H. Veillard, and A. Veillard. 1979. Electronic
and structural aspects of the dioxygen complexes of metalloporphyrins.
An ab initio study. Nouv. J. Chim. 3:653-667.

Desbois, A., M. Momenteau, and M. Lutz. 1989. Resonance Raman
spectroscopy of iron(II) superstructured porphyrins: influence of por-
phyrin distortions on CO and 02 ligand dissociation. Inorg. Chem.
28:825-834.

Du, P., F. U. Axe, G. H. Loew, S. Canuto, and M. C. Zerner. 1991.
Theoretical study on the electronic spectra of model compound II
complexes of peroxidases. J. Am. Chem. Soc. 113:8614-8621.

Du, P., and G. H. Loew. 1992. Role of axial ligand in the electronic
structure of model compound I complexes. Int. J. Quant. Chem. 44:
251-261.

Du, P., and G. H. Loew. 1995. Theoretical study of model compound I
complexes of horseradish peroxidase and catalase. Biophys. J. 68:
69-80.

Eaton, W. A., L. K. Hanson, P. J. Stephens, J. C. Sutherland, and J. B. R.
Dunn. 1978. Optical spectra of oxy- and deoxyhemoglobin. J. Am.
Chem. Soc. 100:4991-5003.

Edwards, W. D., B. Weiner, and M. C. Zerner. 1986. On the low-lying
states and electronic spectroscopy of iron(II) porphine. J. Am. Chem.
Soc. 108:2196-2204.

Eichom, G. L. 1973. Inorganic Biochemistry. Elsevier, Amsterdam.
Fuchsman, W. H., and C. A. Appleby. 1979. CO and 02 complexes of

soybean leghemoglobins: pH effects upon infrared and visible spectra.
Comparisons with CO and 02 complexes of myoglobin and hemoglobin.
Biochemistry. 18:1309-1321.

Hanson, J. C., and B. P. Schoenborn. 1981. Real space refinement of
neutron diffraction data from sperm whale carbonmonoxymyoglobin. J.
Mol. Biol. 153:117-146.

Harris, D., and G. Loew. 1993. Mechanistic origin of the correlation
between spin state and spectra of model cytochrome P450 ferric heme
proteins. J. Am. Chem. Soc. 115:5799-5802.

Herman, Z. S., G. H. Loew, and M.-M. Rohmer. 1980. Calculated ground-
state properties and optical spectrum of model carbonylheme complexes.
Int. J. Quant. Chem. Quantum Biol. Symp. 7:137-153.

Hirota, S., T. Ogura, K. Shinzawa-Itoh, S. Yoshikawa, M. Nagai, and T.
Kitagawa. 1994. Vibrational assignements of the FeCO unit of CO-



1228 Biophysical Journal Volume 70 March 1996

bound heme proteins revisited: observation of a new CO-isotope-
sensitive Raman band assignable to the FeCO bending fundamental. J.
Phys. Chem. 98:6652-6660.

Howell, J., A. Rossi, D. Wallace, K. Haraki, and R. Hoffmann. 1990.
Quantum Chemistry Program Exchange, program no. 344, ICON8 and
FORTICON8. Department of Chemistry, Indiana University.

Hu, S., K. M. Vogel, and T. G. Spiro. 1994. Deformability of heme protein
CO adducts: FT-IR assignment of the FeCO bending mode. J. Am.
Chem. Soc. 116:11187-11188.

Huber, K. P., and G. Herzberg. 1979. Molecular Spectra and Molecular
Structure. IV. Constants of Diatomic Molecules. Van Nostrand Rein-
hold, New York.

Ivanov, D., J. T. Sage, M. Keim, J. R. Powell, S. A. Asher, and P. M.
Champion. 1994. Determination of CO orientation in myoglobin by
single-crystal infrared linear dichroism. J. Am. Chem. Soc. 116:
4139-4140.

Jewsbury, P., and T. Kitagawa. 1994. The distal residue-CO interaction in
carbonmonoxy myoglobins: a molecular dynamics study of two distal
histidine monomers. Biophys. J. 67:2236-2250.

Jewsbury, P., and T. Kitagawa. 1995. The distal residue-CO interaction in
carbonmonoxy myoglobins: a molecular dynamics study of three distal
mutants. Biophys. J. 68:1283-1294.

Kerr, E. A., H. C. Mackin, and N.-T. Yu. 1983. Resonance Raman studies
of carbon monoxide binding to iron "picket fence" porphyrin with
unhindered and hindered axial bases. An inverse relationship between
binding affinity and the strength of iron-carbon bond. Biochemistry.
22:4373-4379.

Kim, K., J. Fettinger, J. L. Sessler, M. Cyr, J. Hugdahl, J. P. Collman, and
J. A. Ibers. 1989. Structural characterization of a sterically encumbered
iron(II) porphyrin CO complex. J. Am. Chem. Soc. 111:403-405.

Kim, K., and J. A. Ibers. 1991. Structure of a carbon monoxide adduct of
a "capped" porphyrin: Fe(C2-Cap)(CO)(1-methylimidazole). J. Am.
Chem. Soc. 113:6077-6081.

Kuriyan, J., S. Wilz, M. Karplus, and G. A. Petsko. 1986. X-ray structure
and refinement of carbon-monoxy (Fe II)-myoglobin at 1.5 A resolution.
J. Mol. Biol. 192:133-154.

Kushkuley, B., and S. S. Stavrov. 1994. Effect of polar groups on the
frequency of carbon monoxide coordinated by heme proteins: theoretical
approach. In Abstracts of EUROBIC II: Metal Ions in Biological Sys-
tems. Centro Duplicazione Offset s.r.l., Florence. 202.

Lambert, D. K. 1984. Stark effect of adsorbate vibrations. Sol. State
Commun. 51:297-300.

Lambert, D. K. 1988. Vibrational Stark effect of CO on Ni(100), and CO
in the aqueous double layer: experiment, theory, and models. J. Chem.
Phys. 89:3847-3860.

Lee, H. C., and E. Oldfield. 1989. Oxygen-17 nuclear magnetic resonance
spectroscopic studies of carbonmonoxy heme proteins. J. Am. Chem.
Soc. 111:1584-1590.

Li, T., M. L. Quillin, G. N. Phillips, and J. S. Olson. 1994. Structural
determinants of the stretching frequency of CO bound to myoglobin.
Biochemistry. 33:1433-1446.

Li, X.-Y., and T. G. Spiro. 1988. Is bound CO linear or bend in heme
proteins? Evidence from resonance Raman and infrared spectroscopic
data. J. Am. Chem. Soc. 110:6024-6033.

Lian, T., B. Locke, T. Kitagawa, M. Nagai, and R. M. Hochstrasser. 1993.
Determination of the Fe-CO geometry in the subunits of carbonmonoxy
hemoglobin M Boston using femtosecond infrared spectroscopy. Bio-
chemistry. 32:5809-5814.

Lim, M., T. A. Jackson, and P. A. Anfinrud. 1995. Binding of CO to
myoglobin from a heme pocket docking site to form nearly linear
Fe-C-O. Science. 269:962-966.

Loew, G. H. 1983. Theoretical investigations of iron porphyrins. In Iron
Porphyrins. Part 1. A. B. P. Lever and H. B. Gray, editors. Addison-
Wesley, London. 1-87.

Loew, G. H., and R. F. Kirchner. 1978. Binding of 02, NO, and CO to
model active sites in ferrous heme proteins: ligand geometry, electric
structure, and quadrupole splittings. Int. J. Quant. Chem. Quantum Biol.
Symp. 5:403-415.

Makinen, M. W., R. A. Houtchens, and W. S. Caughey. 1979. Structure of
carboxyhemoglobin in crystals and solution. Proc. Natl. Acad. Sci. USA.
76:6042-6046

Maxwell, J. C., and W. S. Caughey. 1976. An infrared study of NO
bonding to heme B and hemoglobin A. Evidence for inositol hexaphos-
phate induced cleavage of proximal histidine to iron bonds. Biochemis-
try. 15:388-396

Momenteau, M., and C. A. Reed. 1994. Synthetic heme dioxygen com-
plexes. Chem. Rev. 94:659-698.

Morikis, D., P. M. Champion, B. A. Springer, and S. G. Sligar. 1989.
Resonance Raman investigations of site-directed mutants of myoglobin:
effect of distal histidine replacement. Biochemistry. 28:4791-4800.

Mourant, J. R., D. P. Braunstein, K. Chu, H. Frauenfelder, G. U. Nienhaus,
P. Ormos, and R. D. Young. 1993. Ligand binding to heme proteins. II.
Transitions in the heme pocket of myoglobin. Biophys. J. 65:
1496-1507.

Nagai, M., Y. Yoneyama, and T. Kitagawa. 1991. Unusual CO bonding
geometry in abnormal subunits of hemoglobin M Boston and hemoglo-
bin M Saskatoon. Biochemistry. 30:6495-6503.

Oldfield, E., K. Guo, J. D. Augspurger, and C. E. Dykstra. 1991. A
molecular model for the major conformational substates in heme pro-
teins. J. Am. Chem. Soc. 113:7537-7541.

Park, K. D., K. Guo, F. Adebodun, M. L. Chiu, S. G. Sligar, and E.
Oldfield. 1991. Distal and proximal ligand interactions in heme proteins:
correlations between C-O and Fe-C vibrational frequencies, oxygen-17
and carbon-13 nuclear magnetic resonance. Biochemistry. 30:
2333-2347.

Paul, J., and A. Rosen. 1984. Hydrogen bonding between liganded CO and
heme-proteins. Chem. Phys. Lett. 105:197-200.

Paul, J., M. L. Smith, and K. G. Paul. 1985. The vibrational bands of
carbon monoxide bound to hemes or metal surfaces. Biochim. Biophys.
Acta. 832:257-264.

Potter, W. T., J. H. Hazzard, M. G. Choc, M. P. Tucker, and W. S.
Caughey. 1990. Infrared spectra of carbonyl hemoglobins: characteriza-
tion of dynamic heme pocket conformers. Biochemistry. 29:6283-6295.

Quillin, M. L., R. M. Arduini, J. S. Olson, and G. N. Phillips, Jr. 1993.
High-resolution crystal structures of distal histidine mutants of sperm
whale myoglobin. J. Mol. Biol. 234:140-155.

Quillin, M. L., T. Li, J. S. Olson, G. N. Phillips, Jr., Y. Dou, M. Ikeda-
Saito, R. Regan, M. Carlson; Q. H. Gibson, H. Li, and R. Elber. 1995.
Structural and functional effects of apolar mutations of the distal valine
in myoglobin. J. Mol. Biol. 245:416-436.

Ramsden, J., and T. G. Spiro. 1989. Resonance Raman evidence that distal
histidine protonation removes the steric hindrance to upright binding of
carbon monoxide by myoglobin. Biochemistry. 28:3125-3128.

Ray, G. B., X.-Y. Li, J. A. Ibers, J. L. Sessler, and T. G. Spiro. 1994. How
far can proteins bend the FeCO unit? Distal polar and steric effects in
heme proteins and models. J. Am. Chem. Soc. 116:162-176.

Ricard, L., R. Weiss, and M. Momenteau. 1986. Crystal and molecular
structure of a highly hindered iron(ll) porphyrin complex. J. Chem. Soc.
Chem. Commun. 818-820.

Ridley, J., and M. Zerner. 1973. An intermediate neglect of differential
overlap technique for spectroscopy: pyrrole and the azines. Theor. Chim.
Acta. 32:111-134.

Sakan, Y., T. Ogura, T. Kitagawa, F. A. Frauenfelder, R. Mattera, and M.
Ikeda-Saito. 1993. Time-resolved resonance Raman study on the binding
of carbon monoxide to recombinant human myoglobin and its distal
histidine mutants. Biochemistry. 32:5815-5824.

Smith, M. L., J. Paul, P. I. Ohlsson, and K. G. Paul. 1984. Correlations
between reduction potential, CO stretching frequency, and CO half-
bandwidth in hemoproteins. Biochemistry. 23:6776-6785.

Springer, B. A., S. G. Sligar, J. S. Olson, and G. N. Phillips, Jr. 1994.
Mechanism of ligand recognition in myoglobin. Chem. Rev. 94:
699-714.

Stavrov, S. S., I. P. Decusar, and I. B. Bersuker. 1993. Chemical activation
of oxygen and carbon monoxide by hemoproteins: the vibronic ap-
proach. New J. Chem. 17:71-76.

Stryer, L. 1988. Biochemistry. Freeman, New York. 148-150.
Tetreau, C., D. Lavalette, M. Momenteau, J. Fischer, and R. Weiss. 1994.

Structure-reactivity relationship in oxygen and carbon monoxide binding
with some heme models. J. Am. Chem. Soc. 116:11840-11848.

Ullrich, V. 1979. Cytochrome P450 and biological hydroxylation reactions.
Top. Curr. Chem. 83:67-104.



Kushkuley and Stavrov Electrostatic Effects in Heme Proteins 1229

Waleh, A., and G. H. Loew. 1982a. Calculated triplet state energies of
carbonylheme complexes: relevance to photodissociation and postulated
paramagnetic component. J. Am. Chem. Soc. 104:2346-2351.

Waleh, A., and G. H. Loew. 1982b. Quantum mechanical studies of the
photodissociation of oxyheme complexes. J. Am. Chem. Soc. 104:2352-2356.

Waleh, A., and G. H. Loew. 1982c. Quantum mechanical studies of the
photodissociation of carbonylheme complexes. J. Am. Chem. Soc. 104:
3513- 3515.

Yu, N. T., and E. A. Kerr. 1988. Vibrational modes of coordinated CO,
CN-, 02' and NO. In Biological Applications of Raman Spectroscopy,
Vol. 3: Resonance Raman Spectra of Heme and Metalloproteins. T. G.
Spiro, editor. Wiley-Interscience, New York. 39-95.

Yu, N. T., E. A. Kerr, B. Ward, and C. K. Chang. 1983. Resonance Raman
detection of Fe-CO stretching and Fe-CO bending vibrations in sterically
hindered carbonmonoxy "strapped hemes." A structural probe of Fe-C-O
distortion. Biochemistry. 22:4534-4540.

Zemer, M. C., M. Gouterman, and H. Kobayashi. 1966. Porphyrins. VIII.
Extended Huckel calculations on iron complexes. Theor. Chim. Acta.
6:363-400.

Zemer, M. C., G. H. Loew, R. E. Kirchner, and U. T. Mueller-Westerhoff.
1980. An intermediate neglect of differential overlap technique for
spectroscopy of transition-metal complexes. Ferrocene. J. Am. Chem.
Soc. 102:589-599.


