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Insights into Heme Structure from Soret 
Patricia M. Callahan and Gerald T. Babcock* 

ABSTRACT: Laser lines in resonance with the &ret band optical 
transitions of several heme proteins and heme model com- 
pounds have been used to obtain Raman spectra of these 
species. Correlations between the observed frequency of a 
polarized mode in the 1560-1600-cm-' region and the heme 
iron spin and coordination geometry have been developed. The 
position of this band is also a function of the pattern of por- 
phyrin pyrrole ring @-carbon substitution, and therefore 
structural information can be extracted from the Raman data 
only after this dependence has been taken into account. 
Quantitative correlations between the frequency of this band 
and the porphyrin core size are presented for three commonly 
occurring classes of heme compounds: (a) protoheme deriv- 
atives, (b) iron porphyrins in which all ring positions are 

%e geometry of the porphyrin macrocycle in hemes and 
heme proteins is reflected in the frequency positions of several 
vibrational bands observed by resonance Raman spectroscopy 
(Spiro, 1974; Felton & Yu, 1978; Kitagawa et al., 1978; 
Rousseau et al., 1979). One of the most useful empirical 
correlations between heme structure and Raman frequency 
has been developed by Spaulding et al. (1975), who showed 
that an inverse relationship exists between the frequency of 
an anomalously polarized mode in the 1550-1610-cm-' region 
and C,-N, the distance from the center of the porphyrin to 
the pyrrole nitrogens. This was later confirmed and extended 
(Huong & Pommier, 1977; Scholler & Hoffman, 1979; Spiro 
et al., 1979), and plots of Raman frequency vs. porphyrin core 
size (C,-N) for the ap' mode (denoted band IV) as well as 
for a polarized mode in the 1470-1510-cm-' region (band 11) 
and for a depolarized mode in the 1600-1650-~m-~ region 
(band V) could be fit by an empirical equation of the form 

(1) 

where 3, is the frequency of the vibration under consideration, 
d the C,-N distance, and K, and Ai are adjustable parameters 
specific to the ith vibration. Equation 1 has thus far been 
established for the three vibrational bands indicated above, 
all of which have appreciable methine bridge bond stretching 
character (Spiro et al., 1979). As a consequence, the corre- 
lations indicated by eq 1 are relatively insensitive to the nature 

v, = K,(A,  - d )  cm-' 
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saturated, and (c) heme a species. A polarized mode in the 
1470-15 10-cm-I region is also consistently enhanced upon 
Soret excitation of these compounds, but is relatively insensitive 
to peripheral substituents, and can be used in conjunction with 
the polarized mode described above to assign heme geometries. 
In the frequency region above 1600 cm-I, a vibration is ob- 
served which also responds to changes in porphyrin geometry. 
However, this band is sometimes obscured by vibrations of 
unsaturated @-carbon substituents, particularly in the case of 
protoheme derivatives. The normal coordinate analysis de- 
veloped by Abe and co-workers [Abe, M., Kitagawa, T., & 
Kyogoku, Y. (1978) J .  Chem. Phys. 69,4526-45341 is used 
to rationalize the dependence of the various modes on por- 
phyrin geometry and peripheral substitution. 

of the pyrrole @-carbon substituents, provided that these are 
linked by C,&, bonds. However, replacement of the hydrogen 
at the methine bridge carbon by, for example, phenyl groups 
or deuterium, causes shifts in these bands unrelated to core 
size change, and eq 1 is no longer applicable. In addition, 
bands I1 and V are also somewhat sensitive to the nature of 
the axial ligands and shift to higher frequency as the K acceptor 
character of the ligands is increased. 

With the establishment of sound correlations between 
porphyrin core size and Raman frequency, it has become 
possible to interpret scattering data to determine both spin state 
and iron coordination number for several heme proteins (Spiro 
et al., 1979; Sievers et ai., 1979). However, the research which 
has been done thus far to link porphyrin core size and Raman 
vibrational frequencies has been carried out with a,@ excitation. 
Under these conditions Herzberg-Teller scattering dominates, 
and, for a porphyrin of D4h symmetry, enhancement of modes 
of Blg, and BZg symmetry is strong whereas AI, modes 
are weak or absent (Friedman & Hochstrasser, 1973; Felton 
& Yu, 1978; Rousseau et al., 1979). For Soret excitation, on 
the other hand, scattering occurs by a Franck-Condon 
mechanism, and the opposite pattern of vibrational enhance- 
ment is observed: polarized modes dominate the spectrum, 
and anomalously polarized and depolarized lines are weak. 
Additionally, depolarized modes can acquire A-term intensity 

Abbreviations used: ap, anomalously polarized; Me,SO, dimethyl 
sulfoxide; dp, depolarized; Hepes, N-(2-hydroxyethyl)piperazine-N'-2- 
ethanesulfonic acid; HRP, horseradish peroxidase; NMeIm, N-methyl- 
imidazole; OEP, octaethylporphyrin; p, polarized; PPIX DME, proto- 
porphyrin IX dimethyl ester; NaDodS04, sodium dodecyl sulfate. 
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as a result of the dynamic Jahn-Teller effect (Shelnutt et al., 
1977). Thus the vibrations observed upon Soret excitation of 
hemes and heme proteins are, in general, distinct from those 
enhanced by  CY,^ excitation, and the empirical correlation 
between core size and Raman frequency described above for 
Herzberg-Teller active modes may not necessarily apply to 
the Franck-Condon vibrations. 

Sporadic reports have appeared in the literature which relate 
the frequency of a polarized mode in the 1560-1600-cm-' 
region, observed with Soret excitation, to heme iron spin state. 
For example, Yamamoto et al. (1973) reported such a cor- 
relation for hemoglobin and myoglobin compounds, Remba 
et al. (1 979) reported analogous data for chloroperoxidase, 
and Babcock & Salmeen (1979) tabulated the frequency of 
this band as a function of heme a iron spin state. However, 
a systematic study of this phenomenon has not yet appeared. 
In the research reported here, we have investigated the Raman 
spectra of a number of heme model compounds and heme 
proteins2 and have established an empirical correlation between 
the frequencies of the observed modes, the porphyrin core size, 
and the pattern of 0-carbon peripheral substituents. A pre- 
liminary account of this work has been presented (Babcock 
et al., 1980). In the following paper (Babcock et al., 1981) 
we apply this correlation to the interpretation of Soret exci- 
tation Raman spectra of cytochrome oxidase and a number 
of its inhibitor complexes. 

Materials and Methods 
Horse heart myoglobin was obtained from Sigma Chemical 

Co.; complete formation of the met form was achieved by 
oxidation with excess potassium ferricyanide and subsequent 
passage through a Sephadex G-25 column. Human hemo- 
globin from P-L Biochemicals was treated in an analogous 
fashion. The fluoride complexes of these compounds were 
prepared by diluting the concentrated stock solutions with 1 
M solutions of sodium fluoride in 0.1 M Hepes buffer, pH 6.9; 
azide complexes were prepared in an analogous manner by 
using 500 mM solutions of sodium azide in 0.1 M Hepes 
buffer, pH 7.4. Horseradish peroxidase (Type VI, Sigma) was 
used as received and dissolved in 0.1 M Hepes buffer, pH 7.4. 
Its fluoro and cyano complexes were prepared by diluting the 
HRP stock solutions with neutral, concentrated stock solutions 
of N a F  and NaCN in 0.1 M Hepes, pH 7.4. Cytochrome c 
(Type VI, Sigma) was dissolved in 0.1 M Hepes, pH 7.4, 
treated with a slight excess of potassium ferricyanide to ensure 
complete oxidation, and passed through a Sephadex G-25 
column to remove the oxidizing agent. 

The chloride complex of heme a was isolated from purified 
beef heart cytochrome oxidase as described previously (Bab- 
cock et al., 1976). Low-spin ferric heme a complexes in 0.1 
M phosphate buffer (pH 7.4)-2% NaDodS04 and in methy- 
lene chloride were prepared by addition of 0.7 M N-methyl- 
imidazole. Six-coordinate high-spin ferric heme a (Me2S0)2 
was obtained by a procedure analogous to that used in the 
preparation of high-spin six-coordinate iron( 111) octaethyl- 
porphyrin and iron(II1) tetraphenylporphyrin (Dolphin et al., 
1977; Zobrist & LaMar, 1978; Spiro et al., 1979): heme a3+ 
perchlorate was prepared from a methylene chloride solution 
of the heme u3+ chloride complex by addition of solid an- 
hydrous AgClO,; following filtration, sufficient Me2S0 was 
added to ensure formation of the six-coordinate high-spin 

I I 1.4c - heme $*(NMelmbCI- 035 
- - heme o_''(DMSO), Cl0,- 

---heme $Cl- I.,. 
heme o_''CIO; 

-0 25 

1 1 I 1 1 1 I I 
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WAVELENGTH (nm) 

FIGURE 1: Optical absorption spectra of several ferric heme a species 
used in the present study. The heme a concentration was - 13 pM 
for all samples; the solvent was methylene chloride. 

complex as judged by changes in the optical spectrum (see 
Figure 1). All complexes obeyed Beer's law in the concen- 
tration range used in the experiments described below. 

Hemin chloride was obtained from Sigma, and the low-spin 
ferric bis(N-methylimidazole) complex was prepared by ad- 
dition of 0.7 M N-methylimidazole to a solution of the heme 
in 0.1 M sodium phosphate and 2% NaDodS04, pH 7.4. 
Protoporphyrin IX dimethyl ester was obtained from Sigma, 
and the iron insertion was carried out as described by Lemberg 
et al. (1955) to form the iron(II1) protoheme dimethyl ester 
chloride compound. Iron(II1) etioporphyrin I chloride and 
iron(II1) octaethylporphyrin chloride were the kind gifts of 
Professor C .  K. Chang. Preparation of the six-coordinate high- 
and low-spin species was achieved as described above for the 
heme u3+ complexes. During the preparation of the various 
derivatives, the optical absorption spectra were monitored to 
ensure complete formation of the species of interest. 

Raman spectra were recorded by using the 406.7- and 
413.1-nm lines of a Spectra Physics 164-1 1 krypton laser and 
the Spex 1401 Ramalog spectrometer described previously 
(Ondrias & Babcock, 1980).3 The power incident on the 
sample was typically 20 mW. A jacketed cell holder and cold, 
flowing N2  gas were used to maintain protein sample tem- 
peratures near 4 O C .  The sample was contained in a 5 mm 
path length optical cuvette and 90° scattering was observed 
by using bottom illumination of the cuvette. Raman spectra 
for the model complexes were obtained at room temperature 
by using a spinning sample cell constructed at Michigan State 
University. The concentration of both protein and heme model 
compound samples was adjusted to give an absorbance between 
1 and 2 at the excitation frequency; typical concentrations 
required to achieve this were between 10 and 20 pM. For both 
the protein samples and the heme model complexes, optical 
spectra were recorded before and after the Raman experiment 
to monitor sample integrity. No precipitate formed in the 
samples during illumination, and lower laser powers could 
reproduce the spectra reported here. Other experimental 
conditions are given in the tables and figure legends. 

Results 
Protoheme Species. Soret excitation Raman spectra of 

several protoheme-containing species are presented in Figures 
2 and 3. These have been selected to represent the commonly 

* We have focused here primarily on the oxidized forms of the various 
heme compounds. In a future work (I.  Salmeen and G.  T. Babcock, 
unpublished experiments) we will present data on reduced species with 
a particular emphasis on cytochrome oxidase. 

The spectrometer used in an earlier study on heme a (Babcock & 
Salmeen, 1979) was rniscalibrated by -7 cm-I in the 1500-1700-cm-' 
region. This has been corrected in the present study by carrying out a 
benzene calibration prior to each series of experiments. 
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FIGURE 2: Resonance Raman spectra of several protoheme-containing 
heme proteins. Instrumental conditions: resolution, 6 cm-I; time 
constant, 1 s; scan rate, 50 cm-'/min. The buffer composition and 
ligand concentrations are given under Materials and Methods. 

encountered combinations of spin state and iron co~rdination:~ 
(a) six-coordinate low-spin (Figure 2d; Figure 3c,d); (b) six- 
coordinate high-spin (Figure 2a,b,c; Figure 3b); (c) five-co- 
ordinate high-spin (Figure 2e; Figure 3a). The spectrum of 
oxidized HRP (Figure 2e) is similar to that reported by Remba 
et al. (1979). We have also investigated the Raman spectra 
of the cyanide and fluoride complexes of ferric HRP and have 
found that they resemble the azide and fluoride metmyoglobin 
complexes, respectively. As expected for Soret excitation, the 
principal vibrational modes observed in Figures 2 and 3 are 
polarized ( p  < 0.75) (see Table I). However, the depolari- 
zation ratios rarely achieve the '/* value expected for D46 
symmetry, indicating that the effective symmetry is most likely 
reduced. This effect, plus the conjugation of the vinyl sub- 
stituents with the porphyrin a system (Adar, 1975), contributes 
additional bands to the high-frequency Raman spectra of 
protoheme derivatives when compared to the more symmetric 
heme species described below. 

The Soret excitation spectra are distinct from those obtained 
for the same compounds with &-band excitation, particularly 
in the 1550-1 600-cm-l region, where the structure-sensitive 
anomalously polarized mode (Spaulding et al., 1975) is re- 
placed by polarized modes. Yamamoto et al. (1973) were the 

Both metmyoglobin azide and aquometmyoglobin are in spin-state 
equilibria at room temperature. The low-spin form is favored for the 
azide complex, and the high-spin form is favored for the aquo complex 
(Smith & Williams, 1970). 

I I I I 
1700 1600 I500 1400 1300 I200 1100 1000 

AV (crn-l) 

FIGURE 3: Resonance Raman spectra of several protoheme model 
compounds. The compounds used in (a), (b), and (d) were dissolved 
in methylene chloride; for the compound in (c) the aqueous solvent 
system described under Materials and Methods was used. Solvent- 
and nonresonance-enhanced ligand modes are indicated by asterisks. 
Instrumental conditions are as described in Figure 2. 

Table I: Depolarization Ratios: Low-Spin Ferric 
Heme Compoundsa 

Fe*PPIXDME- 
(NMeIm), Fe*OEP(NMeIm), heme a3+(NMeIm), 

band band band 
(cm-') p b  (cm-') p (cm-') P 

1670 0.28 k 0.05 
1639 0.57 f 0.05 1640 0.75 f 0.05 1642 0.35 
1623 0.43 
1582 0.42 1591 0.45 1590 0.40 
1506 0.24 1507 0.26 1506 0.20 

1469 0.50 1474 0.51 1472 
1374 0.30 1377 0.34 1374 0.33 
1288 1286 0.36 1285 0.28 
1235 0.49 1230 0.46 1238 0.48 
1131 0.49 1138 0.60 1132 0.60 
1080 0.38 1078 0.36 1078 0.20 
1030 1028 0.33 1030 0.26 

~~ 

Excitation frequency = 406.7 nm. p = Ii/I 1,. 

first to point out that these polarized modes are sensitive to 
spin state. For the six-coordinate myoglobin derivatives they 
investigated with 441.6-nm excitation, the ratio of intensities 
for the bands at 1566 and 1584 [I( 1566)/I( 1584)] increased 
as the high-spin content increased. The data of Figures 2 and 
3 confirm this correlation and demonstrate that it also applies 
to six-coordinate high- and low-spin protoheme model com- 
pounds. Moreover, five-coordinate high-spin protoheme 
compounds show a strong polarized mode at 1574 cm-l, in- 
termediate between the 1584-cm-' low-spin and 1566-cm-l 
six-coordinate high-spin marker bands. Thus, the high-fre- 
quency polarized mode shows the same general dependence 
on heme structure as reported for band IV, the high-frequency 
ap mode: as the Ct-N distance increases from six-coordinate 
low-spin through five-coordinate high-spin to six-coordinate 
high-spin the frequency of the band decreases. However, in 
the case of band IV the overall decrease amounts to 30 cm-I 
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for the heme complexes of Figures 2 and 3, whereas for the 
polarized mode the corresponding decrease is only 18 cm-*. 
This observation indicates a less dramatic C,-N distance de- 
pendence for the polarized mode. Table I1 summarizes the 
positions of the prominent bands in Figures 2 and 3 as well 
as vibrational frequencies observed for the same compounds 
with excitation in the visible region. 

With a,P-band excitation a polarized mode in the 15OO-cm-' 
region is observed (band 11) which is sensitive to heme iron 
spin and coordination. A band in the same region is also 
prominent in the Soret excitation Raman spectra we report 
and exhibits the same dependence; we conclude that band I1 
is enhanced by both a,P and Soret laser lines. For six-coor- 
dinate high-spin derivatives band I1 occurs at 1482 cm-I and 
shifts to 1496 cm-' for five-coordinate high-spin species. In 
six-coordinate low-spin protoheme compounds the observed 
frequency is 1507 cm-I. However, other bands are also ap- 
parent in the 1470-1510-cm-' region (for example, we observe 
a 1472-cm-I band in the six-coordinate low-spin species in 
Figure 3), and we have found correlations based only on band 
I1 positions to be somewhat tenuous. 

In addition to the bands in the 1565-1585-cm-' and 1480- 
15 1 0-cm-I regions, two other bands appear to be related to 
heme geometry in the spectra of Figures 2 and 3. Six-coor- 
dinate high-spin complexes show modes at  1396 (clearly re- 
solved in the fluoride complexes in Figure 2 and as a shoulder 
in the metaquomyoglobin spectrum) and at  151 5-1520 cm-' 
which are weak or absent in the spectra of the other two classes 
of protoheme compounds. The latter set of bands may also 
be confused with band 11. 

Hemes with Saturated Ring Substituents. Our attempts 
to extrapolate the correlations developed in the previous section 
between protoheme structure and Raman frequencies to C-type 
cytochromes and to heme a containing species were only 
partially successful. For band I1 the same pattern emerges. 
However, for the polarized mode in the high-frequency region 
inconsistencies are apparent. This behavior is demonstrated 
for species with saturated ring substituents in Figure 4 where 
we have collected spectra of representative six-coordinate 
low-spin (parts c, e, and f), five-coordinate high-spin (a and 
d), and six-coordinate high-spin (part b) compounds. We have 
also recorded the Raman spectrum of bis(cyano)Fe3'OEP and 
find that its vibrational properties are similar to those of the 
bis(NMe1m) complex; its principal high-frequency vibrations 
occur at 1590, 1505, and 1376 cm-I. In the 1 SOO-cm-' region, 
the low-spin species show band I1 at 1507 cm-'; for the 
high-spin compounds band I1 occurs at 1496 cm-I for five- 
coordinate complexes and at  1482 cm-' when the iron is six- 
coordinate. In the high-frequency region, there is a positive 
shift of -10 cm-' in frequency for the structure-sensitive 
polarized mode for the hemes with saturated substituents 
compared to the corresponding protoheme derivatives. Thus 
the six-coordinate low-spin indicator occurs near 1590 cm-', 
the five-coordinate high-spin band is at  1584 cm-*, and the 
six-coordinate high-spin mode shows at  1575 cm-'. As with 
the protoheme species, however, the total decrease in the 
frequency of the high-frequency polarized mode as the C,-N 
distance increases from its six-coordinate low-spin value (1.989 
A; Collins et al., 1972) to its six-coordinate high-spin value 
(2.045 A; Mashiko et al. 1978) is -18 cm-'. 

Protoheme is distinct from the species in Figure 4 in that 
it has unsaturated substituents at two of the P-carbon positions, 
Le., vinyl groups at  C(2) and C(4). The Raman data above 
thus indicate that upon Soret excitation of iron porphyrin 
compounds the observed frequency of the mode in the 1560- 
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FIGURE 4 Resonance Raman spectra of several iron etioporphyrin 
I and octaethylporphyrin model compounds and of ferric cytochrome 
c. The model compounds were dissolved in methylene chloride; 
cytochrome c was dissolved in the aqueous buffer system described 
under Materials and Methods. Solvent- and nonresonance-enhanced 
ligand modes are indicated by asterisks. Instrumental conditions are 
as described in Figure 2. 

1600-cm-' region reflects three different structural aspects of 
the chromophore: (a) the spin state of the iron, (b) the co- 
ordination number of the iron, and (c) the nature of the pe- 
ripheral substituents. For band IV observed with &band 
excitation, it is apparent that the frequency position reflects 
only C,-N distance, i.e., structural features a and b above, since 
similar values of A and Kin eq 1 can be obtained from Raman 
data for metalloporphyrins with either saturated or unsaturated 
/3-carbon peripheral substituents. A plausible explanation for 
the dichotomy in behavior of these two modes can be con- 
structed on the basis of the normal coordinate analysis of Abe 
et al. (1978) and is considered in detail below. 

Heme a Species. The data above demonstrate the usefulness 
of Soret excitation Raman data to the assignment of heme 
geometries provided that proper account of the pattern of 
peripheral substituents is taken. In heme a these substituents 
are distinct from those of protoheme and of the compounds 
in Figure 4 in that a hydroxyfarnesylethyl group occurs at 
position 2, a vinyl at  ring position 4, and a formyl at ring 
position 8. Thus we have carried out a classification of the 
structure-sensitive heme a modes observed upon Soret exci- 
tation and show representative spectra of the various derivatives 
in Figure 5. Six-coordinate low-spin heme a3+ (Figure 5c) 
shows bands at  1506 and 1590 cm-' which are replaced by 
bands at 1492 and 158 1 cm-' in the five-coordinate high-spin 
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Table 11: Spin State, Cooraination Geometry, and Selected Raman Frequencies for Various Hemes and Heme Proteins 

Raman F r e q u e n c i e s  
Raman Frequenc ie s  hex = v i s i b l e  

lex = S o r e t  
Compound Sp in  S t a t e  Coord ina t ion  P a p  dp  

A .  Protoheme S p e c i e s  

MetHbF 

MetMbF 

MetMbH20 

PP-DMEPe 3+(DMSO) 

o x i d i z e d  HW 

PP-DMEFe3+Ct- 

MetMbN; 

Protoheme Fe3+ (NMeIm)  

PP-DMEFe3+ ( N M e I m )  

Et ioFe3+ (DMSO) 

E t ioFe  3 + C ~ -  

( F ~ ~ + o ~ ~ )  2~ 

Et ioFe3+  (NMeIm) 

OEPFe3+ (CN-) 

OEPFe3+ ( N M e I m )  

c y t  c3+ 

H e m e  a3' (DMSO) 

c y t  .;+ 
c y t  ~ : + - H C O O H  

Heme g3+ci- 

Heme 53+ ( N M e I m )  

c y t  53+ 

c y t  .;+.CN- 

1482 1567 1623 

1482 1566 1622 

1482 1565 1622 

1482 1564 1626 

1498 1573 1630 

1493 1574 1631 

1506 1584 1621, 1640 

1507 1582 1624, 1640 

1506 1582 1623, 1639 

B. Hemes w i t h  all r i n g  p o s i t i o n s  s a t u r a t e d  

/2 6 1483 1576 1615 

5/2 5 1496 1585 1632 

5/2 5 1491 1582 1630 

l/2 6 1506 1593 1640 

l/2 6 1505 1590 ---- 

l/2 6 1507 1591 1640 

6 1506 1588 1640 

5 

C .  H e m e  a S p e c i e s t t  

5/2 6 1482 1572 1615, 1672 

1 2  6 1478 1572 1615, 1675 5 

5/2 6 1478 1572 1615, 1675 

5/2 5 1492 1581 1632, 1676 

l/2 6 1506 1590 1642, 1670 

2 6 1506 1590 1641, 1650 

l/2 6 1506 1590 1641, 1674 

1482 1555 1608 

1483 1557 1609 

1481 1562 1611 

1475 1560 1610 

1500 1575 1630 

1495 1572 1632 

- - - - - - - - - - - - 
1503 1586 1638 

- - - - - - - - - - - - 

1481 1563 1613 

1493 1568 1629 

1494 1570 1630 

1505 1584 1641 

- - - - - - - - - - - - 

1506 1587 1640 

1502 1582 1636 

*From tables compiled by Sievers et  al. (1979) and by Spiro et al. (1979). **The assignment of HRP as pure high spin is somewhat ambig- 
uous: see Maltempo (1976) and also Sievers et  al. (1979). ?See footnote 4. ??'The cytochrome a anda, assignments are made in the fol- 
lowing paper (Babcock et al., 1981). 

complex (Figure 5a). For the six-coordinate high-spin model 
compound (Figure 5b), these bands occur at 1482 and 1572 
cm-'. The band observed in the high-frequency region near 
1670 cm-I in these species is due to the heme a formyl group 
which is clearly resonance enhanced with Soret laser lines 
(Salmeen et al., 1978; Tsubaki et al., 1980). The Soret spectra 
differ markedly from the heme a spectra we have obtained with 
a-band excitation (Babcock et al., 1979). With kx = 592 nm 
the structure-sensitive ap mode is observed and occurs at 1583 
cm-' for the six-coordinate low-spin species; there is no in- 
dication of either a structure-sensitive polarized mode in the 
1500-cm-' region or of the heme a carbonyl band near 1670 
cm-I. 

Depolarization ratios for the six-coordinate low-spin heme 
a3+(NMeIrn)* are listed in Table I. The principal Raman 
bands in the spectra of Figures 2-5 are summarized in Table 

11; we have also tabulated, where possible, the structure-sen- 
sitive anomalously polarized, depolarized, and polarized modes 
for the same compounds when excited with laser lines in 
resonance with the heme Q-band transitions. 

Discussion 
Soret excitation Raman spectroscopy offers several advan- 

tages over the more commonly employed heme a,@-band ex- 
citation spectroscopy. These include the use of both lower 
heme concentrations, generally by a factor of N 10, and lower 
incident laser powers. In addition, polarized low-frequency 
modes are usually observed, and several of these reflect vi- 
brations involving the central iron atom directly. Nagai et al. 
(1980) have exploited this phenomenon adroitly in their study 
of the iron-histidine stretching frequency in hemoglobin. 
Finally, in the protein cytochrome oxidase, which is our 
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Table 111: Heme Structure Sensitive Raman Bands 

mode character 
mode excitation" region (mode number) Ki (cm-'/A) Ai (AIC 

polarized (1480-1510 cm-') visible, Soret Cm-Ca (vd 375.5 6.01 
anomalously polarized (1550-1600 cm-') visible Cm-Ca (vid 555.6 4.86 
polarized (1560-1600 cm-') Soret Cp-Cp (4 300 7.27 (protoheme) 

depolarized (1600-1650 cm-') visible (Soret) Cm-Ca (vi& 423.7 5.87 

300 7.30 (saturated) 
300 7.29 (heme Q) 

a Indicates heme spectral regions in which resonance enhancement of the mode is generally observed; see text for details. From the nor- 
mal coordinate analysis of Abe et al. (1978); the carbon-carbon bond indicated makes the major, but not sole, contribution to the specified 
vibration. See eq 1.  

A,, = 406.7nm 

v\ a) Heme g3'CI- 

I N 

IO 
AU (cm-9 

FIGURE 5: Resonance Raman spectra of several heme a model com- 
pounds dissolved in methylene chloride. Solvent- and nonreso- 
nance-enhanced ligand vibrations are indicated by asterisks. In- 
strumental conditions are as described in Figure 2. 

principal focus in the following paper, Soret excitation provides 
the most straightforward technique by which to separate 
low-spin cytochrome a vibrations from those of high-spin cy- 
tochrome a3 (Babcock et al., 1980). The experiments reported 
here provide a systematic classification of the iron porphyrin 
high-frequency modes observed when Soret exciting lines are 
used and of the structural information which can be extracted 
from the frequencies of these modes. 

It was recognized fairly early in the application of resonance 
Raman spectroscopy to heme proteins that the scattering 
mechanism in the Soret was primarily controlled by Franck- 
Condon overlap factors and hence was distinct from the vi- 
bronic or Herzberg-Teller mechanism operative when Q-band 
excitation was employed (Nafie et al., 1973; Friedman & 
Hochstrasser, 1973; Spiro, 1974). Thus modes in which there 
is origin displacement in the excited state dominate the Raman 
spectrum obtained with Soret excitation, whereas anomalously 
polarized and depolarized modes which are active in vibronic 
mixing are the principal components of heme Raman spectra 
taken with visible laser lines. Nonetheless, two of the bands 
we observe routinely with Soret excitation of hemes and heme 
proteins, the polarized oxidation state marker band in the 
1345-1380-cm-' region (band I) and the polarized mode in 
the 1480-1 5 10-cm-' region, (band 11) are also common fea- 
tures of visible excitation Raman spectra. The data we have 

presented above indicate that the correlations between spin, 
coordination number, and oxidation state developed for these 
two modes are independent of whether the excitation frequency 
is in resonance with the a,@- or y-band transitions. 

Two other modes, however, the ap mode in the 1550- 
1600-cm-I region (band IV) and the dp mode in the 1600- 
1650-cm-' region (band V), are not strongly and consistently 
enhanced upon Soret excitation. In the band V region, two 
effects appear to influence the Soret excitation spectra. For 
heme species with saturated &carbon substituents, Table I1 
shows that a good correlation exists between the frequency of 
the dp mode observed with visible excitation and that of the 
highest frequency mode in our Soret excitation Raman spectra. 
For a representative compound in this class, OEPFe3+- 
(NMeIm)2, Table I shows that the 1640-cm-' mode is depo- 
larized, and thus we conclude that the same vibration (Le., 
that which gives rise to band V) is active with both Soret and 
visible e~citation.~ The second effect contributing lines in the 
1600-1680-crn-' region is apparent when the heme a and 
protoheme derivatives are considered. For heme CI the formyl 
vibration is observed at 1670-1676 cm-' in aprotic solvents. 
Band V appears at slightly lower frequencies and shows a 
dependence on porphyrin core size similar to that of the heme 
derivatives with saturated substituents (Table 11). For pro- 
toheme species the 1600-1650-cm-' region is dominated by 
a vibration at 1621-1626 an-'; only in low-spin species is band 
V at 1640 cm-' clearly observed. Because vinyl vibrations are 
expected in the 1620-cm-' region, we assign the mode observed 
near this frequency in protoheme species as being predomi- 
nantly due to the carbon-arbon double bond stretching mode. 

For the polarized mode in the 1560-1600-cm-' region, the 
data we have presented demonstrate a correlation between the 
observed frequency and the coordination and spin state of the 
heme-bound iron. In this regard it parallels the behavior of 
the ap mode in the same region. There are, however, quan- 
titative differences between the two: (a) the position of the 
polarized mode is also a function of the porphyrin @-carbon 
substituents (for the ap mode this dependence does not appear 
to be strong) and (b) the shift in the position of band IV as 
the heme C,-N distance is changed is greater than the cor- 
responding shift in the position of the polarized mode. We 
have attempted to make the differences between the various 
structure-sensitive modes more apparent by calculating ap- 
proximate K and A values from eq 1 for the polarized mode 
from the data we have collected and comparing these to 

The difference in depolarization ratio for band V in low-spin heme 
a and protoheme species under visible vs. Soret excitation reflects exci- 
tation frequency dependence in the scattering tensor. For example, for 
Fe3+PPIX DME(NMeIm)2, p = 0.74 for the 1640-cm-I band when 
excitation is at 514.5 nm. The depolarization ratio for this mode de- 
creases gradually to its value in Table I as the excitation frequency 
approaches that of the Soret band maximum (P. M. Callahan and G. T. 
Babcock, unpublished observations). 
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analogous calculations carried out for bands 11, IV and V by 
Huong & Pommier (1977) and by Spiro et al. (1979) (Table 
111). The sensitivity of the 1560-1600-~m-~ polarized mode 
to @-carbon substituent is reflected in the different A values 
for the indicated classes of hemes; the less dramatic dependence 
on heme C,-N distance is evident in the smaller value of K 
relative to those of the other modes. 

The polarized high-frequency mode appears to have little 
or no dependence on the identities of the iron axial ligands, 
at least for the ferric oxidation state. Table I1 shows that for 
protoheme species in the low-spin state essentially identical 
frequencies are observed for bis(N-methylimidazole) and for 
histidine-azide ligand combinations. A similar insensitivity 
to ligand identity is apparent for the high-spin compounds. For 
hemes with saturated peripheral substituents a slight frequency 
difference is observed when bis(N-methylimidazole) and 
bis(cyano) compounds are compared with the histidine-me- 
thionine combination in cytochrome c. This may reflect a real 
axial ligand dependence or the fact that the substituents in 
the 2 and 4 positions on the ring periphery in cytochrome c 
are involved in thioether linkages. 

The observations and differences described above regarding 
the behavior of the four structure-sensitive modes summarized 
in Table I1 can be rationalized by reference to the recent 
normal coordinate analysis of Abe et al. (1978). Bands 11, 
IV, and V correspond to vibrations u3(AIg), ul9(AZg), and 
ulo(Bl,), respectively, in their normal coordinate analysis, and 
the polarized mode we observe in the 1560-1600-~m-~ region 
with Soret excitation can be assigned as the analogue of their 
u2(Alg). Abe et al. (1978) have shown that u3, uI9, and ul0 have 
considerable a-carbon-methine-carbon stretching character 
whereas u2 involves primarily @-carbon-@-carbon stretching. 
Consequently, the more dramatic C,-N distance dependence 
of bands 11, IV, and V relative to u2 is a manifestation of the 
fact that the pyrrole ring maintains a fairly rigid structure, 
and shifts in porphyrin geometry as a result of core expansion 
are accomodated largely by distortions in the a-carbon- 
methine-carbon-a-carbon bond angle. Substituents to the 
pyrrole @ carbons, on the other hand, are predicted and ob- 
served to alter the frequency of u2 without perturbing u3, u19, 

or ulo to a significant extent. In this regard, Kitagawa and 
co-workers (Abe et al., 1978) have shown that uI1, the B1, 
mode which represents the out of phase analogue to u2, is also 
sensitive to the nature of the @-carbon substituents. 

The data we have presented above demonstrate that Soret 
excitation Raman spectroscopy of hemes and heme proteins 
can yield structural information analogous to that obtained 
with visible excitation. This information is, however, somewhat 
more difficult to extract because the frequency of the struc- 
ture-sensitive modes is also a function of the nature of the 
peripheral substituents and because the changes in frequency 
upon change in structure is less dramatic than for band IV. 
Nonetheless, there are a number of advantages associated with 
Soret Raman, particularly in the less severe demands upon 
protein concentration and laser power. En the following paper, 
we present Soret excitation Raman results on cytochrome 
oxidase which demonstrate these and other aspects of the 
usefulness of Soret Raman. 
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