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The Fe-ligand interaction is a matter of fundamental concern 
in the chemistry of heme proteins, and resonance Raman (RR) 
spectroscopy has provided basic information on Fe-ligand 
vibrations for a variety of heme proteins and ligands.1 The Fe-
O2 stretching mode (VFe-O2) was found at ~570 cm-1 for 
oxyhemoglobin (HbO2),

2-4 oxymyoglobin (MbCh),4,5 and oxy-
cytochrome c oxidase (CCOO2),6 at 530—560 cm-1 for oxyper-
oxidases,7 and at ~540 cm-1 for oxycytochromes P-450.8 

Vibrational coupling between the O—O stretching and other 
modes causes splitting of the isotope-sensitive band and/or 
causes the observed frequency to be shifted from its intrinsic 
one.9 The Fe-O—O bending 0Feoo) RR band has been recently 
identified at ~430 cm-1 for HbO2 and CcOO2

2,4 and at ~490 
cm-1 for oxylactoperoxidase.7b The Fe-CO stretching (vFe-co) 
and Fe-C—O bending ((5FeCo) modes were first assigned to the 
RR bands around 510 and 570 cm-1, respectively,10 but the latter 
assignment has not achieved full agreement.11 Recently, a new 
CO-isotope-sensitive band assignable to ^Feco was found at 
~360 cm-1 for various heme proteins.12 Observation of 
nonfundamental bands would not only solve the assignment 
controversy but also provide new information on anharmonicities 
of potential functions, which are quite important for molecular 
dynamics calculations for the ligand. Accordingly, we have 
carefully examined the RR spectra of HbO2 and HbCO and now 
report several nonfundamental Fe-ligand modes for the first 
time. 
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Figure 1. RR spectra in the 1300-350 cm - 1 region for 16O2 (A) and 
18O2 (B) adducts of HbA and their difference spectrum (C). The ordinate 
scales of spectra A and B are normalized by using intensities of porphyrin 
bands. The ordinate scale of spectrum C is expanded by a factor of 10. 
Trace D shows two Gaussian bands with bandwidths 86 cm-1. Their 
difference spectrum is depicted by a broken line in trace C. Samples were 
contained in a spinning cell (3500 rpm), and the measurements were carried 
out at room temperature. Exposure time for one measurement was 320 s, 
and 10 measurements were carried out with each sample. The 10 spectra 
were almost similar, but the spectra shown here are those from one 
measurement. When partial oxidation occurred during the measurement, it 
was noticed easily from the noise levels and such spectra were discarded. 
Raman shifts were calibrated with ethanol and acetone as a secondary 
standard. Uncertainties of peak frequencies are ±1 cm -1 for raw spectra 
and ±2 cm - 1 for difference spectra. Spectra A and B were observed with 
the following conditions; slit width, 200 /um; slit height, 10 mm; laser, 413.1 
ran, 5 mW at the sample; laser beam, 50 fim at the sample; sample, 50 ^M 
(heme) in 50 mM phosphate buffer, pH 7.2. 

Raman scattering was excited at 413.1 nm with a Kr+ ion 
laser (Spectra Physics 2016) and detected with a single 
polychromator (Ritsu Oyo Kogaku, DG-1000) equipped with a 
cooled diode array (PAR 1421HQ). Human adult Hb (HbA) 
was prepared according to the method of Geraci et al.,13 and its 
concentration was adjusted to 50 ftM (heme) with 50 mM 
sodium phosphate buffer pH 7.2. Hb18O2 was obtained by 
substituting the gas inside the cell with N2, followed by 
substitution with 18O2 (ICON, 99.5 atom %). Hb16O2 was 
obtained by exposing Hb18O2 to

 16O2 for 5 min. The 12C16O 
and 13C18O (ICON, 99 atom % for 13C and 98 atom % for 18O) 
adducts were obtained as described previously.12 

Figure 1 shows the RR spectra in the 1300-350 cm-1 region 
for Hb16O2 (A), Hb18O2 (B), and their difference (C). In the 
raw spectra, the peak intensity of the 544 cm-1 band in B 
(largely VFe-18O2) appears stronger than that of the 568 cm""1 

band in A (vFe-'
6o2) due to the presence of a porphyrin mode at 

~540 cm-1, but the difference spectrum yields the expected 
symmetric derivative pattern. The difference peak at 428/404 
cm-1 was recently assigned to <5Feoo-4 We stress here that there 
are additional difference patterns at 1150/1071 and 996/953 
cm-1. The latter is easily interpreted as the stretching plus 
bending combination [(568 + 428)/(544 + 404)], while the 
former needs some discussion. The 0—0 stretching (voo) IR 
bands of HbO2 are reported at 1155 and 1106 cm-1 (1094 and 
1065 cm-1 for 18O2),

14 but their frequencies are clearly different 
from the frequencies in the present observation. Furthermore, 
the difference spectrum between 16O2 and 16O18O adducts of 

(13) Geraci, G.; Parkhurst, L. J.; Gibson, Q. H. J. Biol. Chem. 1969, 
244, 4664-4667. 
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Figure 2. RR spectra in the 1300-300 cm - 1 region for 12C16O (A) and 
13C18O (B) adducts of HbA and their difference spectrum (C). Spectra A 
and B are the sums of five measurements with exposure time 320 s. These 
measurements were carried out twice for different samples, and the results 
were completely reproduced. Trace D depicts the ordinate scale expansion 
of trace C by a factor of 10. The ordinate scales of spectra A and B are 
normalized by using intensities of porphyrin bands. Experimental conditions 
were the same as those in Figure 1 except for the laser power, which was 
3 mW at the sample. 

HbA gave the corresponding difference peaks at 1150 and 1070 
cm-1 (data not shown), indicating that the band is not associated 
with voo- On the other hand, when Gaussian bands with 
bandwidth 86 cm-1 were assumed at 1136 and 1088 cm-1 as 
shown by trace D, their difference spectrum well reproduced 
the observed spectrum as drawn by a broken line in trace C. 
Consequently, it is reasonable to assign the 1150/1071 cm-1 

peaks to an overtone of VFe-o2- Although its peak intensity 
appears to be only 18% of that of the fundamental, its area 
intensity is one-half that of the fundamental due to its large 
bandwidth. The large bandwidth might be due to the vibrational 
interaction with voo- It is noted that the large overlapping 
between the 2vFe-i

6o2 and 2vFe-
18o2 bands locates the difference 

peaks significantly outside of the true positions (by 14—17 
cm-1). 

Figure 2 shows the RR spectra of Hb12C16O (A) and 
Hb13C18O (B) excited at 413.1 nm and their difference (C). The 
most intense difference peak at 505/492 cm-1 in spectrum C 
has been assigned to VFe-co-10-12 The difference peaks at 577/ 
558 cm-1 have been assigned to <3Feco»1011a'd but those at 369/ 

(14) Potter, W. T.; Tucker, M. P.; Houtchens, R. A.; Caughey, W. S. 
Biochemistry 1987, 26, 4699-4707. 

355 cm ' are now reassinged to F̂eCo by a new proposal.12 

Here we want to point out the presence of additional difference 
peaks at 738/718, 859-890/836,1002/971, and 1183/1161 cm"1 

as illustrated by spectrum D, a 10-fold expansion of trace C. 
The two positive peaks at 859 and 890 cm-1 presumably resulted 
from vibrational coupling, and the unperturbed frequency would 
be ~875 cm-1, since the sum of their intensities appears to be 
equal to the intensity of the negative peak at 836 cm-1. The 
1002/971 and 738/718 cm-1 peaks are assignable to overtones 
of vpe-co [(2 x 505)/(2 x 492)] and <5Feco[(2 x 369)/(2 x 355)]. 
The 859—890/836 cm""1 pair can be interpreted in terms of 
combination of vFe-co and (5FeCo [(505 + 369)/(492 + 355)]. 
We note that the expected frequencies of 2<5peco and <5Feco + 
F̂e-co do not agree completely with the observed ones partly 

due to appreciable uncertainties involved in the expected values, 
since the peak positions in the difference spectra are not always 
the same as the peak positions of raw spectra and therefore the 
<5Feco frequencies for each isotope cannot be determined 
precisely from Figure 2C. However, these observations indicate 
that the difference bands at 369/355 cm-1 arise from funda
mentals and thus strongly support their assignment to ^Feco-12 

The difference peaks at 1183/1161 cm-1 are assigned to v-j + 
VFe-co combination [(676 + 505)/(676 + 492)], in agreement 
with Wang et al.15 who recently reported the observation of the 
2vFe-co and Vj + vpe-co bands for Mb and CcO and discussed 
the anharmonicities of the Fe-CO stretching modes of a large 
number of proteins. 

The 1002/971 cm-1 difference pattern was well reproduced 
when the difference was calculated for two Gaussian bands at 
1000 and 972 cm-1 with widths of 30 cm-1. Since the expected 
frequencies for the fundamental and overtone in the presence 
of anharmonicity are ve(l— 2x) and 2ve(l — 3JC),16 respectively, 
the anharmonic constant (x) for VFe-co is calculated to be 0.010, 
which suggests that the corresponding frequency at the lowest 
temperature is Vo = 507 cm-1 and Av = 10 cm-1.16 The same 
calculations for VFe-O2 yielded x < 0.001. Therefore, anhar
monicity for the Fe-CO potential is much larger than that of 
the Fe-O2 potential, although the anharmonicity for the former 
seems to depend on the protein.15 
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