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ABSTRACT  The configuration of the heme-carbonyl group
upon binding of carbon monoxide to sperm whale myoglobin
(Mb) in crystals is evaluated on the basis of infrared spectro-
scopic methods. Multiplets of the totally symmetric C-O
stretching mode are observed for the heme-bound ligand near
1933, 1944, and 1967 cm~!, corresponding to three different
heme-carbonyl conformers. Variations in the relative propor-
tions of these conformers can be induced by incorporation of
small fractions of metMb or deoxyMb into MbCO crystals. The
configuration of the iron-carbonyl with respect to the imme-
diate coordination environment of the heme iron is assigned for
each ¥CO) stretching frequency on the basis of a ﬁ:;tailed
comparison of the three-dimensional structures of the heme
environments of MbCO, metMb, and deoxyMb defined by
crystallographic methods. The structures of the three heme-
carbonyl conformers account for the CO) infrared absorption
bands that can be observed for MbCO in solution.

The three-dimensional structures of carbon monoxide (CO)-
liganded hemoglobins (Hbs) and myoglobins (Mbs) (1-5) exhibit
a bent or tilted configuration of the CO ligand with respect to
the porphyrin ring, whereas small-molecule model CO-li-
ganded heme complexes (6, 7) exhibit a perpendicular linear
(Fe—C—O) bonding structure. The origin of the different
configuration in heme proteins is attributed primarily to non-
bonding steric interactions of the axial ligand with nearby
amino acid residues. The assumption is generally made that the
heme-carbonyl configuration of heme proteins in crystals is
identical to that in solution. It is well known, nonetheless, that
the infrared (IR) absorption spectrum of sperm whale carbox-
ymyoglobin (MbCO) in solution is indicative of two structurally
distinguishable components (8, 9), although only one configu-
ration is identified in the crystal by neutron diffraction data
(3).

In recent studies of the polarized single crystal absorption
spectra of Mb complexes (10, 11), we have detected differences
in the configuration of the heme-carbonyl group induced by
crystal environment and have demonstrated that the single-
crystal spectrum of MbCO formed under conditions compa-
rable to those in neutron diffraction studies (3) is not quanti-
tatively compatible with the spectrum of MbCO in solution.
In this communication we report the results of investigations
in which we have extended these observations by application
of IR spectroscopic methods. We provide evidence on the basis
of the IR absorption of MbCO in crystals that three structurally
distinct heme-carbonyl conformers arising from changes in
nearest neighbor intermolecular interactions in the crystal can
be identified on the basis of the »(CO) stretching frequency.
The structural origin of the ¥(CO) stretching frequencies in-
dicative of each conformer is explained on the basis of the

three-dimensional structure of sperm whale Mb (3, 12, 13)
determined by crystallographic methods. The results suggest
that structural changes in the immediate environment of the
iron-carbonyl group may occur as a function of the occupancy
of ligand binding sites in the crystal.

EXPERIMENTAL

Sperm whale metmyoglobin (metMb) obtained from Sigma was
crystallized (14) in space groups P2, and P2,2,2;. For con-
version to the MbCO derivative, the crystals were washed as
required with protein-free solutions of either concentrated
ammonium sulfate or phosphate at neutral pH and were re-
duced with sodium dithionite under anaerobic conditions fol-
lowed by overnight equilibration with CO at 1 atmosphere (101
kPa) pressure. Manipulation of crystals was carried out with use
of a microscope kept in a small plastic bag inflated with CO.
Small platelets and crystal fragments (longest dimension <0.1
mm) were selected and deposited uniformly over the optical
surface of a CaFy window of an IR cell (pathlength 0.14 mm).
Excess solvent was removed by blotting with strips of filter
paper prior to assembling the cell, and the spectra were re-
corded with the sample maintained at ~0°C in a Perkin-Elmer
180 spectrometer interfaced to a Tektronix 4051 computer for
data acquisition (15, 16). Electronic absorption spectra in the
visible range were recorded with a Cary 17 spectrometer di-
rectly with the crystalline or solution sample of MbCO in the
IR cell.

Evaluation of the nonbonding van der Waals interactions of
the heme-carbonyl group with nearby protein residues was
made on the basis of atomic model building studies carried out
with aid of the molecular graphics display system and programs
of R. J. Feldmann (17) at the National Institutes of Health. For
this purpose the refined atomic coordinates of MbCO at 2.0-A
resolution obtained from neutron diffraction studies (B. P.
Schoenborn and J. C. Hanson, personal communication) and
of metMb and deoxyMb (12, 13), similarly obtained by x-ray
data at 2.0-A resolution, were employed.

RESULTS

IR absorption spectra of sperm whale MbCO in solution are
illustrated in Fig. 1. In the upper part of Fig. 1 the spectrum of
MbCO is identical to that described by McCoy and Caughey
(8). The most prominent »(CO) absorption is characteristically
observed at 1944 cm ™! with a shoulder near 1933 em™1, while
a weak band is observed under conditions of high signal-to-noise
ratio near 1967 cm™L. Previous investigations (8, 9) have es-
tablished that the relative intensities of the bands near 1944 and
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Abbreviations: CO, carbon monoxide; deoxyMb, deoxymyoglobin; IR,
infrared; Mb, myoglobin; MbCO, carboxymyoglobin; MbOs, ox-
ymyoglobin; metMb, metmyoglobin; for corresponding hemoglobin
derivatives, the Mb is replaced by Hb.
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F1G. 1. IR spectra in the C-O stretch region of solutions of sperm
whale Mb. (A) Spectrum of a solution consisting of MbCO (~0.002
M) prepared by dissolving crystals of MbCO of space group P2;2;2;
with nitrogen-saturated dilute phosphate buffer (pH ~7). (B) Spec-
trum of a solution of MbCO (~0.002 M) in the presence of ~0.009 M
ZnSO4 buffered to pH 7 with 0.005 M Tris-HCI buffer. In each case,
an IR cell with CaF2 windows having a pathlength of 0.05 mm was
employed.

1933 cm™! remain essentially constant in the pH 5-9 range,
whereas more recent studies (18) reveal only slight shifts in the
relative intensities of the 1967, 1944, and 1933 cm™! bands with
a change in temperature between 0°C and 30°C.
Asillustrated in the lower part of Fig, 1, the component ab-
sorbing near 1967 cm™! is more prominent for MbCO in the
presence of Zn2*. Absorption near 1967 cm~! has been fre-
quently associated with a denatured form of the protein because
acid denaturation of MbCO (9) and HbCO (19) gives rise to a
broad (Av;/2 = 15 cm™!) absorption band in this region.
However, binding of Zn?* to Mb in solution, under conditions
comparable to those described in Fig. 1B, results in increased
affinity for CO binding (20). In Fig. 1B the band near 1967

cm™! is narrower than that generally observed upon acid de- -

naturation, and the components near 1944 and 1933 cm™! are
better resolved with no change in their relative intensities. These
features indicate that the appearance of the 1967 cm™! com-
ponent is not due to the denaturant action of Zn?*. Similarly,
it has been demonstrated (4, 21) that the CO-liganded forms
of Hb Ziirich and Hb Sidney exhibit intense bands near 1968
cm™! not attributable to denatured forms of the protein.

The results of previous investigations (10, 11) have demon-
strated that the spectroscopic properties of MbCO in crystals
indicative of changes in heme-carbonyl configuration are de-
pendent upon the presence of oxidized Mb incorporated into
the crystal structure. Here we have extended those studies by
developing methods to “dope” selectively metMb or deoxyMb
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into crystals of MbCO as a means of perturbing the heme-
carbonyl group of MbCO molecules through their crystal en-
vironment. The extent of the incorporation of metMb or
deoxyMb was estimated on the basis of the visible absorption
spectrum of MbCO crystals. When MbCO crystals placed on
the IR cell windows were bathed in a solution containing ~0.01
M sodium dithionite under a CO atmosphere for several hours
in the dark, metMb or deoxyMb were not detected. On the
other hand, equilibration of MbCO crystals washed with a ni-
trogen-saturated buffer but without added dithionite resulted
in the appearance of metMb, as evidenced by weak absorption
near 500 and 630 nm. Equilibration of MbCO crystals with
dithionite in a nitrogen-saturated buffer during irradiation from
microscopic white light produced crystals containing deoxyMb,
as evidenced by increased absorption near 555 nm and in the
far visible region. Although by spectral criteria the crystals
consisted predominantly of MbCO, variable fractions (~15-
30%) of metMb or deoxyMb could be incorporated into the
crystals in this manner. Similar results were obtained for both
monoclinic and orthorhombic crystals, and the IR spectra were
dependent only upon the absence of or-the incorporation of
metMb or deoxyMb into the crystals. We assume that the
doping of MbCO crystals with metMb or deoxyMb occurs ac-
cording to a statistically random distribution.

The IR absorption spectra of MbCO in crystals are compared
in Fig. 2. The spectrum of MbCO in crystals is quantitatively
compatible with the spectrum of MbCO in solution only under
conditions of incorporation of metMb into the crystal structure.
This spectrum, as illustrated in the upper part of Fig. 2, exhibits
the characteristic prominent »(CO) absorption at 1944 cm™1,
the less intense shoulder near 1933 cm™~1, and a minor contri-
bution near 1967 cm™!. The relative intensities of all three
components are comparable to those in the spectrum of MbCO
in solution illustrated in Fig. 1A. Correspondingly, the polarized
single crystal absorption spectrum of MbCO in crystals con-
taining metMb (10, 11) is quantitatively compatible with the
spectrum of MbCO in solution in the 250- to 600-nm range.

The spectrum of crystals composed of only MbCO is illus-
trated in Fig. 2B. In contrast to the results in Fig. 24, the
spectrum shows a reversal of the relative intensities of the ab-
sorption bands at 1944 and 1933 cm™. Additionally, the weakly
absorbing species near 1967 cm™! is essentially absent. Although
the relative height of the 1933 cm™! band is greatly increased
with respect to that at 1944 cm™!, we have not found conditions
under which the component absorbing at 1944 cm™! is totally
absent. The reversal in the relative band heights can mean only
that the species absorbing near 1933 cm™~! has become the
predominant conformer. It is evident that the spectrum in Fig.
2B is not quantitatively compatible with the spectrum of MbCO
in solution (Fig. 14). Correspondingly, the polarized single
crystal absorption spectrum of MbCO formed under identical
conditions is not quantitatively compatible with the spectrum
of MbCO in solution (11).

The IR spectrum of MbCO crystals containing deoxyMb is
illustrated in Fig. 2C. Whereas the relative intensities of the
»(CO) absorption near 1944 and 1933 cm™! remain comparable
to those in Fig. 2B, there is an increase in the intensity of the
weakly absorbing component near 1967 cm™!. The half-
band-width of the 1967-cm~! component appears comparable
to that in Fig. 1B. The appearance of the band at 1967 cm™!
in Fig. 2C indicates that the incorporation of deoxyMb into the
crystal structure results in a relative increase in the fraction of
the conformer in the crystal that gives rise to this absorption.
These results stand in contrast to those in Fig. 1B, in which there
is an increase in the intensity of the 1967 cm~! band with re-
tention of the characteristic solution ratios of the 1944 and 1933
cm~! bands.
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F1G. 2. IR spectra of sperm whale MbCO in crystals. Crystals
were prepared as described in the text. (A) Crystals of MbCO con-
taining ~15-30% metMb in space group P2;; comparable results were
obtained with orthorhombic crystals. The curvature at the extreme
ends of the spectrum is caused by background contributions of the
ammonium sulfate solution. (B) Crystals of space group P2;2,2;
containing only MbCO with no.detectable metMb or deoxyMb; sim-
ilar results but with a lower signal-to-noise ratio were obtained with
monoclinic crystals. (C) Crystals of MbCO in space group P2;2,2;
containing ~20% deoxyMb; similar results but with a lower signal-
to-noise ratio were obtained with monoclinic crystals.

|
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DISCUSSION

The similar results obtained with monoclinic and orthorhombic
crystals of Mb indicate that the changes in the relative intensities
of the »(CO) bands are not the result of differences in crystal
structure but rather reflect intrinsic molecular properties of
MbCO. The problem of immediate interest is to assign the de-
tailed stereochemistry of iron-carbonyl bonding for each of the
three »(CO) frequencies. For metal-carbonyl complexes there
are no specific guidelines for deducing ligand configuration
from the frequency of the CO absorption bands (22, 23).
However, the frequency of the totally symmetric C-O
stretching mode of terminal metal-carbonyls reflects the extent
of metal d . electron delocalization into the m* orbital of the CO
ligand. Therefore, the CO stretching frequency of metal-car-
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bonyl complexes is directly dependent upon the immediate
environment of the metal ion and the stereochemistry of
metal-ligand bonding. On this basis, the »(CO) bands observed
for MbCO correspond to different local environments of the
iron—carbonyl group and define three heme-carbonyl con-
formers. The changes in the relative intensities of the »(CO)
bands of MbCO in crystals induced through manipulation of
crystal composition correspond to alterations in their relative
proportions. The results of this study are, thus, analogous to
investigations of the structures of model complexes in which
conformational isomers have been detected on the basis of
multiplets of the symmetric C-O stretching mode of terminal
metal-carbonyl groups (24). ,

We have suggested (11) that the structural origins of different
heme-carbonyl conformers in crystals derive from intermo-
lecular interactions imposed by crystal structure. These inter-
actions will be dependent upon the detailed molecular structure
of “foreign” Mb derivatives that have been incorporated into
the MbCO crystals. In this investigation the salient correlative
observation is that the band at 1933 cm™! is observed pre-
dominantly in crystals containing only MbCO); the band at 1944
cm™! is observed predominantly in crystals containing metMb;
and the relative intensity of the band at 1967 cm™! is increased
upon incorporation of deoxyMb into MbCO crystals. We
suggest that metMb incorporated into the crystal will tend to
force neighboring MbCO molecules to acquire the tertiary
structural characteristics of metMb through crystal-induced
interactions, whereas the presence of deoxyMb will tend to force
neighboring MbCO molecules to acquire the structural char-
acteristics of deoxyMb. Alternatively, these interactions will
be different from those in a crystal comprised of only MbCO.
We, furthermore, suggest that the protein structural changes
are correspondingly transmitted to the immediate donor ligand
environment of the heme iron.

On this basis, we evaluate the structural origins of the three
»(CO) bands according to the detailed stereochemical differ-
ences of the environment of the heme iron in MbCO (3), metMb
(12), and deoxyMb (13). Neutron diffraction studies of MbCO
indicate that the N, atom of the imidazole ring of the distal (E7)
histidine is in van der Waals contact with the carbonyl C atom.
In contrast, the same N, atom is hydrogen bonded to the
heme-linked water molecule in metMb and is, therefore, shifted
away from the position of the carbonyl C atom in MbCO. In
deoxyMb the position of the E7 imidazole group corresponds
to an even greater movement from the site of the carbonyl C
atom. These changes in the position of the E7 imidazole group
are also reflected in an increasing separation of the N, atom

" from atoms in the porphyrin plane. For instance, the distance

of the distal imidazole N, atom from the nitrogen atom of
pyrrole ring A,¥ on the opposite side of the CO ligand, is cor-
respondingly ~4.2, 4.5, and 4.9 A in MbCO, metMb, and
deoxyMb, as estimated from the refined atomic coordinate data.
There are also stereochemical changes of the imidazole group
of the proximal (F8) histidine with respect to the heme. In
MbCO the N.—Fe bond is essentially perpendicular to the
mean porphyrin plane, whereas in metMb the N.—Fe bond
deviates ~4° from the heme normal. In deoxyMb a translational
shift of the proximal imidazole increases the deviation of the
N.—Fe bond from the heme axis to ~11° while the tilt of the
imidazole group with respect to the porphyrin plane remains
unchanged. Additionally, in metMb and deoxyMb, the plane
of the pyrrole nitrogen atoms is inclined to that of the peripheral
porphyrin carbon atoms by ~4°.

To evaluate the structural changes near the heme with re-

§ The atomic numbering scheme is described in ref. 12.
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FIG. 3. Schematic illustration of structural changes in the immediate environment of the heme iron as assessed from model-building studies
by comparison of the heme—carbonyl group in MbCO (A) to the environment of the group in metMb (B) and deoxyMb (C) to determine the
stereochemical relationships of the proximal and distal imidazole groups to the iron—carbony! unit. Conformations A, and B, and C are considered
responsible for the 1933, 1944, and 1967 cm~! bands, respectively, in the IR spectrum of MbCO. The change in tilt of the pyrrole nitrogen plane
is expected by comparison of the detailed structural relationships described for the three derivatives on the basis of crystallographic studies.
The diagrams are not drawn to scale according to atomic van der Waals radii, and the pyrrolic N—H group of the imidazole groups is represented
by a circle. The iron atom is represented by the stippled circle, and the porphyrin plane by the horizontal straight line.

spect to the stereochemistry of the iron-carbonyl group, we
have compared the environment of the heme-carbonyl group
of MbCO to the environment of a heme—carbonyl group placed
into the heme crevice of metMb and deoxyMb by use of com-
puter-assisted molecular graphics techniques (17). This method
of assessment of the heme crevice environment may be con-
sidered equivalent to model building studies in which the
atomic model of a substrate is built into the active site region
of an enzyme on the basis of the configuration of an inhibitor
molecule determined by difference Fourier methods. Although
the statistical significance of the structural differences of the
three types of Mb derivatives is difficult to appraise objectively,
especially for independently determined structures, the results
depend only upon the feasibility of introducing a heme-car-
bonyl group into the heme crevice of the metMb and deoxyMb
molecules with acceptable van der Waals contacts. On this basis,
the model-building study requires assessment of the structural
relationships of only the iron-carbonyl group with amino acid
side chain residues and the pyrrole nitrogen atoms because the
porphyrin skeleton remains essentially constant for all three
derivatives.

The corresponding structures contributing to each »(CO)
absorption band are schematically illustrated in Fig. 3. The most
prominent change concerns the relative position of the N, atom
of the distal (E7) imidazole with respect to the ligand. In MbCO,
interaction of the N, atom with the carbonyl C atom may be
analogous to sp — 7* donation, an effect that would increase
electron delocalization into the CO (7*) orbitals (4, 15). The
resultant effect would be a lowering of the »(CO) stretching
frequency. In the deoxyheme environment, the N, atom of the
distal (E7) histidine is displaced and is found to be in van der
Waals contact with the O atom. Displacement of the E7 imid-
azole N, atom from contact with the C atom would result in loss
of these electronic interactions with a corresponding increase
in »(CO). For the metMb environment, the N, atom is inter-
mediate between these two extreme positions. Furthermore,
for structure 3C, the tilt of the plane of pyrrole nitrogens and
the displacement of the N, atom of the proximal iron-coordi-
nated imidazole ring, when viewed with reference to the

iron—carbonyl group, suggest a straightening of the N.—Fe and
Fe—C (carbonyl) bonds relative to each other.? This change
results in closer approximation of octahedral coordination of
the iron—carbonyl unit and is consistent with an increase in
»(CO) to 1967 cm™! because model imidazole-coordinated
heme—carbonyl complexes in solvents of low dielectric constant
exhibit »(CO) frequencies in the 1965- to 1980-cm™! range (9,
26).
Our interpretations of the structural origins of the »(CO)
frequencies suggest that comparable effects should be observed
for the binding of other bulky ligands. In this respect it is of
interest to note that the orientation of the g,, component of the
g matrix of the spin hamiltonian of paramagnetic low-spin
ferric complexes in crystals differs by ~3-6° from that of
high-spin ferric complexes (27), although no comparable
changes in the positions of the peripheral porphyrin atoms are
detected through difference Fourier (28) or polarized optical
(10, 25) studies. Because the principal directions of the g matrix
are determined by the immediate coordination environment
of the iron, these results indicate that the iron-nitrogen bonding
relationships must differ with respect to the heme axis that is
perpendicular to the plane of peripheral porphyrin atoms.

7 Substitution of the heme-carbonyl coordinates of MbCO (B. P.
Schoenborn and J. C. Hanson, personal communication) for those
of the porphyrin ring of metMb (12) and deoxyMb (13) was carried
out by visual superposition of the corresponding average planes of
the porphyrin ring with computer-assisted molecular graphics
techniques (17). Superposition of the porphyrin rings is required by
the observations that the direction cosines of the normal to the por-
phyrin plane in metMb and deoxyMb in the monoclinic crystal are
identical (12, 13) and the Soret polarization ratios (25) of the ortho-
rhombic MbCO, metMb, and deoxyMb crystals (refs. 10, 11; un-
published observations) indicate a difference of no more than 1.5°
in heme tilt. This approach was sufficient to assess changes in the
relative position of the distal (E7) histidine residue with respect to
the iron-carbonyl group. Evaluation of changes in the relative or-
ientations of the pyrrole nitrogen atoms and of the proximal (F8)
histidine with respect to the iron-carbonyl unit requires separate
consideration of the detailed environment of the nitrogen donor li-
gand atoms to the iron as described in crystallographic studies (12,

13).
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These differences are readily accounted for by changes in the
iron-nitrogen bonding relationships as illustrated in Fig. 3. It
has been suggested (29) that the off-axis binding of the anionic
cyanide ligand to the ferric iron in metHb may arise similarly
through the deformability of the pyrrole nitrogen plane. This
configuration of bound ligands may be a constraint of the heme
crevice, because the results of potential energy calculations of
Case and Karplus (30) indicate that configurational changes of
side chains in the heme environment are more likely to result
in tilt of a linear (Fe—C—O) unit from the heme normal rather
than bending of the (Fe—C—O) valence angle.

Because the relative proportions of the 1933 and 1967 cm™!

components are increased in crystals by the presence of
deoxyMb, it is of interest to note that the results of these in-
vestigations suggest that structural changes in the immediate
environment of the heme-carbonyl group may occur as a
function of the occupancy of ligand-binding sites. A variety of
studies have been reported in which the ligand-binding prop-
erties of crystalline enzymes and proteins are modified through
nonspecific intermolecular interactions induced by molecular
packing relationships in the crystal (31). In a comparable
manner, small differences in stereochemical relationships of
protein-ligand interactions may be dependent upon the oc-
cupancy of binding sites by inhibitors, substrates, and effector
molecules. Although such differences may account for no more
than a few tenths of an dngstrom in the separation of atoms in
nonbonding relationships, they may be important in discerning
catalytic from nonproductive binding configurations of sub-
strates and active site residues. The results of this study, thus,
underline the subtle importance of these configurational
changes in the evaluation of enzyme-substrate interactions
through crystallographic studies.
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