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signment of w(N==0) vibrations in terminal nitroso compounds.

Also of interest is a strong IR absorption at approximately 1235
cm™ for 4-nitroso-N,N-dimethylaniline. When the ligand com-
plexes to Zn, this peak is no longer present at the previous fre-
quency and appears to have either been eliminated or has shifted
into the region of a broad absorption band centered at approxi-
mately 1150 cm™'. A large shift to lower frequency or an an-
nihilation of this peak upon complexing would be expected to
happen to the w(N==0) motion upon complexing through the
nitroso oxygen.

At present it appears that no conclusive correlation between
IR spectroscopy and arylnitroso ligand binding characteristics can
be assumed.
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The origin of Q-band splitting and line broadening in the
electronic absorption spectra of certain types of heme proteins
has remained an unsolved problem, despite having been docu-
mented for many years.! Recently, we have found that certain
metalloporphyrin-modified myoglobins®™ exhibit Q-band splittings,
and we have performed studies to elucidate the origin of this effect.
In this paper we first focus attention on the details of the ab-
sorption spectra of modified sperm whale myoglobin (Mb), noting
the possible contributors to Q-band perturbation and outlining
experiments designed to select among these factors. We then
attempt to explain the general observation of Q(0,0)-band splitting
in hemes.

Consider the three major contributors to perturbations in a
porphyrin absorption spectrum. First, minor changes in both the
Amax Of the Soret and Q bands, and their relative intensities, can
arise due to differences in the polarity of the porphyrin environ-
ment.* Second, aggregation of porphyrin units® can lead to shifts
and line broadening of absorption bands due to dipolar coupling
between the chromophores.” Third, larger perturbations in both
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Figure 1. Q-band region in the electronic absorption spectra of (a)
magnesium mesoporphyrin IX dimethyl ester (+ imidazole) in CH,Cl,
and (b) MgMb in ¢ = 0.1 M aqueous sodium phosphate buffer (pH 7.0,
22-24 °C). The absorbance scales for the spectra are similar but not
identical.

Table I. Porphyrin Absorption Spectral Data®

MP-DME +
MP-DME py® MP-diacid/protein
M Anm relOD X\ nm rel OD A, nm rel OD
Mg 397 1.0 411 1.0 409 1.0
524 0.041 529 0.046 542 0.037
561 0.070 562 0.032 584 (573sh) 0.022
Zn 400 1.0 412 1.0 414 1.0
531 0.046 514 0.052 541 0.047
568 0.066 577 0.040 583 (573sh) 0.024
Cd 406 1.0 419 1.0 421 1.0
541 0.085 550 0.072 551 0.076
576 0.066 585 0.031 591 (582sh) 0.027
Pt 380 1.0 380 1.0 380 1.0
498 0.078 499 0.079 499 0.052
535 0.161 535 0.161 534 0.172
Pd 392 1.0 392 1.0 391 1.0
511 0.073 511 0.074 510 0.083
546 0.229 546 0.231 544 0.235
H, 398 1.0 398 1.0 395 1.0
497 0.084 497 0.084 496 0.080
531 0.058 531 0.063 532 0.058
567 0.039 567 0.042 562 0.042
620 0.028 620 0.030 614 0.030
Sn 404 1.0 407 1.0 404 1.0
537 0.081 538 0.084 537 0.050

574  0.071 575 0.077 577 (569 sh) 0.03]

9Reference 4. P = mesoporphyrin IX; MP-DME spectra were
measured in CH,Cl, solution; protein spectra were measured in u = 0.1
M sodium phosphate buffer (22-24 °C). For each metal derivative,
the peak intensities for the absorption bands are given as a ratio rela-
tive to the Soret (OD = 1.0). This is to facilitate comparison of data
for each metal derivative. The ratios are not intended to be used be-
tween metal derivatives; that is, the Soret bands for the metal Mb
complexes do not have exactly the same extinction coefficients.
®Magnesium mesoporphyrin IX was titrated with imidazole in order to
give a five-coordinate species.'?

the position of A, and the relative intensities of each of the
absorption bands, can arise from changes in the coordination
geometry of the porphyrin (for example, a change from four- to
five-coordination or a change in the o- or 7-bonding character
of the axial ligand).® The perturbations observed in the shapes
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Table II. Correlation of Absorption Band Intensity [Q(0,0)]% with CD Signal Intensity (Soret)®

porphyrin IX DME + py*
A[Q(0,0)}/ A(Soret) = [A(py)]

porphyrin IX diacid + protein?
A[Q(0,0)]/ A(Soret) = [A(protein)]

porphyrin IX

Zn porphyrin [A(protein)]/[A(py)] diacid + protein JP(Soret)

deuteroporphyrin 0.030 0.020 0.67 67
mesoporphyrin 0.038 0.025 0.66 72
protoporphyrin 0.057 0.046 0.81 138

2Q(0,0) bands at 575, 577, and 586 nm and 579, 583, and 596 nm for zinc deuteroporphyrin, mesoporphyrin, and protoporphyrin in free solution or protein
bound, respectively. ®Soret bands at 413, 414, and 427 nm for protein-bound zinc deuteroporphyrin, mesoporphyrin, and protoporphyrin, respectively. *DME
= dimethyl ester. Solutions in 1 mL CH,Cl, (22-24 °C) with 50 mL of pyridine added. “Protein spectra were obtained in 4 = 0.1 M sodium phosphate buffer

(22-24 °C).

of the Q bands in some of the modified myoglobins described here
(and in certain heme proteins reported elsewhere)! are illustrated
in Figure 1. In particular, line broadening in Q(1,0) and
broadening and band splitting in Q(0,0) have been observed.>*®
In an attempt to rationalize these observations, consideration of
the spectra of coordinatively saturated porphyrins® in a selection
of organic solvents of differing polarity indicates that the first effect
is small and need not be considered further. Aggregation effects
also can be discounted, since each protein-bound porphyrin is held
in isolation. We therefore will focus on the third factor and
attempt to explain Q-band splitting as a manifestation of su-
perimposed spectra arising from orientational isomerism of the
porphyrin in the protein pocket.

The A, values and relative peak intensities of the absorption
bands of porphyrins in dichloromethane solution are compared
with those in a protein environment in Table I. The most obvious
change arises in the Soret region of the absorption spectra, where
a distinct red shift in A, is observed for those metalloporphyrins
capable of coordinating the proximal His-93 residue. This can
be modeled by titrating a solution of the metalloporphyrin with
an aromatic nitrogenous base such as imidazole or pyridine.>1°
Accompanying the red-shifted Soret there is often a characteristic
change in A’ and inversion of the intensities of the Q bands
(Table I). In the case of coordinatively saturated porphyrins,
however, there are minimal changes in the porphyrin spectra
following either titration with pyridine or insertion into a protein
environment, reflecting the absence of binding to either the added
ligand or the proximal histidine.

In a comparison of the relative intensities of bands for coor-
dinatively unsaturated metalloporphyrins with axially bound
pyridine (Table T) with those for the same porphyrin in the protein
environment, the overall decrease in the peak intensities of these
bands relative to the corresponding Soret is due to the broadening
or splitting of the Q(0,0) bands; however, the integrated intensity
of each Q(0,0) band relative to that of the Soret remains relatively
unchanged. Small variations do arise in the absorption charac-
teristics following insertion into the protein, although these would
be expected, since after insertion the porphyrins are bound to the
protein in strict isolation, whereas in general most metallo-
porphyrins form aggregates that affect their relative absorption
characteristics.® Of interest are the origins of the Q-band
broadening and splitting that we have observed for several metal
systems (Figure 1). Two features are clear. In the case-of
myoglobin, line broadening and splitting are limited to coordi-
natively unsaturated metalloporphyrins and are particularly evident
in those porphyrins containing closed-shell metal ions (Mg, Zn,
Cd, Sn) where charge-transfer transitions are absent and cannot
lead to other line-broadening influences. The effect was absent
in noncoordinating (Pt, Pd, H,) systems.

In the explanation of this behavior, two possibilities must be
considered. It is known that the coordinating proximal histidine
of Mb adopts a fixed orientation relative to the porphyrin unit.!!
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Figure 2. Heme orientational disorder. The difference in the steric
interactions between the porphyrin pyrrole substituents and protein res-
idues can result in slightly different heme geometries for the two orien-
tational forms relative to the proximal histidine, resulting in the super-
position of distinct electronic absorption spectra.

Since each of the Q bands in the porphyrin absorption spectrum
corresponds to a degenerate transition [Q(0,0) (lower energy) and
Q(1,0) (higher energy)],!? the histidine-induced breakdown of axial
symmetry could lead to band splitting. An alternative possibility
is suggested from the NMR studies of La Mar and co-workers,'?
who found that the porphyrin moiety can adopt two distinct
orientations in the Mb pocket (Figure 2) due to asymmetry in
the steric interactions between inner protein residues and the
pyrrole substituents on the porphyrin ring. As a result, the
proximal histidine can adopt two different coordination modes,
depending on the orientation of the porphyrin, and so the observed
perturbations in the appearance of these bands may arise from
the superposition of the absorption spectra of the two structurally
distinct species.

It already has been demonstrated!? that the ratio of the two
orientational isomers is dependent on the nature of the porphyrin
ring substituents. Heme reconstitution of apomyoglobin with a
series of ferric porphyrins, in which the porphyrin ring is either
meso-, proto-, or deuteroporphyrin, was found to alter the ratios
in the approximate order 5.5:1, 11:1, and 12:1,*!4 as determined
from the relative intensities of the paramagnetically shifted pyrrole
methyl resonances in the NMR spectrum of metmyoglobin.!* A
series of studies using metallomeso-, proto-, and deuteroporphyrins,
therefore, offered a means of discriminating between the two
possible sources for the effects that we have observed. Only if
the observed Q-band perturbation were due to an orientational
equilibrium should the nature of the spectra change, whereas if
loss of orbital degeneracy were responsible, a minimal change
would be expected. We have been unable to determine the precise
ratio by NMR spectroscopy, since distinct resonances from each
of the diamagnetic isomeric forms were not resolved. Following
reconstitution with tin, magnesium, and zinc meso-, deutero-, and
protoporphyrins, the perturbations to the Q bands were found to
change with the nature of the ligand. Table II summarizes ab-
sorption and CD data obtained for a series of zinc porphyrin
myoglobins. Recent work has shown that the latter technique is
sensitive to the ratio of isomeric forms in native Mb and gives
results in agreement with data from paramagnetic NMR spec-
troscopy.* In each case the relative ratio of Soret to Q(0,0) band
[A(protein)]/[4(py)] follows the relative intensity of the CD band.
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Figure 3. Q-band region in the electronic absorption spectra of Mb's
modified with (a) magnesium protoporphyrin IX (this should be com-
pared with Figure 1b), (b) tin mesoporphyrin IX, and (c) tin proto-
porphyrin IX diacids. All spectra were obtained in u = 0.1 M aqueous
sodium phosphate buffer (pH 7.0, 22-24 °C). The absorbance scales for
the spectra are similar but not identical.

(Solutions of free porphyrin gave no CD signal.) We therefore
attribute the CD signal to a net isomeric ratio in favor of one
orientation. It is clear that the CD data support the conclusion
derived from the electronic absorption spectra that the split-
ting/line broadening is due to the superposition of spectra from
two orientational forms. The CD data in column 5 reflect an
isomeric ratio zinc protoporphyrin > zinc mesoporphyrin ~ zinc
deuteroporphyrin. This is also the trend displayed by column 4,
a measure of the reduction in band intensity owing to the non-
superposition of absorption bands from the two orientational
isomers. The more uniform distribution of the split a-components
in the SnMb spectrum (Figure 3) may be a consequence of six-
coordination,* generating a more uniform distribution of porphyrin
orientational isomers in the protein pocket.

We conclude that the manifestation of Q(0,0)-band splitting
and broadening depends on distinct axial ligand geometries for
each isomeric form. These two elements explain the presence (or
absence) of a Q(0,0)-band perturbation in a heme protein. In
some cases, such as deoxy Mb, a splitting could be obscured by
the excess of one orientational isomer of the native protoporphyrin
unit over the other, although more likely by the intrinsically broad
absorbances that result from the charge-transfer character of the

Notes

excited states in question.!® It is significant that in the CO
complex, where the charge-transfer character is reduced and
individual Q bands can be resolved, there is a shoulder on the
Q(0,0) absorbance that is similar to features observed with zinc
and magnesium protoporphyrin IX modified Mb (Figure 3). The
same behavior is exhibited by RuMb, which displays a broadened
band in the Q region in Rul'Mb, again attributable to significant
charge-transfer character, but a split Q(0,0) band in the
Ru'COMb complex.! The more dramatic demonstration of
splitting in this case is due to reconstitution with ruthenium
mesoporphyrin, which gives a more uniform distribution of each
orientational isomer.

Some evidence exists for heme orientational disorder!-71® in
cytochromes b, ¢, and f, where Q(0,0)-band splitting, or line-
broadening with a corresponding decrease in overall peak intensity,
is frequently observed. In those instances where no perturbations
are readily seen, we would predict that either one orientational
isomer of the heme is greatly preferred over the other or a similar
coordination geometry for each isomer leads to equivalent over-
lapping absorption spectra.

In conclusion, we believe that the principles described above
can be used to understand some of the unusual spectral features
displayed by both native and modified heme proteins. It would
appear that heme orientational disorder may be a general phe-
nomenon, as originally postulated by La Mar,!"!® and that ab-
sorption spectroscopy could be the simplest method for detecting
its existence in various protein environments.
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