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The resonant Raman active mode identified in numerous studies as the herraistatine stretch has been
systematically investigated in the Raman spectrum of 15 exogenous ligands to the heme iron in the myoglobin
proximal cavity mutant H93G. Mutation of the native histidine 93 of myoglobin to glycine (H93G) creates

a cavity at the heme iron that can be filled with exogenous ligands. Substituted imidazoles and pyridines
were introduced into the cavity at the heme iron of the deoxy ferrous H93G myoglobin by dialysis. Raman
bands attributed to in-plane modes of the heme are unaffected by the change tnitoentigation. However,

the Raman active band in the 18250 cn1? region ascribed to an irerdigand out-of-plane mode is highly
dependent on the identity of the axial ligand. Information on the normal mode was obtained using isotopically
labeled imidazole, pyridine, and 1-methyl and 2-methyl imidazole. Relatively small isotope effects are observed
for the heme-iron ligands imidazole H93G(Im) and pyridine H93G(Pyr). We have examined models for the
normal mode based on three-body, six-body, and 38-body calculations of the FG matrix. These models indicate
that the potential energy distribution of the axial-ligand out-of-plane normal mode observed in the region
from 180 to 245 cm! has a significant contribution from iretfligand (Fe-L) stretching (56-70%) but also

from significant iron-heme doming. Using the normal coordinate analysis to correct for differences in ligand
mass, we have compared the frequencies of the ligands as a function of their basicity. Although-the iron
ligand force constant is linearly proportional to ligand basicityk&t p 5, the correlation is less pronounced

at lower K.

Heme axial ligation by histidine is a key determinant of the bond in guanylate cyclase is thought to be strained or weak in
reactivity of the iron in globins, peroxidases, and oxidases. A this enzyme since the binding of NO ruptures the irbistidine
Raman active band observed in the %0 cnt?! range in bond at its iror-histidine band frequency of 206 crh which
the deoxy ferrous form of various histidine-ligated heme proteins is significantly lower than in myoglobift The low frequency
has provided key evidence for mechanisms of control over the of the iron-histidine band ¥ ~ 193-214 cnt?!) in oxi-
activation of bound oxygefr.° Experimental resonant Raman dase%!518js consistent with weak hydrogen bondiig?

studies of isotopically labeled hemes, iron, afti-labeled In this paper, we present a resonant Raman study of the iron
myoglobin proteins with Soret band excitatiohe(~ 430- ligand out-of-plane mode in the proximal cavity mutant of
435 nm) have shown that the stretching of the irbistidine myoglobin H93G. The single-point mutation of the native

bond is a major contributor to the potential energy distribution hjstidine 93 to glycine (H93G) creates a cavity at the heme iron
of the iron—histidine normal modé:3 The designation of this  that can be filled with a number of exogenous ligah8isn

band as the ironhistidine normal mode has led to systematic this study, we have used a range of substituted imidazoles and
studies of the differences in heme proteins and the reactivity of pyridines, shown in Table 1. There are now cavity mutants of
the heme iron in terms of the frequency of the irdnstidine several heme enzynte®!%-21 demonstrating the general utility
vibration. The reversible oxygen binding of globins is facilitated ¢ studying the heme active site using non-native heirn

by a n_eutral histidine trans to th_e oxygen binding site on the ligands in heme proteins. The H93G mutant of myoglobin has
heme iron. The frequency of the iremistidine mode has been  the advantage that the proximal cavity is relatively nonpolar,
empirically correlated with both the diatomic ligand binding  gjjowing a systematic study of a range of exogenous ligands.
affinity in hemoglobiri®*and the reactivity of tlhe peroxidases. |y addition, a comparison of several isotopomers of different
In hemoglobin, a low frequency (~ 216 cn) for the band  jigands allows information on the normal mode description to
is associated with the low-affinity T state while the high-affinity  pe optained. We present an analysis based on force field data
R state has a higher frequleg(a/, similar to that of noncooperativethat elucidate the relative contributions of iron out-of-plane
myoglobin ¢ ~ 222 cm*).>* The frequency of the iron motion, porphyrin ring deformations, and internal degrees of
histidine band is increased from the 220°¢mange in globins  freedom of the ligand to the potential energy distribution of
to 245 cnrl in peroxidases, consistent with a stronger interaction {he normal mode observed in the Raman spectrum. A three-
between the histidine ligand and the heme iron, due perhaps Opody model treats the heme, iron, and ligand as rigid masses.

a more negatively charged imidazdfe® The iron-histidine A six-hody model includes the off-axis tilting of the irefigand
" North Carolina State University. b_ond. _A 38-body model expllcnly treats the entire por_phyrln
* Stanford University. ring with 8 substituents (but ignores hydrogens and the internal
8 Los Alamos National Laboratory. degrees of freedom of the heme peripheral substituents). The
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TABLE 1: Observed Frequencies of 17 Ligands to

Deoxyferrous Heme Iron in the Proximal Cavity of H93G A B
Myoglobin2
ligand Fe-L (cm™) pKa MW Soret

imidazole 225 6.65 68 431
1-Me Im 219,231 7.33 82 428
2-Me Im 217 7.56 82 430.5 )
4-Me Im 221 7.22 82 433
1,2-diMe Im 225 7.85 96 429 Figure 1. Three models used to analyze ireligand out-of-plane
2,4-diMe Im 197 — 96 432.5 normal modes in heme: (A) the three-body model consists of three
2-ethyl Im 2195 7.70 97 431 different masses connected by two springs with different force constants;
4-CH,OH Im 2275 - 98 430 (B) the six-bodyCs, symmetry model consists of three difference
4-BrIm 196 - 147 426 masses and four masses that represent the porphyrin macrocycle
4-Br,2-Me Im 180 - 159 431 identical in their stretching and bending force constants; (C) the 38-
pyridine 207 5.22 79 424 body model can have symmetry as high and consists of a porphyrin
3-F Pyr 201 2.97 97 - ring with B substitutents. Hydrogens are not included in the model.
3-Me Pyr 207 5.6 93 -
3-Br Pyr 201 2.84 158 - T T I T I T
4-Me Pyr 194 5.98 93 - ) Y,
a Represents the mass effect of various ligands referenced to the mass Iron_ngand 7

and frequency of H93G(Im). Out-of-plane Mode

analysis allows us to extract the ireligand stretching force H93G(|_)

constant of a variety of exogenous ligands for comparison.

3-F Pyridine

Experimental Section

The H93G protein was obtained by standard methods. 3-Br Pyridine

Samples of H93G myoglobin with different ligands were
prepared by dialysis, as discussed previob3lge samples were
prepared in 50 mM phosphate buffer solution at pH 7.0. The
deoxy form of myoglobin was prepared by dilution into
deoxygenated buffer, followed by reduction with excess dithion-
ite. Solutions were placed in a spinning NMR tube at ambient
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Raman Intensity

2-Me 4-Br Imidazole
placing the natural abundance and isotopically lableled samples 2,4-diMe Imidazole
in the laser beam for alternating 2 min data acquisition periods.
A typical data set consisted of 10 repetitions for a total of 20

min of data acquisition time. The magnitude of the isotope shifts
is based on fits to the line shape with two Gaussian functions
(see Supporting Information). It is well-known that there are

several in-plane Raman bands in the region of the-Hl@and | i | | | } I

2-Me Imidazole

Imidazole

out-of-plane bané&23These can be fit by a number of Gaussians
or Lorentzians to separate the isotopically shifted peak from 100 200 300 400, 500 -1 600 700
other heme vibrational modes in the spectral regfon. Raman Shift (cm )

Resonance Raman experiments were conducted using &Figure 2. Resonance Raman spectra for deoxyferrous H93G myoglobin
Coherent 590 dye laser (Stilbene-420 dye) pumped by the UV shown with various ligands L in the proximal cavity. The irdigand
lines of a Coherent Innova 400 argon ion laser. The laser OUE?f-plane mode depends strongly on the ligand. The mode. 40
frequency was tuned to between 430 and 435 nm. As shown intcr:?a WT|3S£SL b(tar?ig ﬁg:ﬂg;%C:)'eas”‘rj]0‘?tgggggrst‘ébiﬁr&t'gﬂ%gfﬁ:{l‘; t%?”
Table 1, the laser frequency Corresponds toithg of the Soret different Iigan’d adducts. The totally symmetric heme in-plane mode
band for the deoxy H93G(L) species where L represents the,,, qoes not depend on the identity of the proximal ligand.
various ligands. Typical laser powers were D mW.
Scattered light was collected by & 5 cm focal length lens —(yithout hydrogens) and of all ligand coordinates produced a
and focused on the slit of a SPEX 0.6 monochromator operating more realistic normal mode model, shown in Figure 1C.
as a spectrograph to disperse the light with 2.5%resolution  Erequencies for all these models can be determined by diago-
onto a Photometrics CCD camera. _ nalizing the FG matri* In the 38-body model, there are a large
The models we have studied include a 3-body linear model, numper of in-plane normal modes. We have relied on the
a simple 6-body model witlis, symmetry, and a 38-body model  normal-mode analysis of Li et al., used to derive the in-plane
of the porphyrin ring with$ substituents, as shown in Figure 1. force field parameters based on experimental studies of isoto-
The three-body model shown in Figure 1A is a gross simplifica- pically labeled nickel octaethyl porphyrin, NiOEP.
tion that allows general trends in the iron-ring stretching force

constant relative to the irerligand force constant. The six-
body model shown in Figure 1B contains the essential features
of iron geometry in five-coordinate deoxy Fe(ll) complexes and  The resonance Raman spectra of the low-frequency region
therefore allows us to visualize the basic mode types that involve of deoxy ferrous H93G with various ligands are shown in Figure
the motion of the iron and the axial ligand with relation to the 2. There are several modes in the low-frequency region that
heme plane. The inclusions of the porphyrin in a porphine model show some dependence on the identity of the axial ligand. The

Results
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largest effect is observed for the iretigand out-of-plane band
frequencies from 180 to 240 crh These frequencies are given

in Table 1 along with thelg,'s of the ligands. The data in Table

1 show that the irortligand out-of-plane band frequency tends
to increase with ligand basicity, in contrast to the results of
earlier studies on heme model systedfsHowever, this is a
rough correlation, and a normal-mode analysis of the vibration
between 180 and 240 crhis required to quantitatively correct
for the difference in mass and determine whether there is a
correlation of the iror-ligand force constant withi,.

There are also changes in two other bands in the low-
frequency region below 340 crh All the ligand substitutions
into the proximal cavity of H93G appear to affect the band near
~140 cnt! to some extent. This Raman band has not been
assigned, although it is known that its depolarization ratier (
0.4) is significantly larger than that of the218 cnt? iron—
histidine out-of-plane bando(~ 0.15)27 In agreement with

In i | ] I 1 ]

Raman Intensity (arb. units)

previous reports on wild-type myoglobin, the depolarization ratio ' J ' I ' I '
of the 140 cm! band has been found to be significantly larger B
than that of the 225 cnt iron—ligand mode in H93G(Im)

x8 scale

(0 < 0.18, data not shown). The isotopic shift in the 1407ém
band is extremely small and was not analyzed. Ligands with a
large mass relative to imidazole or large steric bulk affect the
spectrum in the 300 cm region as well. An additional feature
and/or a shift in the 300 cm band attributed tg;?? appears

in the low-frequency spectra for the ligands H93G(3-Br Pyr)
and H93G(2,4-diMe Im).

The isotope shifts of three H93G deoxy adducts in the spectral
region from 185 to 265 cri are shown in Figures-35. The
isotope shifts of one isotopomer of imidazole H93G-
(ds-Im) and H93G(Im) are shown in the low-frequency region 1
of the Raman spectra in Figure 3. Fits to the region from 185
to 265 cnt! with up to four Gaussians gave similar results (data . L . ! 1 ! 1

of panel A

Difference Intensity

not shown). The shift of the peak of the ireimidazole band 200 220 240
at 225 cm?! is 0.9 + 0.2 cn1t! lower for d-imidazole . -1
substitution and 0.6 0.2 cnt lower for 1,3-di+*N-imidazole Raman Shift (cm )

substitution (Table 2). The substitution og-pyridine for . -

e . . 1 Figure 3. Resonance Raman spectrum of the iranidazole out-of-
pyridine in HI3G(Pyr) _results IS a Shlﬁ of 18 03 cm=in plane mode. The mode at 225 chshifts 0.9 cm* to a lower frequency
the 207 cmi* band. This is the only isotope shift in the low-  ypon the isotopic substitution of4midazole (d-Im). A proportionately
frequency Raman spectrum. For the pyridine ligand, there are smaller shift is observed for the 1,3-8N imidazole substitution (data
two large isotope shifts in pyridine Raman bands at 630 and not shown). The difference spectrum is shown in panel B.
980 cn1! (data not shown). These two isotope effects indicate
that there is resonance enhancement of these internal ring modedpPpear to coalesce into a single peak in each of two isotopomers
of the pyridine upon ther—z* excitation of the Soret band of ~ 0f HI3G(N-Me Im) (¢ and 1,3-di**N N-Me Im). Thus, the
heme. The |0W_frequency Raman spectra for 2-methy| imidazole shift in each of the two substituted imidazoles is |al’ge relative
and its ¢ isotopomer in H93G(2-Me Im) are shown in Figure !0 that of the unsubstituted H93G(Im) and HI3G(Pyr). In all
4. A fit of the line shape to a single Gaussian is much poorer the spectra described in this paper, there are no significant
than for H93G(Im). A fit to two Gaussians gives a frequency differences in the high-frequency region above 1000 teither
of 217 ent! and a smaller band o£240 cntl. The 240 crmt for different ligands or for various isotopomers (data not shown).
band is also observed in wild-type sperm whale myoglobin but .
shows some variability in spectra of different ligands in H93G. Analysis
The isotope shift of the 217 chhband upon deuteration, based We have investigated the nature of the iraxial-ligand
on these fits, is 5.3 0.3 cnT?, as reported in Table 2. This mode in three geometric models, shown in Figure 1. We
result is larger than that observed in an early report of isotope compare the results of these model calculations with the two-

effects for perdeutero 2-Me Im ligated metalloporphy#ing. body harmonic oscillator model indicated by the assignment of
we consider only the peak position, the shift will be 3.7¢m the iron—axial-ligand band at-219 cnT?, known asvre s,
in substantially better agreement with earlier wbrhe an iron—histidine stretch. In the two-body model, the masses

resonance Raman data for isotopically labeled N-methyl imi- involved are the iron and the ligand, with a single force constant
dazole in the low-frequency region show an unusual isotope that corresponds to the iretigand bond. The data presented
shift (see Figure 5). The Raman spectrum of deoxy ferrous in Figures 4-6 are compared to a two-body harmonic oscillator
HI93G(N-Me Im) exhibits two bands at 219 and 231¢nn model for the expected isotope shifts in Table 2. The isotope
the region of the spectrum where a range of other substitutedshifts of H93G(Im) and H93G(Pyr) are significantly smaller than
imidazoles and pyridines show only a single peak. However, those expected for a two-body harmonic oscillator. However,
the double peaks of the bands at 219 and 231'dmFigure 5 the isotope shifts of H93G(2-Me Im) and H93G(N-Me Im) are
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Figure 4. Resonance Raman spectrum of the iron-2-methyl imidazole Figure 5. Resonance Raman spectrum of the iron-N-methyl imidazole
out-of-plane mode. The mode at 217 Tnshifts 5.3 cn* to a lower out-of-plane mode. The mode with two peaks at 219 and 231!cm
frequency upon the isotopic substitution gfZimethyl-imidazole (¢ coalesces into a single peak at 225 émpon isotopic substitution of
2-Me-Im). NA stands for natural abundance. The difference spectrum either d-N-methyl imidazole (¢-N-Me-Im). A similar result is observed
is shown in Figure 5B. for 1,3-di5N-methyl imidazole substitution (data not shown). The

difference spectrum is shown in Figure 6B.

larger than expected for the two-body model. This observation _ )

is likely to be due to a contribution from the large anharmonicity |ABLE 2: Observed and Calculated (on the basis of a
two-body harmonic oscillator model) Isotopic Shifts

of these modes. To further analyze these data, we present the

frequencies and other relevant aspects of normal mode coor- H93G(L) observed calculated
dinate analyses of the three-body, six-body, and whole-porphyrin ds-Im 0.9 2.2
models for the irorrligand axial vibrational mode. 1,3-di5N Im 0.6 15
ds-Pyr 1.6 2.6

i ; ds-2-Me Im 5.3 2.6
Discussion dz-N-Me Im -9 <12

There is widespread agreement with the assignment of the 1,345N N-Me Im >9 <12
iron—axial-ligand normal mode in the Raman spectra of heme
proteins based on the available isotope détz8:2°However, and 0.6% 0.2 cnt? for 1,3-di-5N-Im) and predicted (2.2 and

the iron ®FeF’Fe isotope effect, ligand isotope effect, and 1.5 cnt?) isotope shifts (see Table 2). The isotope shift observed
labeled pyrrole nitrogeA5N/14N isotope effect in myoglobin  for ds-pyridine is 1.6+ 0.3 cnt?, only ~60% of the predicted
are all smaller than would be predicted by the two-body shift of 2.6 cn1! (see Table 2).

harmonic oscillator modelAv = v(v/(u/u') — 1), whereu is To account for the isotope data using a normal mode
the reduced massymy/(m; + my).2 In addition, the isotope  coordinate analysis, we need an estimate for the force constants
effect substituting®Ni in Ni-reconstituted myoglobin also involved. The analysis of in-plane modes of Ni OEP provides
produced an isotope effect smaller than would be expected fora starting point in the NN, stretching force constant of 1.68

a pure two-body NiHis stretch® Our study provides further  mdyn/A25 Unlike Ni, the high-spin Fe cannot reside in the plane
direct evidence that a diatomic iretigand stretching model  of the heme due to electronic repulsion. Therefore, it is likely
is overly simplified. The H93G(Im) data exhibit a 60% that the Fe-N, force constant is smaller in five-coordinate heme
discrepancy between the observed (&®.2 cnt? for ds-Im complexes due to the longer 8l, bond in the out-of-plane
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T T T T T I TABLE 3: Force Constants, Frequencies, and Potential
Energy Distributions for the Three-Body Model with a
0.65 Single Force Constant off(Fe—L) = f(Fe—P)
(+) (+) - (=)
f (+) (=) %PED %PED %PED %PED
0.60 (mdyn/A) (cmY) (cmY) (Fe-L) (Fe—P) (Fe-L) (Fe—P)
4.1 561.0 2253 100 0 1 99
1.67 358.0 143.8 81 19 4 96
0.66 224.8 88.6 61 39 19 81

0.55

we will consider various magnitudes for the axial and equatorial
Fe—N, force constants.

Three-Body Model of the Iron—Ligand Out-of-Plane
Mode. Given the small magnitude of the force constants for
iron ligation, we can begin with the assumption of the separation
of the iron ligand stretching coordinafes 1.68 mdyn/A, from
the high-frequency internal stretches of either the ligand or the
heme which hav& ~ 5—10 mdyn/A for typical G-C and G-N
bonds. The scenario is reduced to three masses connected by
two springs, as shown in Figure 1A. The model can be
represented as masses labeledFe—P (1—2—3). There are
two stretching force constantd; , is the iron-ligand (Fe-L)
force constant, andy 3 is the iron—porphyrin (Fe-P) force
constant. The eigenvalues of a three-body model fwitff(Fe—

L)], f23 [f(Fe—P)], and three masses are given by

geometry. To obtain an initial value, we estimate the axial force Aa = L+ MMl (g + mmfz )

. ’ 2

constant FeL (L is the axial ligand)f ~ 0.95 mdyn/A, using [((my + my)myfy 5 + (M, + Mymyf, 9° — 4mym,my(m, +

a diatomic harmonic oscillator moddl# uw?) for the Fe-Im m, + my)] ¥4 /2mm,m, (1)
mode at 225 cmt. This value is in reasonable agreement with

an estimate based on a bond length/force constant correfation. where the masses are given in atomic mass units and the force
In heme proteins, estimates for the-Ré. distance vary in the constant is given in mdyn/A. The masses used in the three-
range of 2.+2.3 A, depending on the crystal structdfe34 body model are heme (488 amu), iron (56 amu), and imidazole
and high-resolution EXAFS determination yields an estimate (68 amu). To obtain the wavenumber of the vibration, we use
of 2.2 A350n the basis of an empirical correlation derived from A = 472c2v2 or v (in cm™1) = 1303.9/4. Since the masses are

a large body of data, we calculate the force constants to be innot equal, the+) and () solutions of the three-body problem
the range of 1.40.5 mdyn/A, corresponding to distances of are not referred to as symmetric and antisymmetric but, rather,
2.1-2.3 A3! The value of 0.95 mdyn/A for the Fe. force as predominantly FeL or Fe—P.

constant corresponds to a bond length of 2.2 A. Thus, both the The character of each mode can be described in terms of the
Fe—N. and the Fe-N, stretching force constants ard..5 mdyn/ potential energy distribution (%PED), the percentage of the
A. In a three-body model, we require a stretching force constant potential energy contained in an individual internal coordinate,
that represents the axial out-of-plane motion of the iron relative Fe—L or Fe—P. Table 3 shows a special case of the solution to
to the heme plane (called F® for Fe-porphyrin). This is a this three-body model with both force constants equad,fi »
doming motion with respect to the iron coordination geometry, [f(Fe—L)] = fa3 [f(Fe—P)]. Forf = 4.1 mdyn/A, there are
but it is distinct from the doming motion of the porphyrin essentially pure stretching modes that involve only thelFe
macrocycle. The FeP force constant is the axial projection of or Fe—P. While this model does produce one modg that

the four Fe-N, force constants. Taking the value ofl1.5 agrees with the experimental frequency, the isotope effect is
mdyn/A and an angle of30° between the FeN, bond vector not in agreement. A value df= 1.67 mdyn/A in the middle
and the heme plane, we find the axial component of the four row of Table 3 is similar to the value needed to account for the
Fe-N, stretches to be~1 mdyn/A. These considerations asymmetric axial ligand stretching modes at 319 and 385'cm
indicate a rough parity of the stretching force constant for axial in six-coordinate [(ImH)Fe(lIl)OEP]" 3¢ but is not in good
and equatorial (pyrrole nitrogen) ligands. Relative to these agreement with the data for the deoxy heme axial ligand mode
stretching force constants, thep,NFe—N, bending force considered here. A value 6f= 0.66 mdyn/A agrees both with
constant of 0.25 mdyn A rad™! found in a recent study of  the experimental frequency of 225 ciand surprisingly well
out-of-plane modes of NIOEP is also significaft. Similar with the isotope data; the %PED of the He stretching
considerations have been applied to the six-coordinate ferric coordinate is 60%.

0.50

f(Fe-L) [mdyne/A]

0.45

0.40

Figure 6. Force constant of ligands obtained from the three-body model
for the axial-ligand out-of-plane mode plotted as a function of the ligand
pKa The curve is a fit to the data using a quadratic function.

bis-imidazole OEP complex, [(ImkfFe(llI)OEP]", where sig- The results of a three-body calculation with two different
nificant contributions of doming and asymmetric axial ligand force constantsf; » = f» 3, are given in Table 4. The isotope
stretching have been obsend. effect of the substitution of the pyrrole nitrogens (i.e., a mass

We consider three models: (1) a three-body model treating change from 488 to 492 amu) is very small for either of the
the porphyrin and ligand as rigid masses, (2) a six-body model two modes from this calculation, as shown in Table 4. This
including the bending force constants and modeling the por- effect is due to the large rigid mass of the porphyrin and is in
phyrin with four masses in the positions of the pyrrole nitrogens, agreement with the experiment. The L isotope effect is small
and (3) a porphyrin model including 10 carbons, 4 nitrogens, in the predominantly FeL mode (+) and is in approximately
and all masses at the;@ositions. In these more realistic models, the correct range. However, the isotope effect of the iron is
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TABLE 4: Force Constants, Frequencies, Isotope Effects, 5. Note that the pyrrole nitrogettN, isotope effect is again
and Potential Energy Distributions for the Three-Body small for the axial-ligand out-of-plane modes; however, they
Model do show up in the in-plane modes (not shown in the Table; see
force constants isotopic wavenumber shifts (§n  %PED Supporting Information). The observeg-lin isotope shift is
f(Fe-L) f(Fe=P) n  ds-Im 5Fe-5Fe Np Fe-L Fe—P reproduced. However, as was found for the three-body model,
0.66 0.66 2248 —1.0 47 <01 61 39 '_[he calculaten_?“Fe isotope effec_t is substantially Iarge_r than_ that
0.60 0.78 2255 —0.8 4.9 <0.1 64 36 in the experiment. We investigated the effect of including
0.50 095 2256 —0.5 5.3 <0.1 70 30 interaction force constant estimations based on the NiOEP force
0.70 0.60 2263 —1.2 4.6 <01 68 32 field.?>42 Two normal modes that contain the -Fien stretch
080 036 2259 -16 41 <01 72 28 are found, and the trends observed are maintained as shown in
Table 5.

significantly larger than the experimentally observed value of Cp-Subsituted 38-Body Porphyrin Model for Axially

— m—l 57 e_54 i Fel
1.7 cm ™ for the *Fe—>'e shift. The fact that Fel. mode Ligated Heme. The experimental isotope shift 8fFef’Fe is
has an isotope shift pattern similar to that seen in the experiments

. fnot well reproduced by any of the above models. Although the
strongly suggests that the force constants are in the range ofc. six-body model does dive insight into the tvoe of normal
0.7-1.0 mdyn/A for both FeL and Fe-P axial displacements. m4cU)des thatycan be expect%d it stil?does not inc%ﬁde the effects
Moreover, the three-body analysis is consistent with the of the low-f h ' d h as the domi £ h
experimental observation that there is only one axial ligand mode requency heme modes such as the doming ot the

in most spectra, and therefore, the predominanthyFFédom- .porphyr.in itself?24 The_ six-bod.y model does not aIIowlfo.r
ing) mode is presumably too low in frequency to be ob- interactions between hindered ligands such as 2-methyl imida-

served7.38 zole and the porphyriff: Finally, this model does not include
Six-Body Model of the Iron—Ligand Out-of-Plane Mode. the mternal coordinates of the axial ligand that may contribute
The linear three-body model does not include the bending forcet0 the axial normal mode.A 38-t_)ody model tha_t can b?‘
constants about the heme iron. These are included in a modeFompared to the th_ree_-pody and S'X'pOdY models mcluqles ron
of Ca, symmetry of the domed hemdron complex in a six-  4omMing and off-axis tilting of the axial ligand. The point of
body configuration, shown in Figure 1B. To be consistent with Fhls model is not to be inclusive of all effects, since the problem

the three-body model, the masses are set to those of pyrrole's underdetermined. Rather, the factors that agree with experi-

e — ; _ mental data consistent with the simple three-body and six-body
gir\?(lajspiéglarr:a), ir%)izg?gl;;r.‘zl:tgg),sg:lnd?:n:ggizfslgrgbps models will be emphasize‘@.The masses of the atoms are
(ms = 68) as before. In addition to stretching force constants tr_eated as pseu_doat_oms that include hydrogen masses, since
of 1.68 mdyn/A, a bending force constant of 0.25 mdynt A high-frequency wpratlonal modes are not rele\(ant to the problem
rad™* was also included. In particular, the value for the—-N at hand (Supporting Information). The m_agnltude_of both out-
Fe—N, bend was set at 0.25 based on the-Ni—N, bend in  ©F-Plané G—=Ny,—Fe and Gn—N.—Fe bending coordinates was
NIOEP25.39.40There are 12 normal modes in this system. They varied from 0.25 to 0.4 mdyn/A/rad in model calc_:ulanéﬁ.%.
span 2 + 2B, + 1B, + 3E irreducible representations @, In-plane bends of the porphyrin and imidazole ring are in the

According to the symmetry requirement of porphyrin, distortions ange of 0.8 6(C—X—Y) = 1.4 mdyn/, Afrad *where X and
along thez-axis can give rise to coupling between axial ligands Y ¢&n be any combination of C and N atoms. The parameters
and thex system of the porphyrin ring, and hence, Raman used for the bending and stretching coordinates of the imidazole

activity will be enhanced by ar—z* transition. In the D, were estimated on the basis of pyrrole values in the h&me.
symmetry of porphyrin, distortions along tkeaxis areAy, in These are crude estimates, and no attempt has been made to

symmetry, which transforms s in the Cs, point group. Hence, model the r_lig_h frequency modes corrgctly using this model.
only the threeA; modes can be Raman active by a mechanism The model is intended to show trends in parameters that were

that involves the overlap of the ironzcbrbitals with the a, used in the six-body model when ligand tilting and ring
orbital of the porphyrin In addition to in-phase and out-of- 9eometry are included.
phase combinations of Fé\. and Fe-N, stretching and iron Model calculations to extend the results from the three-body

porphyrin doming, there is a totally symmetric breathing mode. and six-body models were performed with a fixed NiOEP force
A model that uses the force constaf(@e—N,) = f(Fe—N,) field and variable stretchingf(Fe—N¢) and f(Fe—Np)—and
= 1.68 mdyn/A produces a frequency of 341 ¢rwith a PED bending-0(N,—Fe—N.)—force constants. The results of a FG
of 74% for the Fe-N, coordinate. As shown by the three-body matrix calculation performed using the program SVIB are shown
model, the frequency is too high, and isotope shifts are incorrectin Table 6. On the basis of the PEDf¢Fe—N,) there are more
for a model with an axial force constant larger thah mdyn/ than three modes that have a significant irémidazole
A. We consider decreasing the +H, force constant while stretching character (see column 5 of Table 6). There are two
leaving the equatorial FeN, force constants equal tigFe— symmetry classes of normal modes found to involve some
Np) = 1.68 mdyn/A. The experimental frequency-e225 cntt amount of hemeligand stretching. We call thesk® and B to
is only approached for an Fe\, force constant of 0.4 mdyn/  represent their respective symmetries. The remaining modes (not
A. This signifies an extremely weak bond, and the PED of the shown in Table 6) are pure in-plane modes of the porphyrin
Fe—N_, stretch falls to 18% for the 225 crhmode, indicating ring or ligand bending modes (i.e., not pivoting on the iron but
that it is predominately a doming mode and not an axial ligand on the imidazole nitrogen )l When the entire porphyrin ring
stretching mode. The consequence is that the isotope effects inis included, the character of the modes is slightly different than
the data are not reproduced for this set of force constants.  that of the six-body model. The mode with greatest contribution
Much better agreement with the experiment is achieved if from iron—ligand stretching to the PED (5/0%) also has
the axial and equatorial irerligand force constants are nearly  significant heme doming character (moden Table 6). The
equal f(Fe—N.) ~ f(Fe—Np)]. The results of isotope effect = mode with next greatest iretligand stretching character (5
calculations for thesé\; modes with force constants of 0.8 25% of the PED) also has significant ring-breathing character
mdyn/A (equatorial) and 0.6 mdyn/A (axial) are shown in Table (modeA' in Table 6). This may represent involvement of the
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TABLE 5: Force Constants, Frequencies, Isotope Shifts, and Potential Energy Distributions for the Six-Body Modkl

force constants isotopic wavenumber shifts {(€m %PED
f(Fe—L) f(Fe—Np) fo v ds-lm SFe—%Fe Np Fe-L Fe—Np q
0.8 0.8 0.25 225.6 —-1.6 4.0 -0.0 71 6 23
0.7 1.6 0.25 225.6 —1.4 4.0 —-0.35 66 12 22
0.65 1.85 0.25 225.6 -0.8 3.9 -0.1 63 16 22
0.6 2.0 0.25 225.0 -0.6 3.7 -0.2 59 19 21
0.5 2.25 0.25 225.2 -0.3 3.2 —-0.4 53 27 20
0.7 0.9 0.5 225.1 -1.2 4.4 0.0 68 6 26
0.6 1.65 0.5 225.4 -0.7 4.3 -0.1 62 13 25

aThe wavenumber of the predominantly-Fe, stretching vibrational mode is shown for various force constants. The calculation is derived from
the A, matrix by the reduction of the six-body model using group theory.

TABLE 6: Frequencies and Isotope Shifts for a 38-Body
Octa-substituted Porphyrin Including Only Stretching and
Bending Force Constant3

Na BNp  Fe-5Fe dlIm Na
v Av Av Av % f(Fe—N.)  description
Parametersf(Fe—N.) = 1.0,f(Fe—N,) = 1.0, Bend= 0.25
2374 -0.2 3.8 -1.6 68 A*
228.7 —0.1 1.7 -2.9 0 B
2079 -04 0.1 -0.2 0 A
1039 -24 0.1 -0.6 11 A’
Parametersf(Fe—N.) = 0.9,f(Fe—Np) = 1.0, Bend= 0.25
230.1 +0.7 25 -0.9 24 B*
226.3 —0.1 2.8 —2.4 45 A*
207.2 -05 0.2 -0.2 7 A
103.3 —-24 0.2 —0.6 12 A’
Parametersf(Fe—N.) = 0.8,f(Fe—Np) = 1.0, Bend= 0.25
2298 —-0.2 1.8 —2.4 0 B
219.1 -0.3 3.0 -1.4 53 A
205.7 —-0.3 0.7 -0.6 20 A
102.4 -2.3 0.1 -0.6 14 A’
Parametersf(Fe—N.) = 0.9, f(Fe—Np) =0.9, Bend=0.25
228.7 —-0.2 3.4 51 A*
2243 -0.2 2.2 —2.7 19 B*
206.2 —-04 0.2 -0.3 6 A
103.1 -23 0.1 -0.6 12 A’
Parametersf(Fe—N.) = 0.8,f(Fe—N,) = 1.7, Bend= 0.25
242.9 0 B
2247 -04 3.9 -1.1 33 A/A" mixed
208.6 —0.3 2.3 —2.4 41 A'/A mixed
103.2 2.6 0.0 -0.9 25 A’
Parametersf(Fe—N.) = 0.8,f(Fe—N;) = 0.9, Bend= 0.40
228.7 —04 35 -1.1 44 A*
2251 -0.3 2.3 —1.4 14 B*
2059 -0.3 0.2 -0.1 0 A
120.2 -25 0.0 —-0.8 25 A"’

aMode description: B, ligand tilting B* includes iron-ligand

stretching);A, iron—ligand stretching and heméron doming A%,

includes ligand tilting)A', iron—ligand stretching and ring breathing;

A", sombrero.

contribution of Fe-N, stretching to the PED. Modes of puBe
symmetry are not Raman active except by vibronic coupling
and will be considered in detail elsewhéfeThere are three
modes ofB symmetry that are not included in Table 6. One of
these is likelyvig (a Byg mode in theDay point group that is
observed in NIOEP). There are also two low-frequency modes
in 138152 cn1! range that involve the asymmetric out-of-
plane motions of the pyrrole nitrogens and ligand tilting. These
modes are mentioned because any detailed analysis of the
nontotally symmetric modes in the low-frequency region must
consider both in-plane and out-of-plane contributions. These
issues are considered further in future studies of anharmonic
coupling®2

Normal modes that involve both F&. stretching and-
(Cim—N.—Fe) bending show &*e—>"Fe isotope effect that
agrees best with experiment. In the model calculation f{fte—
N.) ~ 0.8 mdyn/A andf(Fe-N,) ~ 1.0 mdyn/A, the isotope
shifts for>4Fe and gIm, and the'®N, shift are in the correct
range for the highest-frequency mode 230 éifmodeA*). A
mode with larger bending character (also labeled tBpen
Table 6) is found to be only 5 cm lower in energy. BothA*
andB* modes are marked with asterisks to indicate that these
modes contain both ligand stretching and tilting internal
coordinates. The extent of this mixing does depend on the
parameters as shown by comparing the calculation f(fte—
No) ~ 0.9 mdyn/A andf(Fe-Np) ~ 1.0 mdyn/A, where no
mixing of bending and stretching occurs. Raman activity can
be introduced by changes in electron density in theotbital
by axial ligand stretching, but ligand bending may also affect
the overlap of ¢ with orbitals of the protoporphyrin IX ring,
and thus, both modes may be simultaneously Raman détive.
The present study indicates that the bending internal coordinates
of the imidazole does not contribute strongly to the PED of the
axial-ligand out-of-plane modeThe analysis suggests that a
mode involving heme doming and iretigand stretching
accounts for the isotope data in H93G(Im) and H93G(Pyr) and
is consistent with the data obtained in isotopically labeled sperm

same internal coordinates observed in low-frequency totally whale myoglobin.

symmetric modes such ag or vg in the axial ligand stretch.
Finally, there is a mode that includes ireporphyrin axial out-
of-phase motion (a sombrero mode) and some -Haand
stretching (modeéA” in Table 6). The sombrero mode at 110
cmtis consistent with theg mode found in earlier calculations
of out-of-plane modes in NiIOEP? The A andA’ modes have

The fact that two or more modes are in the same frequency
range raises the possibility that the-Hdis mode is a composite
of more than one vibrational mode in the energy range from
210 to 230 cml. Line shape analysis suggests that there is more
than one Raman active band in the spectral region of the out-
of-plane vibratior” The present calculation suggests that

axial symmetry and can interact by Fermi resonance. The multiple Raman active modes can be isoenergetic but have

overtone of modeé\”’ is in the 200-230 cnt? region of theA

different stretching and bending character. These considerations

and A’ modes, and it can couple anharmonically with those are of interest for the H93G(2-Me Im) and H93G(N-Me Im)

modes.

There are also modes &type symmetry that include the
Cim—N—Fe bending coordinate. The most significBnnhodes
in Table 6 have a contribution by Fé&. stretching to the PED.

adducts where anharmonic coupling involving normal modes

of the appropriate symmetry may be importét.
Anharmonicity of the Iron —Ligand Out-of-Plane Mode.

The differences in the isotope effects of H93G(N-Me Im),

The typeB modes in Table 6 that also show the greatest H93G(2-Me Im), and H93G(Im) cannot be accounted for by a
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normal mode calculation. The isotope effect of either dideu- frequency using eq 1. Figure 6 shows that for ligands with p
teration or'>N substitution of N-Me Im in H93G(gN-Me Im) > 5, the frequency of the mode is roughly proportional kq.p
or H93G(1,3-di’®N N-Me Im), respectively, would be expected In fact, for the ligands shown, there is a good linear correlation
to be small on the basis of the above considerations for the for all the alkyl-substituted imidazoles and pyridine (fit not
imidazole isotopomers in H93G(Im). The X-ray crystal structure shown). However, the 3-bromo- and 3-fluoropyridine frequen-
data and NMR data on the metaquo and metcyano forms,cies do not lie on the line, and the data are shown fit to a
respectively, show that N-Me Im and Im have nearly identical quadratic functionf(Fe—L) = 0.47—-0.036K, + 0.007[K;2).5°
orientations in the proximal ligand pock&tThe difference in It is possible that the decrease in ligand basicity results in a cis
their pK, values, 7.33 and 6.65, respectively (see Table 1), is effect that strengthens the +B8l, bond, thus changing the
small. However, in H93G(N-Me Im), the N-Me Im cannot form  contribution of the iror-ligand stretch in the normal mode.
a hydrogen bond to serine 92, as observed in H93G(Im) and An alternative explanation is that the effectiv& pof the
HI93G(4-Me Im)?° ligand in the proximal pocket is significantly modified compared
The isotope effect in HO3G(N-Me Im) is attributable to Fermi  to the value in solution. Such effects are well-known for amino
resonance. The splitting of the vibrational mode frequency into acids where large K shifts are common in the interior of
two frequencies (one higher and one lower) can occur if an proteins. The effect may also be related to the effect of redox
overtone or combination of low-frequency modes has the samestabilization observed in the H93G protein. Redox stabilization
energy and symmetry as that of the ireaxial-ligand mode. is based on the observed lack of a large shift in redox potential
The fact that two independent isotope measurements result infor a series of ligands whose solution redox potentials show
the collapse of these two frequencies into one which is very shifts of several hundred millivol.Redox stabilization may
nearly the average of the two suggests that a Fermi resonancélso be the effect that stabilizes thiolate ligation in cytochrome
effect involving a significant coupling of-7 cnt is respon-  P4507 and imidazolate ligation in cytochroneperoxidasé?
sible5 The other conceivable explanation that there are two or The same environmental effect in the protein that leads to a
more conformations has been proposed for wild-type myoglo- stabilization of the redox potential may lead to a stabilization
bin47” However the existence of more than one conformation Of the ligation of iron in the ferrous form, and this electrostatic
of the N-Me Im ligand in the proximal cavity of H93G is not environmental effect could affect the resonance Raman fre-

consistent with the X-ray crystal structufethe NMR data, or ~ quency?®
the isotope effects presented here.

Although we have no structural data for H93G(2-Me Im), Conclusion
this adduct is likely to have significant steric interactions with
the porphyrin ring of the heme. With the harmonic approxima-
tion, no amount of strain appears to account for the large
observed isotope effegt,and therefore, we suggest that the
isotope shift of 2-Me Im in Figure 4 is most likely explained
by its large anharmonicity. Measurements of the temperature
dependence of the frequency of the axial-ligand vibrational
modes for a number of different ligands presented elsewhere

show differing anharmonicity for different ligands. The ligand results have implications for the observed correlation of the

with the largest a.nharmor?m COUP"”Q is H93G(2-Me fih). mode frequency with oxygen binding affinity and oxygen bond
For anharmonic coupling to exist, there must be low- cleavage reactivity. The observed frequency reduction of the
frequency modes that can couple to the irtigand mode* Fe—His mode in T-state hemoglobin may result from anhar-
One obvious candidate is the sombrero mode (n#dde Table monic coupling to low-frequency bending modes. This proposal
6). For example, the overtone of mode that has doming charactergjffers subtly from the proposals concerning the origin of the
is in the correct range to couple by Fermi resonance. Addition- frequency lowering of the FeHis in T-state compared to R-state
ally, bending modes may be important particularly if the hemoglobirf It suggests that strain may not be exclusively due
observed normal mode has bending character (e.g., ade g 4 protein pulling on the axial ligand but can also occur through
Table 6). In hindered ligands, bending interactions are likely to controlling the heme structure and flexibility. The comparison
be larger, and this may explain the observed isotope effects. Ingf 3 number of ligands to heme iron in the proximal cavity
summary, we find that the inclusion of a bending internal muytant also supports the correlation of reactivity with ligand
coordinate within the harmonic appI’OXimation does not account baS|C|ty This correlation is important for exp|aining the
for the observed isotope effects.By contrast, the ansatz  frequency range of the irerhistidine out-of-plane mode in
proposed here is that anharmonic coupling of low-frequency native heme proteins: oxidases (€815 cnr?), globins (215-
normal modes with strong bending character is likely to be 225 cntl), and peroxidases (24@45 cnt).8 The three-body
important for strained ironligand conformations. model used to obtain corrections for the mass of different ligands
Comparison of Axial Ligands. The data presented in Figure appears to have validity for the substituted imidazole and
2 and Table 1 show a range of frequencies for different ligands. pyridine ligands studied here. The three-body model is analytic
To properly compare the observed frequencies afgspof (eq 1) and can be used instead of the two-body harmonic
different ligands, we used the three-body model in eq 1 to obtain oscillator model for the irorthistidine mode to account for the
the correlation shown in Figure 6. To obtain the appropriate effects of ligand basicity or strain. The 6- and 38-body models
Fe—L force constant, we held the F&, force constant constant ~ show that ligand bending may also play an important role;
at a value of 0.78 mdyn/A, consistent with the calculation for however, the number of degrees of freedom is large, leading to
the Im ligand given in row 2 of Table 4. The force constant for a variety of possible interpretations of the data. These models
the Fe-L coordinate was obtained for the various molecular are consistent in their indication of a role for the off-axis bending
massesrfy, shown in column 4 of Table 1) by fitting thie, and coupling of totally symmetric in-plane modes. All of the
[f(Fe—L)] force constant to the observed resonance Raman model calculations indicate that the motion of the iron relative

There is increasing evidence that the frequency of the axial-
ligand out-of-plane mode is modulated by factors other than
the strength of the ironligand bond. The normal-mode analysis
indicates that the motion of the iron with respect to the porphyrin
and bending of the axial ligand are nearly as important as the
iron—ligand stretch. Anharmonic coupling of the 20845 cnt?!
Raman active mode to low-frequency modes is quite possible,
given the existence of low-frequency doming motfe¥hese
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