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ABSTRACT Soret-excited resonance Raman spectroscopy
yields direct information regarding the iron-carbon bonding
interactions in the cyanomet and carbonmonoxy complexes of
hemoglobin III from Chironomus thummi thummi (CTT III) in
solution. By isotope exchange in cyanide (13CN-, C'5N-, and
13C'5N-) and carbon monoxide (13CO, C180, and 13C18O), we
have assigned the Fe(III)-CN stretching at 453 cm-', the
Fe(III)-C--N bending at 412 cm'1, the Fe(II)-CO stretch-
ing at 500 cm 1, the Fe(II)-C--O bending at 574 cm -1, and
the C-O stretching at 1960 cm 1. The resonance Raman
data, in conjunction with those obtained from heme model
complexes with well-known Fe-C bond distances, strongly
suggest that the Fe(III)-CN bond (=1.91 A) is longer (hence
weaker) than the Fe(II)-CO bond (=1.80 A). This result
disagrees with those of x-ray crystallographic studies [Steige-
mann, W. & Weber, E. (1979) J. Mol. Biol. 127, 309-338] in
which the Fe-C bond lengths were reported as 2.2 A in
cyanomet and 2.4 A in carbonmonoxy CTT III. Based on
Badger's rule and normal mode calculations, the x-ray data
would lead to the prediction of 279 cm-' for the Fe(II)-CO
stretching frequency in CTT IIICO, which was not observed.
On the other hand, we estimate the Fe-CO bond as -1.82 A,
which is very similar to the 1.80-A value in human Hb-CO
crystals. Furthermore, we have used isotope shift data to
estimate the Fe-C--O angle as 169 ± 50, somewhat larger
than the 1610 value found by Steigemann and Weber. We
therefore conclude that there must be errors in the x-ray
crystallographic refinement for the ligand geometry in
carbonmonoxy and cyanomet CTT III.

The hemoglobin from insect larvae of Chironomus thummi
thummi (CTT III) is an interesting model system for under-
standing the mechanisms of protein control of heme reactiv-
ity (1-12). It is a monomeric allosteric hemoglobin exhibiting
a Bohr effect, which can be correlated with a conformational
transition (t-*r) controlled by a single proton, as shown by
ESR (2-6) and NMR (3, 7-12) studies. This allosteric con-
formational transition and the ligand affinity are modulated
by the trans effect of the proximal histidine, the direct
interaction of the exogenous ligand with its microenviron-
ment, the protein-'porphyrin interactions, and the electronic
structure of the heme iron (1, 5). It has been demonstrated (3,
7, 13, 14) that the amplitude of the Bohr-effect curve, a

measure of the interaction energy between the Bohr-proton
binding site and the ligand binding site, depends on the
nature of the exogenous ligand. The Bohr effect is largest for
02 and smallest for CO and CN - binding.

Carbon monoxide (15, 16) and cyanide (17) bind to simple
iron hemes in a linear fashion along the heme normal. In
hemoglobins, an amino acid side chain on the distal side (in
CTT III, it is the isoleucine Eli) can cause restrictions on the
ligand binding resulting in modified Fe-C--O or Fe-C-N
groupings. X-ray structural refinements at 1.4-A resolution
by Steigemann and Weber (18) have described unusual Fe-
ligand bond lengths and bond angles for carbonmonoxy and
cyanomet CTT III in crystals. A bound ligand can force both
the porphyrin system and the hindering distal amino acid side
group to change their positions so that the whole ligand-
heme-protein system again reaches an energy minimum. In
contrast to a ligand-heme model system, the structure of
liganded hemoglobin is extremely sensitive to temperature
and electrostatic interaction (variations in salt concentration
and pH). Bond length and binding geometry may therefore
be sensitive indicators of the actual state of the ligand-
heme-protein interactions in hemoglobins. Since the numer-
ous conformations of this system may be removed in a
crystal, one needs more information about these subtle inter-
actions in solution and under physiological conditions. At
present, there is evidence that the fine-structure of CTT III
in solution is not the same as it is in crystals. By proton NMR
in solution (8, 19), CTT III has been shown to exist in two
forms, which differ in heme orientation, related by an t180°
rotation about the a,-y-meso axis at least in the metHbCN
form. Only one component has been observed in the crystal
state (18). Furthermore, the 15N NMR data obtained from
cyanide-ligated met CTT III are inconsistent with the x-ray
data, which indicated two equally probable positions for the
histidine E7. One conformation has the histidine E7 expelled
from the pocket by isoleucine Eli, while another has this
histidine inside the heme pocket. The 15N NMR studies in
solution excluded any distal histidine-cyanide interaction in
CTT III (20).
We felt, therefore, that it is necessary to have further

information fromn other spectroscopic methods, especially
from resonance Raman spectroscopy, which is capable of
providing direct information on the nature of iron-ligand
bonds in hemoprdteins (ref. 21 and references cited therein).
The multiple ligand-isotope labeling technique allows one to

distinguish between iron-ligand stretching and bending vi-
brations (21-25). Through use of the x-ray structural data of
heme model complexes, we establish a relation between
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equilibrium Fe-ligand bond length and bond stretching force
constant (Badger's rule). From resonance Raman data, in
conjunction with Badger's rule, normal mode analysis, and
ligand isotope shift, we deduce the iron-ligand bond length
and the ligand bending angle in carbonmonoxy hemoglobin
CTT III. Large discrepancies are found to exist between
these resonance Raman results (solution) and x-ray struc-
tural data (crystals) of carbonmonoxy- and cyanomet CTT
III (18). Finally, we believe that the solution parameters by
resonance Raman spectra should be good indicators for
changes in ligand strength and ligand geometry associated
with allosteric transitions.

MATERIALS AND METHODS
The monomeric CTT III was separated from the dimeric
components by gel filtration (2) and purified by ion exchange
chromatography (5, 7); the procedures have recently been
described in detail (26). The chemical homogeneity of CTT
III was checked by 10% polyacrylamide gel disk-electropho-
resis (pH 9.5). The Rf value was 0.60. The lyophilized salt-
free protein was stored at - 30°C.

Samples of cyanomet CTT III were prepared by first
centrifuging and filtering z80 ,M heme solutions (in 0.05 M
Tris HCl, pH 8.1). Buffered potassium cyanide solution was
then added to form cyanomet CTT III. The isotope-substi-
tuted complexes were prepared similarly using K13CN (iso-
tope enrichment, 90.6% 13C), KC'5N (95.2 atom % 15N), and
K13C15N (90 atom % 13C; 92 atom % 15N).
Samples of carbonmonoxy CTT III were prepared by

deoxygenating filtered protein solutions, introducing -1 at-
mosphere (1 atm = 101.3 kPa) of carbon monoxide, and
reducing with buffered sodium dithionite solution. The com-
plexes with carbon monoxide isotopes were prepared in a
similar manner using "3CO (Stohler Isotope Chemicals,
Waltham, MA; 99 atom % 13C), C180 (Stohler Isotope Chemi-
cals; 99 atom % 180), and 13C180 (Prochem US Services,
Summit, NJ; 91.7 atom % 13C and 98.5 atom % 180), each at
an initial pressure of 1 atm.

Iron(III) meso-tetraphenylporphyrin (TPP) bromide and
iron(III)-,u-oxo-dimer deuteroporphyrin dimethyl ester [later
treated with HCl(g) to convert it to the corresponding mono-
mer] were purchased from Midcentury (Posen, IL). The
CO complexes of these hemes (-110 AM) were prepared
in a manner similar to that described (24). The Fe(II)-
TPP-pyridine-CO complex was prepared with pyridine (Py)
(=1.7 mM) as axial base in a benzene solution and Fe(II)-
deuteroporphyrin dimethyl ester (deut)-tetrahydrofuran
(H4furan)-CO was prepared in pure tetrahydrofuran.
Resonance Raman spectra were obtained using a multi-

channel system equipped with dry-ice-cooled (-62°C) in-
tensified silicon-intensified target vidicon detector (Prince-
ton Applied Research Model 1254). It has an enhanced
detection capability for weak Raman signals (27). The ex-
periments used a Spectra Physics (Mountain View, CA)
model 171 krypton ion laser. The 406.7 nm line was used for
excitation of the CO complexes, and the 413.1 nm line was
used for the CN - complexes. Laser power at the sample was
maintained at =10 mW. The sample in the rotating cell was
spun throughout the measurements to avoid local heating
and to decrease photodissociation. Raman spectra were col-
lected at room temperature and by a 90°-scattering geometry.
All spectra were calibrated using standard compounds. Re-
ported wavenumbers are accurate to + 1 cm 'for sharp lines
and to + 2 cm'- for broad lines.

RESULTS
Assignment of Fe(M)-CN- Stretching and Fe(El)-C-N-

Bending Vibrations by Isotope Exchange. Fig. 1 displays the
effect of cyanide isotope substitution on the resonance Ra-

man spectrum (310-550 cm- 1) of cyanomet CTT III excited
at 413.1 nm. Two isotope-sensitive lines have been identified
at 453 and 412 cm-'. The line at 453 cm-' shifts to 450
(C'4N ), 450 (12C15N-), and 446 cm-1 (13C5N-). The
same frequency at 450 cm-1 for both, the 13C'4N- and the
12C15N- ligated forms, indicates that this vibrational fre-
quency depends on the combined mass of cyanide, irrespec-
tive of the position of the isotope labeling. The 12C'5N -
minus 13C14N- difference spectrum [denoted in Fig. 1 as
(c) - (b)] exhibits a complete cancellation near 450 cm-1.
This isotope behavior clearly indicates that the 453 cm- 1 line
is the i[Fe(III)-CN-] stretching mode, and the
Fe(III)-C-N- linkage is essentially linear (6> 1700). The
line at 412 cm - 1 is somewhat complex because of the overlap
by two vibrations: it becomes a doublet (at 403 and 414
cm-1) for both the 13C14N- and 13C'5N--ligated forms.
However, the '2C'4N- and '2C'5N - behavior is indicative of
the existence of two unresolved vibrational modes at 412
cm-' (isotope sensitive) and 414 cm-' (isotope insensitive).
The isotope-sensitive component at 412 cm- 1 is assigned to
the 3[Fe(III)-C-N-] bending mode because it exhibits
decrease-increase-decrease zigzag isotope shifts from 412
--+ 403 -* 412 -- 403 cm- 1 in the following order: 12C14NN -

13C14N- -* 12C'5N - -l '3C'5N-.
The isotope-insensitive component at 414 cm' may be

assigned to the vinyl group bending vibration K(CbCaCS) on
the basis of recent work by Choi et al. (28) and Rousseau et
al. (29). This assignment is supported by the studies on
deutero cyanomet CTT III where the vinyl group bending at
414 cm-' disappears and an isotope-sensitive line at 410
cm-' exhibits zigzag isotope shifts (unpublished results).
The v[Fe(III)-CN-] vibration in carp cyanometHb was

identified at 455 cm- 1 via C15N - isotope by Tsubaki and Yu
(unpublished results cited in ref. 22) and at 452 cm'- in
human cyanometHb by Rousseau and co-workers (30, 31).
However, no assignment of the 8[Fe(III)-CN-]bending

Raman frequency, cm-'

FIG. 1. CN- isotope effects on resonance Raman spectra
(360-550 cm-1) of cyanomet CTT III. Excitation wavelength A,
413.1 nm; power, 15 mW; delay cycles, 10,000 (303 sec); slit width,
100 ,um; in 50 mM Tris'HCl (pH 8.1). (A) Observed spectra with iso-
topes (2C14N-, 13C14N, 12C15N, and 13Cl5N-. (B) Difference spec-
tra between various ligand isotopes.
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mode has been reported. Although attempts have been
ma/kede, we have not been able to enhance the bound C-N
stretching mode expected at -2130 cm-.
Assignment of Fe(ll)-CO Stretching, Fe(II)-C--o Bend-

ing and C-o Stretching Vibrations by Isotope Exchange. In
Fig. 2, we present resonance Raman spectra (200-650 cm-1)
of carbonmonoxy CTT III with various isotopes ('2C'60,
13C160, 12C180, 13C180). Two isotope-sensitive modes have
been located at 500 and 574 cm-l. The former exhibits a
monotonous isotope shift with increasing CO mass, whereas
the latter displays a zigzag shift pattern. Therefore, we assign
the one at 500 cm 1 to the d[Fe(II)-CO] stretching and the
one at 574 cm- to the 8[Fe(II)-C-O] bending. These two
values are indeed very similar to those found in human
carbonmonoxy hemoglobin A (HbA) (507 and 578 cm- 1),
sperm whale carbonmonoxy Mb (512 and 577 cm-1), and
carp carbonmonoxy Hb (508 and 576 cm -1) (22). The ab-
sence of two lines of comparable intensity at -500 cm-' in
carbonmonoxy CTT III under various conditions that are
known to alter the population ratio of the two species dif-
fering in heme-rotational orientation (8, 19) is interpreted to
mean that the v[Fe(II)-CO] stretching frequencies for the
two components are the same at 500 cm- 1. The lowering of
the pH value from 7.2 (Fig. 2) to 5.6 produces little change
(within ± 2 cm- 1) in d[Fe(II)-CO].
The bound C-O stretching vibration, i'(C-O), is de-

tected at 1960 cm-', which shifts to 1918 (13C160), 1918
(12C'80), and 1875 cm-' (13C'80) (Fig. 3). The infrared-
detected C-O stretching frequency in carbonmonoxy CTT
III was reported at 1963.8 cm-' (32).

DISCUSSION

Application of Badger's Rule for the Fe-C Bond in
Carbonmonoxy Heme Model Systems. The so-called Badger's
Rule, which relates the equilibrium bond length (re) and

300 400 500
Raman frequency, cm-'

FIG. 2. CO isotope effects on resonance Raman spectrum
(200-650 cm-') of carbonmonoxy CTT III. A = 406.7 nm; 70 AM
in 50 mM Tris HCl (pH 7.2). Other conditions are the same as in
Fig. 1.

harmonic bond-stretching force constant (k) has the general
expression (33):

re = dij + (ai - dj) k-1, [1]

where aij and dij are empirical constants for a pair of atoms
from rows i and j in the periodic table. To determine the
values of aij and dij for the (Fe,C) pair of carbonmonoxy
heme systems, one needs to know at least two force con-
stants for two different Fe-C bond lengths. Fortunately,
high-precision x-ray structural data are available for Fe(II)-
TPP-Py-CO (16) and Fe(II)-deut-H4furan-CO (34). The bond-
stretching force constants can be determined on the basis of
v(Fe-CO)s and normal coordinate calculations. In our ap-
proach, we first estimate the force constant that corresponds
to the Fe-C bond length of 1.77(2) A in Fe(IIj-TPP-Py-CO
(16). We have detected the (vFe-CO) stretching mode of
this heme complex at 484 cm- 1, and the v(C-O) stretching
mode at 1976 cm-'. The bending force constant for the
Fe-C-O grouping does not affect the v(Fe-CO) fre-
quency if the Fe-C-O grouping is linear and perpendicular
to the heme (21, 23). Although we have not observed the
8(Fe-C-O) frequency in Fe(II)-TPP-Py-CO, we used a
bending force constant that corresponds to a 8(Fe-C-O)
frequency close to 574 cm-' observed for the slightly dis-
torted Fe-C-O grouping of carbonmonoxy Fe(II)SP-15
(N-MeIm) (23). Normal coordinate analysis based on the
imidazole(Im)-Fe-C-O model, similar to that used in ref.
22, indicates that a force constant of 2.50 mdyne/A is ap-
propriate for the Fe-C bond in Fe(II)-TPP-Py-CO or Fe(II)-
TPP-Im-CO. The replacement of pyridine by imidazole pro-
duces no appreciable change (i.e., within ±2 cm-l) in
v[Fe(II)-CO]. The structural parameters used in our cal-
culations are as follows: r(Fe-Im) = 2.10 A; r(Fe-C) =

1.77 A; r(C-O) = 1.12 A; 4(In-Fe-C) = 1800; and
6(Fe C-o) = 1800. Imidazole was treated as a single
dynamic unit with a mass of 68 amu. The Urey-Bradley force
field was used for the potential function, and the force
constants used were transferred from those used in ref. 22
with slight adjustments for best fit. These force constants (in
mdyne/A) are as follows: K(Fe-Im) = 1.33; K(Fe-C) = 2.50;

1800 2(
Raman frequency, cm-1

FIG. 3. CO isotope effects on resonance Raman spectrum
(1550-2100 cm-') of carbonmonoxy CTT III. Experimental con-

ditions are the same as in Fig. 2 except for the delay, 5000 (152 sec).
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K(C-O) = 16.3; H(Im-Fe-C) = 0.57; H(Fe-C-O) =
0.79. Stretching-stretching interaction force constants be-
tween two adjacent bonds are: F[(Im-Fe) - (Fe-C)] = 0.10
mdyne/A and F[(Fe-C) - (C-O)] = 1.2 mdyne/A. The
seven normal modes produced by these force constants are
as follows: v(Fe-CO) = 484 cm-1; v(Fe-Im) = 240 cm';
v(C-O) = 1976 cm-l; 81(Im-Fe-C) = 221 cm-l; 82(Im-
Fe--C) = 221 cm-'; 81(Fe-C-O) 560 cm-'; and
82(Fe-C-O) = 560 cm-l, with the latter two sets being
degenerate. Although experimentally the vibrations such as
v(Fe-Im), 8(Im-Fe--C), and 8(Fe-C-O) have not been
assigned, we feel that these values are reasonable in view of
resonance Raman data from related heme complexes (35).
Here our primary concern is the estimation of the Fe-C
bond stretching force constant, which corresponds to the
v(Fe-CO) frequency at 484 cm-'. Other force constants
within reasonable limits do not significantly affect the
v(Fe-CO) frequency. Thus, re = 1.77 A for Fe(II)-TPP-Py-
CO corresponds to k = 2.50 mdyne/A.
The second force constant (k') for the Fe-C bond in

Fe(II)-deut-H4furan-CO can then be approximated by

V'/v= k7I [2]

Here we assume that the reduced mass for stretching the
Fe-C bond is the same between Fe(II)-TPP-Py-CO and
Fe(II)-deut-H4furan-CO. It has been found that the
d[Fe(II)-CO] frequencies for Fe(II)-TPP-Py-CO and Fe(II)-
TPP-Py-d5-CO are the same (unpublished results). Thus, the
small difference in the mass between Py and H4furan should
not affect the reduced mass. We have observed the
v(Fe-CO) frequency in Fe(II)-deut-H4furan-CO at 530
cm-1. Therefore, we obtain k' = 3.00 mdyne/A, which
corresponds to the re = 1.706(5) A for Fe(II)-deut-H4furan-
CO (34). The values of aij and dij are then determined from
Eq. 1: aij = 2.13 A and dij = 0.75 A, which now establishes
the Badger's rule for the Fe-C bond as re = 0.75 + 1.38
k- 1/3. These Badger's constants are calculated using x-ray
crystallographic data. The v(Fe-CO) frequency for crystals
of Fe(II)-TPP-Py-CO, prepared as described in ref. 16, is
identical (within +1 cm- 1) to that observed in solution
(unpublished results). Therefore, we assume that the
v(Fe-CO) of Fe(II)-deut-H4furan-CO in crystals is very
close to the 530 cm-' value obtained in solution.
The Influence of the Fe-C-O Bond Angle (0) on

v[Fe(II)-CO] Frequency. The variations of P[Fe(II)-CO]
as a function of the angle (6) of the Fe-C-O grouping,
without changes in force constants, are determined using the
normal coordinate analysis described above. With increasing
bond angle the r[Fe(II)-CO] frequency decreases (Fig. 4),
presumably due to the increase in the effective mass of CO
for the stretching of the Fe-C bond. Our calculations show
the percentage of potential energy derived from the Fe-C
coordinate ranges from 92% (6 1800 and 1100) to 65% (6 -

145°). Mixing between the stretching and bending is quite
appreciable at 0 near 1450.
The Expected v[Fe(II)-CO] Frequency in Carbonmonoxy

CTT III Based on X-Ray Structural Data. The x-ray crys-

tallographic structure of carbonmonoxy CTT III has been
determined at 1.4-A resolution (18). The Fe-C bond length
was reported as 2.4 A, which is unusually large compared to
the values found in carbonmonoxy human HbA (1.80 A) (36)
and the heme model complex Fe(II)-TPP-Py-CO (1.77 A)
(34). Other relevant structural parameters include the
Fe-C-O bond angle of 1610 ± 50 and a tilt angle of 80. With
these structural data, the expected d[Fe(II)-CO] frequency
can now be estimated. The starting point in the estimation
scheme (Fig. 5) is the Raman structural data of Fe(II)-TPP-
Py-CO. Since the replacement of pyridine by imidazole

E
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FIG. 4. Variation of v(Fe-CO) as a function of Fe-C--O (6)
angle. No changes in force constants.

makes no appreciable difference in v[Fe(II)-CO], we prefer
to use Fe(II)-TPP-imidazole-CO in our discussion. Step 1
involves a change in the Fe-C-O angle from 1800 to 161°
without changes in the force constants and other structural
parameters. Such a bond angle change would increase the
v[Fe(II)-CO] frequency from 484 to 535 cmt (Fig. 4). In
step 2 the Fe-C bond length is increased from 1.77 to 2.4 A,
resulting in a decrease in the Fe-C force constant (k) from
2.50 to 0.59 mdyne/A. This change in k decreases the
v(Fe-CO) frequency to 535 (0.59/2.50)1/2 or 260 cm-1. The
final step 3 is a tilting of the Fe-C bond from the heme
normal by 80. Recent studies in carbonmonoxy "strapped
hemes" by Yu et al. (23) revealed that in the case with the
most severe tilting of CO, the v(Fe-CO) frequency in-
creases by only 19 cm-1. Thus, the upper limit for the
v[Fe(II)-CO] frequency expected on the basis of x-ray
structural data is 279 cm-', which differs greatly from the
observed 500 cm-'. It is noted that the most important
contribution in this scheme is the force-constant correction
(step 2). It provides sufficient evidence itself that the x-ray
data must be in error.
Geometry of the Fe-C-O Grouping Deduced from Reso-

nance Raman Data. Raman data can be obtained with ease
from model compounds and hemoproteins in both crystal
and solution. Therefore, it would be of interest to have some

methodology for deducing ligand geometry. We make a first
attempt here by estimating the Fe-C-O geometry of
carbonmonoxy CTT III consistent with our resonance Ra-
man data for this heme protein. This by no means has the
same precision as an x-ray-determined structure; however, it
is possible to place an upper limit on the Fe-C bond length.
The procedure, similar to the scheme used in estimating the
v(Fe-CO) frequency begins with the spectral and structural
data of the model Fe(II)-TPP-Im-CO. By using an equation

0

1.12 1
C

1.771 (1)
-Fe-=*
2.1 |

k(Fe-C): 2.50

V(Fe-CO): 484

2.50

535

0.59

260

0.59

279

FIG. 5. Scheme for the prediction of v(Fe-CO) in CTT III
CO using the x-ray data of Steigemann and Weber (18) (Fe-C
bond length = 2.4 A, AFe-C--O = 1610 and tilt angle = 8°).

1.12
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derived previously (23), isotope shifts of v[Fe(II)-CO]and
v(C-O) can estimate the Fe-C-O bond angle. This angle
(6) was found to be 169 + 50, which is somewhat larger than
the 161 ± 5°value obtained by Steigemann and Weber in
their x-ray crystallographic studies (18). With this geometric
arrangement and the observed v(Fe-CO) frequency of 500
cm-1, Badger's rule predicts an Fe-C bond length of 1.80
A.

It is still not possible to estimate the tilt angle; however,
Yu et al. (23) suggested that the intensity ratio between the
8(Fe-C-O) bending and the v(Fe-CO) stretching is in-
dicative of the degree of tilting. However, if we assume that
the tilting is the most severe, as has been observed in the
model system (23), the upper limit for the Fe-C bond length
is 1.82 A estimated according to Badger's rule. Thus, the
Raman data predict a final structure where the CO is tilted,
the Fe-C-O group is bent to -169°, and the Fe-C dis-
tance lies within the range of models and other heme pro-
teins. Therefore, it is concluded that the Fe-C bond length
should not be >1.82 A in carbonmonoxy CTT III, a result
largely different from the crystallographic results.
Comparison of Fe-C Bond Lengths in Carbonmonoxy and

Cyanomet CTT HI. The v[Fe(III)-CN- ] frequency (at 453
cm 1) is 47 cm-1 lower than the v[Fe(II)-CO] frequency at
500 cm-l (cf. Figs. 1 and 2). If the Badger's rule for the
Fe-CO bond is a good approximation for the Fe-CN bond,
the much lower v[Fe(III)-CN] frequency at 453 cm-1 sug-
gests that the Fe-CN bond is longer than the Fe-CO bond.
However, this is contrary to the x-ray data by Steigemann
and Weber (18), who reported that the Fe-CN bond (2.2 A)
in cyanomet CTT III is shorter than the Fe-CO bond (2.4 A)
in carbonmonoxy CTT III.

Recently, Scheidt et al. (17) reported the Fe-CN bond
distance of 1.908(4) A in cyano(pyridine)(meso-tetraphen-
ylporphinato) iron(III), Fe(III)-TPP-Py-CN-, which is 0.138
A longer than the 1.77 A value for the Fe-CO bond distance
in Fe(II)-Py-TPP-CO. Can the protein reverse the order of
these two relative bond distances? Resonance Raman studies
of Fe(III)-TPP-Py-CN - in benzene (unpublished results) de-
tected the v[Fe(III)-CN - I frequency at 452 cm -1, very
similar to the 453 cm-1 in cyanomet CTT III and the 455
cm 1 in cyanomet carp Hb (22). This strongly suggests that
the Fe-CN bond lengths in cyano-met hemoglobins must be
very close to the 1.908 A value. Since the upper limit for the
Fe-CO bond length in carbonmonoxy CTT III is 1.82 A, the
Fe-CN bond may indeed be longer than the Fe-CO bond
in the CTT III system, in disagreement with the x-ray crys-
tallographic results (18). It is interesting that the Fe-C bond
in Fe(III)-TPP-Py-CN - (or cyanomet CTT III) is longer than
that in the Fe(II)-TPP-Py-CO (or carbonmonoxy CTT III)
despite the charge interaction between Fe(III) and CN -. The
lone pair electrons of both CN - and CO ligands coordinate
to the d,2(Fe) orbital to form a a bond. However, in
carbonmonoxy complexes, there may be a greater 7r-bonding
between d, (Fe) and ir*(CO). Although we do not believe the
Fe(III)CO- formulation, there may be some partially nega-
tive charge on the CO ligand and some partially positive
charge on the heme iron. In any event, the shorter Fe-C
bond in carbonmonoxy complexes seems to be caused by the
substantial ir-bonding interaction between d,(Fe) and
1r*(CO).
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