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ABSTRACT: Resonance Raman (RR) spectra are reported for the hemoprotein subunit (SiR-HP) of Es- 
cherichia coli NADPH-sulfite reductase (EC 1.8.1 -2) in various ligation and redox states. Comparison 
of the R R  spectra of extracted siroheme and the p-oxo Fe"' dimer of octaethylisobacteriohlorin with those 
of p-oxo Fe"' octaethylchlorin dimer and p-oxo Fe"' octaethylporphyrin dimer demonstrates that many 
siroheme bands can be correlated with established porphyrin skeletal modes. Depolarization measurements 
are a powerful tool in this correlation, since the 45' rotation of the C, symmetry axis of the isobacteriochlorin 
ring relative to the chlorin system results in reversal of the polarization properties (polarized vs anomalously 
polarized) of bands correlating with B1, and B, modes of porphyrin. Various SiR-HP adducts (CO, NO, 
CN-, SO3*-) show upshifted high-frequency bands, characteristic of the low-spin state and consistent with 
the expected core size sensitivity of the skeletal modes. Fully reduced unliganded SiR-HP (both siroheme 
and Fe4S4 cluster reduced) in liquid solution displays R R  features comparable to those of high-spin ferrous 
porphyrins; on freezing, the R R  spectrum changes, reflecting an apparent mixture of siroheme spin states. 
At intermediate reduction levels in solution a R R  species is observed whose high-frequency bands are upshifted 
relative to oxidized and fully reduced SiR-HP. This spectrum, thought to arise from the "one-electron" 
state of SiR-HP (siroheme reduced, cluster oxidized), may be due to S = 1 Fe" siroheme. 

Escherichia coli NADPH-sulfite reductase (EC 1.8.1.2) 
is a multimeric hemoflavoprotein that catalyzes the six-electron 
reduction of sulfite to sulfide (Siegel et al., 1973, 1982; Janick 
et al., 1983). The hemoprotein subunit of the enzyme (SiR- 
HP), which contains the site of sulfite binding, possesses a 
novel catalytic center composed of siroheme (Murphy et al., 
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1973), an iron isobacteriochlorin (see Figure l ) ,  closely in- 
teracting with a Fe4S4 cluster (Janick & Siegel, 1983). In- 
teraction of the two centers may be of functional significance 
in facilitating the rapid transfer of multiple reducing equiva- 
lents to the bound substrate. The existence of a chemical 
linkage between the siroheme and cluster is strikingly mani- 
fested in the form of magnetic exchange coupling between the 
two prosthetic groups, which on the basis of Mossbauer 
(Christner et al., 1981,) and electron paramagnetic resonance 
spectroscopy (EPR) (Janick & Siegel, 1982) has been shown 
to persist in various redox states of the enzyme, both in the 
presence and in the absence of exogenous ligands. The detailed 
structural basis for the interaction, however, remains to be 
determined. A proposed model (Janick & Siegel, 1982) (see 
Figure 2) envisions a bridged structure in which one of the 
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studies (Christner et al., 1983) to take up the unusual inter- 
mediate-spin ( S  = 1) ferrous state. The second reducing 
equivalent is accepted by the cluster, yielding fully reduced 
enzyme, which normally consists of a mixture of at least two 
EPR-distinguishable species (Janick & Siegel, 1982). The 
reduced enzyme reacts rapidly with a number of strong-field 
heme ligands (e.g., CN-, CO) to yield stable adducts con- 
taining low-spin siroheme (Janick & Siegel, 1983). The re- 
duced enzyme also reacts with its substrates, SO?- and NO,, 
and in the absence of sufficient reducing equivalents to com- 
plete turnover retains substrate in an enzyme-bound form 
(Janick et al., 1983). 

Resonance Raman (RR) spectroscopy provides a sensitive 
probe of structural influences in and around protein-bound 
heme (Spiro, 1985) as well as iron-sulfur clusters (Spiro et 
al., 1988). Knowledge of hydroporphyrin vibrational structure, 
while far from complete, has advanced rapidly in recent years. 
RR studies of model chlorins (Ozaki et al., 1979, 1986a,b; 
Anderson et al., 1985, 1986) and corphins (Shelnutt, 1987) 
and of chlorin-containing proteins including sulfmyoglobin 
(Anderson et al., 1984), myeloperoxidase (Sibbett & Hurst, 
1984; Babcock et al., 1985), bovine spleen green hemoprotein 
(Babcock et al., 1985), and Pseudomonas aeruginosa heme 
dl (an oxoisobacteriochlorin) (Cotton et al., 1981; Ondrias et 
al., 1982) have now appeared, and the consequences of the 
lowering of the symmetry resulting from ring reduction on the 
RR spectral characteristics of hydroporphyrins have been 
discussed. Although no model studies reporting on the RR 
of the isobacteriochlorin macrocycle have been previously 
available, Ondrias et al. (1 985) have reported high-frequency 
spectra of the siroheme of spinach ferredoxin-nitrite reductase 
using Soret excitation. They noted a number of differences 
from chlorin and porphyrin spectra that could be rationalized 
on the basis of symmetry lowering and bond-order reductions 
in the siroheme. In this paper we report the results of RR 
investigations of the oxidized and reduced states of SiR-HP 
obtained in the absence and presence of added ligands, both 
in solution and in the frozen state. High-quality spectra of 
the siroheme moiety have been obtained across the entire 
Raman spectral range by using Soret and Q-band excitation 
and are compared with the spectrum of a model isobacterio- 
chlorin and the extracted siroheme. Succeeding papers will 
be concerned with Fe4S4 cluster Raman spectrum, which has 
been identified by using 34S-labeled SiR-HP, and with 
bound-ligand vibrations in various complexes of SiR-HP. 

EXPERIMENTAL PROCEDURES 
Hemoprotein Subunit and Model Porphyrin Complexes. 

The hemoprotein subunit of E .  coli NADPHsulfite reductase 
was prepared according to the method of Siegel and Davis 
(1974) with minor modifications. The SiR-HP was further 
purified by chromatography on phenyl-Sepharose CL4B 
(Pharmacia) to remove the small amount (5-10%) of low-spin 
hemoprotein that is observed in the DEAE-cellulose eluate. 
The protein samples had A28O/A387 between 1.65 and 1.75 in 
0.1 M potassium phosphate and 100 KM EDTA, pH 7.7, the 
standard buffer used in this work. The concentration of 
SiR-HP was determined spectrophotometrically by using e591 

= 18 100 M-' cm-' (Janick et al., 1983). 
[Fe(OEP)],O (OEP = octaethylporphyrin) was purchased 

from Midcentury (Posen, IL) and used without further pu- 
rification. [Fe(OEC)I20 and [Fe(OEiBC],O (OEC = octa- 
ethylchlorin; OEiBC = octaethylisobacteriochlorin) were 
synthesized as previously described (Stoltzenberg et al., 1981). 
The pox0 dimers were dissolved in dichloromethane for Ra- 
man spectroscopy. 

COOH 

FIGURE 1: Structural diagram of siroheme. 

FIGURE 2: Proposed model of the active site of SiR-HP (Janick & 
Siegel, 1982). 

Fe4S4 corner cysteinyl ligands simultaneously coordinates 
axially to the siroheme iron. The crystallographic structure 
of the active site (McRee et al., 1986), while compatible with 
this model, currently lacks sufficient resolution to unambig- 
uously identify such a bridging ligand. The X-ray data show 
a 4.4-A separation of the siroheme iron from the nearest cluster 
iron and the presence of electron density between these metal 
sites, which is consistent with a bridging sulfur or oxygen atom. 
In addition, direct electronic overlap between the siroheme 
periphery and a cubane sulfur at one corner of the cluster is 
possible since the two prosthetic groups appear from the 
electron density map to be in van der Waals contact. 

In SiR-HP as isolated (SiR-HPO), the siroheme is known 
to be in the high-spin ferric state (Janick & Siegel, 1982) and 
is thought to be five-coordinate (Cline et al., 1985). The Fe4S4 
cluster is in the +2 (diamagnetic) state. In the absence of 
exogenous ligands, the enzyme can be successively reduced 
in two one-electron steps (Janick & Siegel, 1982). The first 
reducing equivalent is accommodated by the iron of the si- 
roheme, which has been suggested on the basis of Mossbauer 
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Cr"(EDTA) Reductant Solutions. Sodium dithionite is an 
effective reductant for SiR-HP when the enzyme is stably 
complexed to heme ligands that block substrate binding and 
turnover. However, it is inappropriate for the reduction of 
SiR-HP as isolated because the product of the reaction, sulfite, 
is a substrate for the enzyme. Reduced methylviologen is an 
effective reductant for SiR-HP, but its significant RR en- 
hancement was found to obscure the enzyme spectrum. The 
deazaflavin/EDTA photoreduction system extensively used 
in the previous EPR and Mossbauer studies (Massey & 
Hemmerich, 1978) would be a convenient method for the 
preparation of reduced samples were it not for the problem 
of fluorescence from deazaflavin. We noted that Cr"(EDTA) 
had been successfully employed in the reduction of Fe4S4 
analogue complexes (Tsai et al., 1985; Henderson & Sykes, 
1980) which had even lower redox potentials than the cluster 
in SiR-HP. Moreover, it has minimal optical absorbance in 
both its reduced and oxidized forms and no fluorescence. 
Optical and EPR spectra of samples of SiR-HP reduced with 
excess Cr"(EDTA) were found to display the same features 
as the enzyme fully reduced by deazaflavin/EDTA system. 
Upon reoxidation in air, the spectral features of native SiR-HP 
are regained after @(EDTA) treatment. No irreversible 
binding of Cr to the enzyme was detected by atomic absorption 
analysis of SiR-HP dialyzed after @(EDTA) treatment. 
SiR-HP reduced with a 20-fold excess of @(EDTA) and 
reoxidized displayed unaltered V,,, and K,,, for sulfite in the 
methylviologen-sulfite assay (Siegel & Davis, 1974) compared 
with untreated enzyme. Control experiments showed that 
neither the reduced nor the oxidized Cr(EDTA) made any 
significant contribution to the RR spectrum of the enzyme at 
the concentrations used. 

The @(EDTA) reductant was prepared as follows (Tsai 
et al., 1985). All solutions were thoroughly purged with inert 
gas. Chromous chloride (99% Aldrich) was dissolved to 0.5 
M in 0.5 N HCl, and 300 pL of this solution was added to 
750 pL of 0.2 M EDTA, pH 5.1. Immediately after mixing, 
an amount of this solution sufficient to provide the desired final 
Cr(EDTA) concentration (2-30 mM, depending on the ex- 
periment) was transferred to a second tube containing 3.0 mL 
of 0.1 M Tris-HC1, pH 8.5. In cases where chloride was 
undesirable, a solution of CrS04 at 0.5 M was prepared by 
dissolving the appropriate amount of Cr metal (99.9% 325- 
mesh powder, Johnson-Matthey Aesar) in 1.5 N H2S04 under 
gentle heating; this was used in place of the CrC12 solution, 
and Tris-S04 was substituted for Tris-HC1. Solutions of 
chromous ion and of @(EDTA) are extremely air sensitive, 
and some contamination of stock solutions by the chromic 
species was routinely noted; therefore, the reductant was al- 
ways used within a few minutes of preparation. The total 
chromium concentration was determined by dilution of the 
stock solution into air-saturated 0.25 M sodium acetate, pH 
4.0, on the basis of the e542 for Cr"'(EDTA) of 201 M-' cm-' 
(den Boef et al., 1960). 

Sample Preparation. Solutions containing SiR-HP in 
standard buffer were concentrated to 200-1200 pM by ul- 
trafiltration. The preparation of ligand complexes of SiR-HP 
requires prior reduction of the enzyme, due to the slow rate 
of reaction of oxidized SiR-HP with exogenous ligands 
(Rueger & Siegel, 1976). Samples to be reduced were de- 
oxygenated by at least five cycles of evacuation, argon flush, 
and shaking. Reduction was carried out under inert atmo- 
sphere by adding the specified amount of freshly prepared 
Crl*(EDTA) solution. Further details of sample preparation 
are provided in the legends to the appropriate figure. Samples 

~~ 

100 300 500 700 9-00 1100 1300 1500 1700 
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FIGURE 3: RR spectra of SiR-Hp (81 1 pM) at 77 K obtained with 
406.7- and 568.2-nm excitation. Instrumental conditions (Spex 1402): 
power, 50 mW (406.7 nm), 80 mW (568.2 nm); slit, 7 cm-'; scan 
increment, I cm-l; acquisition time, 2 s/point. 

for room temperature RR spectroscopy were prepared in 
standard 5 mm diameter NMR tubes. Optical spectra were 
obtained directly on the NMR tube samples by using either 
a Perkin-Elmer Lambda 9 UV-Vis-NIR spectrophotometer 
or Hewlett-Packard Model 8452A diode array spectropho- 
tometer. Samples for the frozen-state RR spectroscopy were 
prepared in microvials, and diluted aliquots were used to check 
the optical spectrum. The sample was then transferred in an 
anaerobic glovebox into the sample cup of a specially con- 
structed Raman cell (Czernuszewicz & Johnson, 1983), which 
incorporates an air-tight sample chamber coupled to a liquid 
N2 Dewar via a copper cold-finger. The cell was sealed within 
the glovebox, and the sample was frozen under the entrapped 
glovebox atmosphere. 

RR Spectroscopy. Excitation lines were provided by a 
Spectra Physics Model 171 Kr' laser using 135' backscat- 
tering geometry. The laser power was typcially 50 mW (406.7 
nm) to 80 mW (568.2 nm) at the sample. The scattered light 
was dispersed by a Spex 1402 double monochromator equipped 
with a cooled RCA 31034A photomultiplier tube and an Ortec 
9315 photon counting system under the control of a DEC 
MINC I1 microcomputer. In some cases an alternate system 
was used that incorporated an optical multichannel analyzer 
(OMA) consisting of a Princeton Applied Research Model 
1421 intensified silicon photodiode array detector and Model 
121 8 solid-state detector controller coupled to a Spex 1877 
Triplemate spectrometer equipped with a grating of 2400 
grooves/". The advantage of this instrument was the 
rapidity with which spectra could be collected, although the 
resolution was lower than that of the scanning instrument. The 
instrument used is specified in the figure caption as "Spex 
1402" for scanning spectrometer or "Spex 1877" for the OMA 
system. 

RESULTS AND DISCUSSION 
Oxidized SiR-HP. Figure 3 shows RR spectra of the ox- 

idized sulfite reductase hemoprotein, SiR-HP", obtained with 
406.7- and 568.2-nm excitation. These wavelengths were 
chosen to be in resonance with the two major absorption bands, 
Soret and Q, of the siroheme (see Figure 3, inset, absorption 
spectrum) centered at 387 and 591 nm, respectively. The RR 
spectra show low backgrounds and are richly detailed with 
numerous bands, ranging from 291 to 1624 cm-I, which can 
be attributed to vibrational modes of the siroheme. The 
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FIGURE 4: Symmetry relationships for porphyrins, chlorins, and 
isobacteriochlorins in their idealized D4* and C,, point groups. 

Soret-excited spectrum contains bands ranging from polarized 
(p, p C 3/4) to depolarized (dp, p = 3/4)  to anomalously po- 
larized (ap, p > 3/4) .  The broad, complex band around 1480 
cm-l gives particularly strong enhancement. A group of at 
least three extremely strong modes, centered at 1315 cm-I, is 
a novel feature of the siroheme spectra in SiR-HPO. Under 
Soret excitation, both sets of strong bands actually exceed in 
intensity the presumptive analogue of the porphyrin 
"oxidation-state marker" band, which is observed at 1378 cm-I. 
As previously noted by Ondrias et al. (1985) in their spectra 
of nitrite reductase, unusually strong enhancement is noted 
for a number of modes in the 1100-1200-cm-' region, while 
in the spectral range from 1500 to 1600 cm-' few strong bands 
are observed, in contrast to the spectra of porphyrins and 
chlorins. Marked alteration in the enhancement pattern is seen 
for Soret, as compared with Q-band, excitation; several modes, 
chiefly high-frequency polarized bands (e.g., 1489, 1472, 1282, 
1250, 1164, 1103, 323 cm-I), are very weak or absent with 
568.2-nm excitation, while others, mainly in the low-frequency 
region (e.g., 1391, 1151, 986, 804, 596, 581, 530, 435, 402, 
291 cm-I), appear only with 568.2-nm excitation. 

These spectra are substantially more complex than those 
seen for metalloporphyrins (Spiro & Li, 1988). The increase 
in the number of bands is attributable to symmetry lowering, 
as in metallochlorin RR spectra (Ozaki et al., 1979, 1986a; 
Andersson et al., 1985, 1986; Boldt et al., 1987), where similar 
complexity is encountered. Figure 4 shows the symmetry 
relationships for porphyrins, chlorins, and isobacteriochlorins 
in their idealized D4h and C,, point groups. For both chlorin 
and isobacteriochlorin infrared (E,) modes become Raman 
active, and many more modes are totally symmetric than in 
porphyrins. For porphyrin, totally symmetric modes are 
mainly enhanced in resonance with the very strong Soret band, 
via A (Franck-Condon) term scattering, while enhancement 
in resonance with the weaker Q bands occurs mainly via B 
term (vibronic) scattering (X.-Y. Li and T. G. Spiro, un- 
published results; Spiro, 1983) and involves non totally sym- 
metric modes. For chlorins and isobacteriochlorins the ab- 
sorption strength of the two transitions is more nearly equal, 
and significant A and B term scattering should be encountered 
for both electronic transitions, as experimentally verified by 
the strong enhancement of bands of all polarizations in both 
Soret- and Q-band-excited spectra reported here. The reso- 
nance enhancement patterns nevertheless differ significantly 
between Soret and Q-band resonance, as noted above, re- 
flecting different shapes for the excited-state potentials. In 

1 
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AP/Cm-' 
FIGURE 5: Room temperature RR spectra of p-oxo dimers of Fe"' 
OEP, OEC, and OEiBC in CH2C12 obtained with 406.7, 520.8, and 
568.2-nm excitation. The bands marked S are due to solvent. In- 
strumental conditions (Spex 1402): power, 70 mW (406.7 nm), 100 
mW (520.8,568.2 nm); slit, 6 cm-'; scan increment, 1 cm-l; acquisition 
time, 1-6 s/point. 
addition, the enhancement pattern should depend on the exact 
excitation wavelength within the major absorption bands; due 
to the degeneracy lifting in isobacteriochlorins (Gouterman, 
1961), differential activity is expected for they- vs z-polarized 
components of the Soret and Q electronic transitions. Such 
effects have been noted, for example, in variable-wavelength 
excitation of copper chlorophyllin surface-enhanced RR spectra 
(Hildebrandt & Spiro, 1988) and in the spectra of nickel 
dihydroporphyrins (Boldt et al., 1987). For SiR-HP, however, 
the enhancement pattern of spectra obtained by using 590.0- 
nm excitation (not shown) was quite similar to that obtained 
with 568.2-nm excitation. 

PorphyrinlIsobacteriochlorin Mode Correlations. In at- 
tempting to make sense of the complex siroheme spectra, one 
is naturally drawn to correlations with RR spectra of me- 
talloporphyrins, which have been thoroughly analyzed (Abe 
et al., 1978; Spiro & Li, 1988; X.-Y. Li, J. R. Kincaid, R. S. 
Czemuszewicz, P. Stein, and T. G. Spiro, unpublished results). 
This approach has been applied to chlorins (Ozaki et al., 1979, 
1986a,b; Andersson et al., 1985, 1986; Kitagawa & Ozaki, 
1987) with satisfying results. In Figure 5 the RR spectra of 
the p-oxo Fe"' dimers of octaethylporphyrin (OEP), octa- 
ethylchlorin (OEC), and octaethylisobacteriohlorin (OEiBC) 
are compared. These species have the same oxidation, spin, 
and coordination state (five-coordinate high-spin Fe"') and 
the same peripheral substituents; they differ only in the nature 
of the tetrapyrrole ring. In Table I we have suggested cor- 
relations among the observed bands and listed the corre- 
sponding RR frequencies for S iR-Hp  and siroheme extracted 
into acetone-d,/HCl. At a minimum, the correlations provide 
a useful systematization of the OEiBC RR bands, using the 
familiar porphyrin notation system. The significance of such 
correlations has recently been called into question (Boldt et 
al., 1987) on the basis of the results of normal mode calcu- 
lations on chlorins. Using the QCFF-PI electronic structure 
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Table I: Vibrational Assignments for Heme Bands at Room Temperature 
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OEPb OECb OEiBCb siroheme Hpo porphyrin mode" 

v(CaCm) 1624 dp 1629 p 1637 ap 1631 1622 ap 
1583 p 1590 p 1607 p 1599 1596 p 
1566 ape 1571 dp 1600 1587 (sh) 1585 dp' 

1491 p 1495 p 1502 p shd 1488 p 
1466 dp 1485e 1476 1468 p 

V I 0  B1, 
V(C,C,) v2 AI, 
v(CaCm) v19 '428 

V38 E" 4CaCm) 
V I 1  B1, 

4CaCm) v3 AI, 
4CaCm) V28 B2g 

1547 1537 1536, 1524 
V(C,C,) 1561 cpc 1533 p 1517 ap 1514 

1470 sh 1458c 
1459c sh 145lC 

1421 pc 
v(CaCb) 1402 dpC 1397 dp 1397 pc 1391 1390 pc 

1375 p 1383 p 1384 pc 1380 1375 p v(C,N) 

1325 1324 p 
8(CmH) 1312 ap 1316 dp 1315 dp 1315 dp 

1301 p 1302 1303 p 
1298 1296 pc 

1280 p 

1258 p 1262 p 1263 1249 p 

y29 B2g 
y4 A18 

v2 I A28 

1371 p 1372 

v42 E" b(CmH) 1274 1271 dpC 

v13 BI, WCmH) 1210 dp 1234 p 1235 1219 ap 
"Assignments based on normal mode analysis for Ni(0EP) (Abe et al., 1978). bFerric p o x 0  dimer. cBetter estimated from Q-band-excited 

sDectra. dShoulder. 

program to accommodate the expected bond-order changes, 
these investigators reached the conclusion that there is con- 
siderable mixing of porphyrin-derived modes in the lower 
symmetry environment of the chlorin macrocycle, resulting 
in localization of certain high-frequency modes to inequivalent 
regions of the dihydroporphyrin ring. Nevertheless, they found 
that chlorin bands could usually be meaningfully related, via 
their polarization and activation properties, to contributions 
from a small number (one to three) of porphyrin normal 
modes. It is certainly to be expected that the bond alterations 
associated with ring reduction will change the character of the 
isobacteriochlorin normal modes. But there is reason to think, 
as discussed in the succeeding paragraphs, that the correlated 
modes bear recognizable similarities to their porphyrin parents, 
despite inevitable alterations in mode composition. A more 
central question here is whether the mode frequencies retain 
similar qualitative responses to structural alterations such as 
spin-state change of the central metal despite the altered 
compositions. That this is likely to be the case is indicated 
by the finding that sensitivity to the macrocycle core size 
between high-frequency modes correlated in this manner is 
quite similar for porphyrin (Spiro & Li, 1988) and for chlorin 
(Ozaki et al., 1986a; Kitagawa & Ozaki, 1987). We will 
present evidence below that with an important exception sim- 
ilar sensitivity is retained by the isobacteriochlorin siroheme. 

In formulating the correlations we make use of the sym- 
metry relationships illustrated in Figure 4, aided by a sig- 
nificant difference in chlorin and isobacteriochlorin symmetry. 
Although both reduced ring systems fall into the C,, point 
group, the two-fold symmetry axis ( z )  is rotated by 45O with 
respect to the tetrapyrrole frame, passing through the reduced 
pyrrole ring in chlorin but between the two reduced rings in 
isobacteriochlorin. The result is a reversal in the correlation 
of the porphyrin B,, and BZg modes, to A, and B2 for chlorin, 
but to B2 and A, for isobacteriochlorin. Modes correlating 
with porphyrin B,, modes are polarized for chlorin but de- 
polarized or anomalously polarized for isobacteriochlorin and 
vice versa for B,, modes. For the same reason, mixing of 
porphyrin A,, (anomalously polarized) derived modes, should 
it occur, would involve B,, (or E,) derived modes in chlorin, 
but Big (or E,) derived modes in isobacteriochlorin. The 
highest frequency RR band nicely illustrates these relation- 

ships. This is the porphyrin ul0 mode, of BIB symmetry and 
depolarized in OEP ( p  - 0.8). In OEC the highest frequency 
band is therefore polarized ( p  - 0.3) as expected (see Figure 
4), while for OEiBC it is anomalously polarized ( p  I l.O), in 
striking confirmation of the symmetry correlation and possibly 
suggestive of mode mixing involving the nearby porphyrin uI9 
(Algr anomalously polarized) derived vibration. Another il- 
lustration is given by the depolarized OEP mode at 1402 cm-', 
which is assigned to ~ 2 9  (B,J and which correlates with a 
depolarized OEC band but a polarized OEiBC band at  es- 
sentially the same frequency (both at  1397 cm-l). The por- 
phyrin A,, modes remain totally symmetric (A,) and hence 
polarized for both chlorin and isobacteriochlorin. This rela- 
tionship can be discerned for the OEC and OEiBC bands 
corresponding most closely in frequency to the OEP u j  and 
u4 modes. These correlations gain credence from the fact that 
all of the porphyrin Raman modes above 1312 cm-' find 
corresponding bands with the correct polarization in both 
chlorin and isobacteriochlorin spectra. 

The dynamical effect of pyrrole C,C, bond-order reduction 
in the reduced ring systems is anticipated to be a downshift 
in the frequency of modes principally involving C,C, motion. 
The porphyrin u l l  (Big) mode mainly involves C,C, bond 
stretching (Abe et al., 1978), and as expected, the correlation 
shows this mode decreasing strongly from OEP (1561 cm-', 
dp) to OEC (1533 cm-', p) to OEiBC (1517 cm-', ap). On 
the other hand, the band at  1607 cm-' in OEiBC, which ap- 
pears to be associated with the porphyrin uz(Al,) mode on the 
basis of its polarization and intensity properties, shifts pro- 
gressively upward across the same series despite a majority 
contribution of C,C, stretching to this mode in OEP (Abe et 
al., 1978). The upshift of this band in OEC has previously 
been attributed to "repulsive" mixing with the v l l  (B,,) mode 
(Ozaki et al., 1986a), but because of the axis shift in the 
isobacteriochlorin system, mixing of A,, and B1, modes in 
OEiBC is not anticipated. An increase in the core-size sen- 
sitivity of this band was noted for OEC (Ozaki et al., 1986a); 
the same appears to be the case for siroheme (vide infra), 
indicating a larger contribution of the C,C, stretching co- 
ordinate to this mode in the reduced ring species. Indeed, we 
note from Table I that, with two exceptions, the frequencies 
of all the pox0 Fe"' dimer high-frequency modes increase from 
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FIGURE 6: Room temperature RR spectra of siroheme extracted from 
SiR-HP. (A) Siroheme in acetone-d6/HC1. To a 25-pL sample of 
purified SiR-HP" (603 pM) in standard buffer was added 300 pL 
of ice-cold acetone-d6 containing 1% (v/v) concentrated HC1. The 
sample was incubated for 10 min on ice and then was centrifuged 
to remove precipitated protein. The supernatant was transferred into 
a 5-mm-0.d. NMR tube, and optical and RR spectra were obtained 
without delay (optical A, = 516,542, 592,702 nm). (B) Siroheme 
in CH3CN/HCI. Prepared as in (A), but CH3CN containing 1% 
(v/v) HCl was used as the extraction solvent. (C) Siroheme in 
pyridine. Sample was prepared by extraction of SiR-HP into ace- 
tone/HCl, followed by chromatography in pyridine on Sephadex 
LH-20 (Siege1 et al., 1973) and concentration by evaporation to 
approximately 0.2 mM. A sloping background in the raw data due 
to fluorescent impurities was corrected by subtraction of a linear ramp 
from the raw data. 'S" designates peaks due to solvent bands. In- 
strumental conditions (Spex 1402): power, 70 mW; slit, 7 cm-'; scan 
increment, 1 cm-'; acquisition time,-2 s/point (siroheme), 4 s/point 
(HP"), 6 s/point (OEiBC). 

OEP to OEC to OEiBC. Considering the decreased aro- 
maticity (Abraham et al., 1987) and reduced pyrrole bond 
order of the hydroporphyrins, this result was surprising, but 
the relationship is identical with that previously observed 
(Ozaki et al., 1986b) in a comparison of iron OEP and OEC 
monomer complexes with a variety of axial ligands. 

In the 1370-1400-cm-' region where v4 (Alg), the porphyrin 
oxidation state marker band, dominates the OEP RR spectra 
with Soret-band excitation, both OEC and OEiBC show three 
prominent bands. The lowest frequency band of the trio, at - 1372 cm-I, is very weak in OEC and OEiBC. The OEC 
and OEiBC spectra show 1397-cm-' bands that are depolarized 
and polarized, respectively, as expected for a B&-derived mode 
( v ~ ~ ) .  The middle band at N 1383 cm-' in OEC is seen as a 
shoulder, and its frequency and polarization are difficult to 
determine accurately. It should be depolarized for both OEC 
and OEiBC to be assigned to vzo (Azg). However, the band 
at 1384 cm-l in OEiBC is strong and no doublt polarized, 
making assignment as a correlate of v4 more plausible. In OEC 
others (Ozaki et al., 1986a) have assigned this band as an 
analogue of v12 (B18), but the v12 mode, which is undetectable 
in the OEP spectrum reported here, is expected to lie well 
below v4 (Abe et al., 1978). 

Hemoprotein us. Extracted Siroheme. In Figure 6 are 
shown RR spectra of extracted siroheme in a variety of sol- 
vents. In Figure 6A, the siroheme is in acetone-d6/HC1 so- 
lution and is therefore likely present as the chloro-Fe"' com- 
plex. This species as well as [Fe(OEiBC)I20 are expected to 
be five-coordinate high-spin complexes (Scheidt & Gouterman, 
1983). For porphyrins, the RR frequencies are known to be 

essentially the same for p-oxo- and chloro-Fe"' complexes 
(Choi et al., 1982). The siroheme and [Fe(OEiBC)],O spectra 
show a generally similar band distribution, although there are 
downshifts in the siroheme bands averaging 7 cm-' relative 
to the analogous [Fe(OEiBC)I20 modes (see Figure 5 ) .  
Because the altered peripheral substituents (refer to Figure 
1) might have some effect, the significance of these modest 
frequency shifts is uncertain. The position of the band cor- 
related to the porphyrin v j  mode [1502 cm-' in [Fe- 
(OEiBC)],O] cannot be determined for siroheme, which shows 
a broad band at - 1478 cm-' that probably contains contri- 
butions from multiple bands. The remaining bands are quite 
comparable for the two complexes. It is concluded from this 
comparison that OEiBC is an adequate model for siroheme. 

Larger differences are seen when SiR-HP" is compared with 
siroheme or [Fe(OEiBC)],O. There are both frequency shifts 
and intensity alterations. The two highest frequency modes, 
correlated with vl0 and v2, shift down significantly (1 5 and 1 1 
cm-', respectively) relative to [Fe(OEiBC)],O. At the same 
time v3 (1488 cm-l) and bands at 1280 and 1249 cm-' all 
become more prominent in SiR-HP" [the latter two can hardly 
be seen for siroheme or [Fe(OEiBC)],O), while the 1397-cm-', 
~ 2 9  band disappears in the protein (although it is prominent 
with Q-band excitation; see Figure 3)]. Alterations in the 
enhancement pattern are associated with electronic effects in 
the excited or ground states, while the frequency shifts imply 
structural changes in the siroheme ground state induced by 
binding to the protein. Three possible mechanisms are con- 
sidered for the frequency shifts. (a) Ring deformations: 
Hydroporphyrin ring systems display enhanced conformational 
flexibility relative to porphyrins, as manifested in their tend- 
ency to undergo S4 ruffling distortion (Kratky et al., 1985), 
which has been shown in Ni(0EP) (Spaulding et al., 1975) 
to significantly lower the frequency of the in-plane ring vi- 
brational modes. Pyrrole tilt angles as large or larger than 
that observed in the ruffled form of Ni(0EP) are observed 
in a number of metalloisobacteriochlorin crystal structures 
(Suh et al., 1984; Strauss et al., 1983); on the basis of the 
electron density map of the active site it has been concluded 
(McRee et al., 1986) that the siroheme in SiR-HP is definitely 
ruffled. (b) Fe4S4 cluster-siroheme interaction: Transfer of 
charge from the cluster to the siroheme, as might be antici- 
pated on the basis of structural and mechanistic considerations, 
would be expected to decrease the siroheme ring mode fre- 
quencies by populating ring T* orbitals. This hypothesis is 
weakened, however, by the observation (next section) that the 
siroheme frequencies of the CO adduct are independent of the 
Fe4S4 oxidation level. (c) Altered axial coordination: Binding 
of a sixth ligand to high-spin siroheme would be expected to 
lower vl0, v2, and u3 via the resulting expansion of the core 
(Teraoka & Kitagawa, 1980). The ligation state of the si- 
roheme in SiR-HP" is not known with certainty. However, 
EPR and ENDOR measurements (Cline et al., 1985) have 
indicated the absence of nitrogenous ligands, or of a bound 
water molecule, and the X-ray structure (McRee et al., 1986) 
does not appear to show significant electron density on the 
distal side of the siroheme Fe atom in SiR-HPO. Thus, a 
five-coordinate siroheme seems likely in S iR-Hp ,  although 
the issue cannot be fully settled until an atomic level structure 
is available. At present none of these three possibilities can 
be ruled out, but ring distortion presents the fewest difficulties. 

Figure 6B shows the RR spectrum of siroheme in aceto- 
nitrile. The band positions are similar to those in acetone/HCl 
solution, indicating the presence of high-spin iron. This is as 
expected, on the basis of the optical spectral similarity of these 
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Table 11: Vibrational Frequencies (cm-l) for Heme Modes at 77 K 
HPZ-/ mode 

HP" HP1--CO HP2'C0 HP"CN-" HP2--CN- NO/OX"*~ HP'--NO Oxc HP2-/S032-d tion 
1626 1644 1647 1644 1644 1646 1649 1643 1643 V I 0  
1600 1618 1621 1629 1621 1629 1622 1623 1619 Y2 

1540 1553 1555 1554 1555 Y38 

1528 1546 1546 1547 1547 Y38 

1514 she 1517 1510 1518 VI1 
1489 1501 1504 1493 1509 -1496 - 1496 y3 

1472 1488 1488 1479 1483 1490 1483 1481 Y28 

HP1-- sOI2] correla- 

1585 1601 1600 1593 1595 1603 1601 Y19 

1476 1475 1470 1476 1479 
1456 1451 1456 

1416 1416 1420 1417 1418 1418 
1391 1395 1395 1398 1393 1398 1397 1394 -1395 Y29 

1378 1388 1391 1388 1385 1383 1383 VI 

1325 1325 1326 1322 1325 1323 1327 1320 1318 b.1 

1340 1341 1338 

1316 1314 1319 
1303 1302 1306 1300 1305 1305 1303 1294 1296 
1282 1285 1287 1282 1283 1285 1287 1277 1277 
1250 1250 1252 1245 1251 1247 1252 

Data obtained from Q-band-excited spectra. bFerricyanide-treated form of HP1--NO (see legend to Figure 9). cHPZ-/S03Z- (see legend to 
1220 1222 1220 1227 1223 1223 1221 V I 3  

Figure 9) treated with 2.2 mol of ferricyanide/mol of enzyme. "Room temperature spectra. eShoulder. 

two preparations (data not shown). By contrast, the RR 
spectrum of siroheme in pyridine solution (Figure 6C), for 
which a hemochromogen-type optical spectrum characteristic 
of low-spin iron is observed (Siegel et al., 1973), displays 
upshifts in the highest frequency bands to 1643 and 1615 cm-'. 
Smaller upshifts of most of the other bands relative to the 
high-spin ferric siroheme preparations are also seen. Such 
upshifts upon generation of a low-spin adduct are entirely 
consistent with the well-established structural sensitivity of 
iron porphyrins and chlorins and are also characteristic of the 
behavior of siroheme in SiR-HP (vide infra). 

Low-Spin SiR-HP Adducts. The interaction of S i R - H P  
with potential siroheme ligands is extremely sluggish, but many 
complexes are formed readily upon reduction of the protein 
(Rueger & Siegel, 1976; Siegel et al., 1982). Once an ex- 
ogenous ligand is bound to the reduced enzyme, oxidation is 
possible to ligated SiR-HPI-, in which the Fe4S4 is oxidized 
but the siroheme remains reduced, or to ligated SiR-HF"', in 
which both Fe4S4 and the siroheme Fe are oxidized. When 
CO is bound, reoxidation stops at SiR-HP'--CO, since CO 
only binds to Fe" siroheme. Oxidation of the cyanide complex, 
however, proceeds to SiR-HP-CN- (Janick & Siegel, 1983). 
When SiR-HP*- reacts with NOz-, which is a substrate for 
the enzyme, the species left once the reductant is exhausted 
is SIR-HP'--NO, the nitrosyl-Fe" siroheme adduct with ox- 
idized Fe4S4 (Janick et al., 1983). This can be further oxidized 
to an incompletely characterized product, probably a mixture 
of species. 

RR spectra of the CO, CN-, and N O  complexes of SiR-HP 
are shown in Figure 7, and their frequencies are compared with 
those of SiR-HPo in Table 11. The most notable aspect of 
these data are the large upshifts, relative to SiR-HP", - 10-20 
cm-I, in all of the modes above 1472 cm-'. These upshifts are 
entirely consistent with those seen for iron porphyrins upon 
conversion from high- to low-spin complexes (Spiro & Li, 
1988). The higher frequencies for the low-spin complexes are 
expected because of their smaller core sizes due to the emp- 
tying of the in-plane antibonding d + 2  orbital. The complexes 
in Table I (with the exception of the incompletely characterized 
ferricyanide-treated nitrosyl complex) are known to be low spin 
from EPR and Mossbauer studies (Janick & Siegel, 1982, 
1983; Janick et al., 1983). Thus, the siroheme skeletal vi- 

brational frequencies appear to show the same sensitivity to 
spin state, presumably via the core-size sensitivity, as do the 
porphyrin modes. Furthermore, except for the unexpectedly 
large upshift of the u2 mode already noted, the degree of the 
upshift for each of the siroheme high-frequency bands upon 
generation of the low-spin species corresponds quite well to 
the relative sensitivities established for the corresponding bands 
in porphyrin systems (Ozaki et al., 1986a; Parthasarathi et 
al., 1987). 

The porphyrin frequencies are also influenced by the Fe 
oxidation state (Spiro & Li, 1988). This effect is associated 
with back donation of Fe" d r  electrons to the porphyrin eg* 
orbitals that depresses the frequencies of several of the high- 
frequency skeletal modes. (In the case of high-spin Fe" the 
effect is believed to be associated with porphyrin doming, 
rather than back donation.) The back-donation effect is di- 
minished when Fe" is bound to A acid ligands that compete 
with the porphyrin e8* orbital for the Fe" d?r electrons. This 
is no doubt the reason that the frequencies of the Fe"-CO and 
-NO complexes in SiR-HP (see Table I) are about as high 
as those shown by the Fe"'-CN- complex in SiR-HP-CN-. 
What is more surprising is that the Fe'I-CN- frequencies in 
SiR-HP2--CN- are also nearly as high; CN- is a much weaker 
7r acid than CO or NO, and the porphyrin frequencies of the 
cyanide adduct of Fe" horseradish peroxidase are distinctly 
lower than those of the Fe"' adduct (Rakhit & Spiro, 1974). 
In an accompanying paper, evidence is presented indicating 
that H-bonding of bound ligands is a likely feature of the 
sulfite reductase active site; such an interaction could enhance 
the A-acceptor ability of the cyanide ligand, accounting in part 
for the unusually high ring mode frequencies. 

In Fe porphyrins, the effect of the oxidation state is par- 
ticularly clear-cut on the skeletal mode u4 (Spiro, 1983), which 
shows only a weak core-size, and therefore spin-state, depen- 
dence (Parthasarathi et al., 1987). The frequency is - 15 cm-' 
lower for Fe" (- 1355 cm-') than for Fe"' (- 1370 cm-') 
hemes. The oxidation-state influence on u4 is smaller in 
chlorins (Ozaki et al., 1986a) than in porphyrins, however, and 
in siroheme there does not appear to be a reliable correlation. 
Table I shows that the low-spin complexes, all of which are 
effectively Fe"' due to the A acid ligands, exhibit - 10-cm-' 
upshifts in the band that we consider analogous to u4 relative 
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FIGURE 7: Room temperature RR spectra of various low-spin adducts 
of SiR-HP obtained with Soret (406.7 nm) excitation. HP'? SiR-HP 
(203 wM) as isolated, in standard buffer. HP2--CO: To degassed 
SIR-HP (120 pL, 203 pM) in standard buffer contained in a standard 
5-mm NMR tube was anaerobically added 10 pL of 17 mM Cr"- 
(EDTA) (7-fold molar excess), and the tube was flushed with CO 
gas (optical A,, = -404,606 nm). HP'--CO: 100 p L  of air was 
injected into the tube containing the previous sample, which was shaken 
and incubated briefly on ice (optical h ,  = -404, 600 nm). 
HP'--NO: To degassed SiR-HP (1 20 pL, 203 pM) in standard buffer 
was anaerobically added 10 pL of 18 mM Cr"(EDTA) (7-fold molar 
excess), followed by 10 pL of 0.1 M NaNOz (41-fold molar excess, 
7.1 mM final NOz- concentration) (optical A,, = 398, 596 nm). 
HP>-CN: To degassed SiR-HP (1 20 pL, 203 pM) in standard buffer 
was anaerobically added 10 pL of 18 mM Cr"(EDTA) (7-fold molar 
excess), followed by 5 pL of 0.25 M KCN neutralized with HC1 
(50-fold molar excess, final [CN-] = 9 mM) (optical I, = 402, 544 
nm). HPz-/S032-: To degassed SiR-HP (120 pL, 203 pM) in 
standard buffer was anaerobically added 10 pL of 18 mM Crn(EDTA) 
(7-fold molar excess), followed by 5 pL of 0.1 M NazSOS in standard 
buffer (20-fold molar excess, final [SOj2-] = 3.7 mM) (optical A,, 
= -395, 588 nm). Instrumental conditions (Spex 1877): power, 
25 mW SiR-HPz--CN-), 75 mW (SiR-HP'--CO, -NO, SiR- 
HPz-/SO)-), 100 mW (SiR-HP-40); slit, 150 pm; integration time, 
150 s (SiR-HP*--CN-), 300 s (others). 
to SiR-HP,  which contains high-spin Fe"'. Upon reduction 
of SiR-HPO the band appears to shift up rather than down, 
as discussed in the next section. 

The RR spectra of SiR-HP*--CO with SiR-HP'--CO are 
compared in Figure 7 and in Table 11. In both complexes the 
siroheme is in the low-spin ferrous state, the only difference 
being the reduction state of the Fe4S4 cluster. Although the 
spectra are quite similar, the former species shows significantly 
augmented intensity for the 1501-cm-' v3 band. This intensity 
change is attributable to the electronic effect of reduction of 
the coupled iron-sulfur cluster in SiR-HP*- species. On the 
other hand, the siroheme frequencies are little affected by the 
Fe4S4 oxidation level. This observation weighs against the 
possibility of significant Fe4S4 - siroheme charge transfer (see 
preceding section), a t  least in the CO-bound form. 

Sulfite is the natural substrate of the enzyme, and its ad- 
dition to SiR-HP2- leads to formation of an EPR-silent species 
(Janick & Siegel, 1983). The composition of this intermediate 
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FIGURE 8: Sequential reduction of SiR-HP. The RR spectrum of 
the fully oxidized rotein is designated a. To a deoxygenated 120-pL 

contained in a 5-mm-0.d. NMR tube sealed with a rubber septum 
were added successive 1 .5-pL aliquots of Cr"(EDTA) reductant 
solution (total [Cr] = 7.3 mM). After each addition the optical 
spectrum was obtained to monitor reduction level, and then the RR 
spectrum was collected by using excitation at 406.7 nm. The optical 
spectrum was obtained again to check for reoxidation before addition 
of the next aliquot of reductant; no significant change in the optical 
spectra was observed. The fully reduced spectrum is designated k. 
Instrumental conditions (Spex 1877): slit, 150 pm; integration time, 
300 s. 

is unknown, but the addition of excess reductant leads to 
turnover and sulfide production. Oxidation of the intermediate 
produces another EPR-silent air-stable species. Magnetic 
susceptibility (Day et al., 1988) and Mossbauer data (Janick 
et al., 1983) indicate that the latter complex contains low-spin 
ferriheme and an oxidized Fe4S4 cluster. Comparison of the 
RR spectra of the intermediate (Figure 7) and its oxidation 
product (see Table 11) shows that both contain low-spin si- 
roheme since vl0 and v2 are at -1640 and -1620 cm-', re- 
spectively, in each of the two complexes. 

Reduced SiR-HP. Figure 8 shows room temperature RR 
spectra for a solution of SiR-HP incrementally reduced by the 
addition of aliquots of Cr"(EDTA). The absorption spectra 
were essentially identical with those produced by deazaflavin 
photoreduction (Janick & Siegel, ,1982) (an inapplicable 
procedure for RR studies because of the interference from 
deazaflavin fluorescence). It can be seen that significant band 
frequency shifts occur in the course of the reduction. In 
particular, we call attention to the two highest frequency bands, 
assigned as the analogues of vl0 and v2. These shift downward 
from 1622 and 1596 cm-' in SiR-HP" to 1614 and 1589 cm-' 
in the fully reduced form. These downshifts are similar to 
those observed for vl0 and v 2  in iron protoporphyrin when a 
high-spin Fe"' complex is converted to a high-spin Fe" com- 
plex. Accordingly, SiR-HP2- in room temperature solution 
is inferred to contain a high-spin Fe" siroheme. Recently, the 

sample of SiR-H J at 203 MM in standard buffer at room temperature 
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RR spectrum of reduced nitrite reductase (Ondrias et al., 
1985) was interpreted as indicating the presence of low-spin 
siroheme; this result, however, is likely to be an artifact of the 
use of dithionite as a reducing agent. The dithionite reaction 
product is sulfite, which is a substrate for nitrite reductase as 
well as sulfite reductase. Consequently, a sulfite complex can 
be formed, with a RR spectrum of low-spin character (see 
Table 11). 

As noted in the previous section, v4 does not follow the 
porphyrin pattern, its frequency apparently shifting up upon 
reduction from 1375 to 1383 cm-'. Ozaki et al. (1986a) 
observed for iron chlorins that the downshift of v4 on reduction 
was significantly smaller than for iron porphyrins; thus, the 
frank reversal of the direction of the shift in siroheme could 
represent a continuation of this trend with increasing ring 
reduction. Those authors speculated that the smaller shift was 
due to decreased T back donation from ferrous ion in chlorins 
compared with porphyrins; this explanation is inadequate to 
account for an actual reversal of the shift in siroheme. The 
v4 band in porphyrins differs from other prominent high-fre- 
quency modes in that its chief contribution is C,N bond 
motion. Interestingly, examination of published crystal 
structures reveals an obvious pattern of long-short-long-short 
bond length alteration extending over adjacent C,NC, units 
of isobacteriochlorins. The same pattern occurs in chlorins, 
where it instead affects the bond lengths in adjacent pairs of 
C,C,C, units. The localization of C,C, vibrations that ap- 
peared in normal mode calculations on chlorin (Boldt et al., 
1987) was rationalized as the direct kinematic result of this 
bond-length alternation. It cannot be excluded therefore that 
the anomalous behavior of v4 in siroheme results, mutatis 
mutandis, from mode localization affecting C,N motion in the 
isobacteriochlorin skeleton. Finally, it is possible that the 
apparent upshift merely results from a redistribution of in- 
tensity among the closely spaced modes found in this region. 

The midpoint potentials of the siroheme and Fe4S4 cluster 
in SiR-HP are spaced sufficiently closely that solutions at 
intermediate reduction levels which contain the major one- 
electron species (siroheme reduced, cluster oxidized) inevitably 
include admixtures of oxidized or fully reduced SiR-HP 
(Janick & Siegel, 1982). Nevertheless, examination of the 
spectra (Figure 8) representing intermediate stages in the 
reduction of SiR-HP reveals features that are not merely 
superpositions of initial and final spectra. A key finding is 
the appearance of a band at 1634 cm-l that is not present in 
either SiR-HPo or SiR-HP2-; this band is seen most clearly 
upon addition of approximately one electron (as determined 
by examination of the accompanying optical spectra) when 
the SiR-HPI- concentration is maximal (Figure 8g). The 
highest frequency band in the SiR-HP spectrum is the ana- 
logue of vl0,  and it is apparent that this band shifts up in 
SiR-HP'-, despite the conversion of Fe"' to Fe" siroheme. (An 
upshift is also inferred for u2, but the precise position is ob- 
scured by overlapping bands in the mixture.) These upshifts 
in the solution RR spectra of SiR-HP1- are suggestive of low- 
or intermediate-spin ferrous siroheme formation. Interme- 
diate-spin siroheme is consistent with the upshifted RR bands, 
since in this spin state the d+,' orbital is empty and the 
macrocycle core is contracted; it has been demonstrated for 
Fe" porphyrin that the intermediate-spin skeletal mode fre- 
quencies are as high as the low-spin frequencies (Spiro & 
Burke, 1976). Mossbauer measurements have indicated that 
the siroheme Fe" is intermediate spin (or possibly high spin) 
in SiR-HPl- in the frozen state (Christner et al., 1981). Thus, 
the simplest explanation for the RR and Mossbauer data, taken 
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FIGURE 9: RR spectra of fully reduced SiR-HP in the frozen state 
(77 K) obtained with B-band (406.7 nm) excitation. (a) Standard 
buffer, no additions, final [SiR-HP] = 196 pM, reduced with a 14-fold 
excess of Cr"(EDTA) prepared without chloride. (b) Standard buffer 
plus 0.025 M guanidinium sulfate, final [SiR-HP] = 162 pM, reduced 
with a 1Cfold excess of @(EDTA). (c) Standard buffer plus 0.1 
M guanidinium chloride, final [SIR-HP] = 222 pM, reduced with 
a 9-fold excess of Cr"(EDTA). (d) Standard buffer plus 0.15 M 
guanidinium sulfate, final [SiR-HP] = 162 pM, reduced with 14-fold 
excess @(EDTA). Instrumental conditions (Spex 1402): slit, 7 
cm-I; scan increment, 1 cm-I; acquisition time, 2 s/point. 

together, is an intermediate-spin state for the siroheme FeI1 
in SiR-HPI-. (We have been unsuccessful to date in preparing 
well-defined samples of SiR-HPI- in the frozen state suitable 
for RR spectroscopy. Thus, a transition from low-spin ferrous 
siroheme to intermediate-spin (or high-spin) ferrous siroheme 
induced by freezing of SiR-HP1- cannot be excluded by the 
present data.) 

The RR spectrum of SiR-HP2- was altered dramatically 
when the solution was frozen (Figure 9). A significant portion 
of the intensity in the two highest frequency bands at 1596 
and 1614 cm-' shifted upward to -1615 and 1643 cm-l, 
indicative of a contribution from a low- or intermediate-spin 
spiroheme species. (The possibility that this band was due to 
reoxidation to SiR-HP'- during sample transfer was excluded 
by monitoring the optical spectrum of the sample in situ prior 
to freezing.) This result may throw light on the complexity 
of the EPR and Mossbauer spectra of SiR-HP*-, which were 
necessarily obtained in the frozen state. The EPR spectrum 
of the two-electron-reduced species (SiR-HP2-) reveals multiple 
signals (Janick & Siegel, 1983) that fall into two classes. One 
class of EPR signals (g  = 5 type) arises from high-spin (S = 
2) ferrous siroheme antiferromagnetically coupled to the re- 
duced cluster, while the other (g = 2.29 type) may represent 
intermediate-spin ferrous siroheme similarly coupled to the 
cluster. The g = 2.29 type constitute the majority species in 
frozen solutions of enzyme reduced in standard buffer. The 
RR spectral findings of spectroscopic heterogeneity are entirely 
consistent with these results; however, the room temperature 
spectra imply that any intermediate- or low-spin siroheme 
contribution arises as a consequence of freezing and that in 

Ap/cm-' 
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liquid solution SiR-HP2- contains only high-spin ferrous si- 
roheme. The absence of any change in the ratio of these two 
signals over the temperature range 77-244 K suggests that 
this effect is a macroscopic physical effect of freezing, rather 
than the manifestation of a spin-state equilibrium. On the 
other hand, EPR investigations (Janick & Siegel, 1983) have 
established that in the presence of agents such as guanidinium 
or halide ions the ratio of the two types of EPR-detectable 
species is significantly altered. Little change in the relative 
intensities of the upshifted bands was noted in the R R  spectra 
of frozen SiR-HP*- obtained in the presence of perturbing 
agents (Figure 9b-d); it would be incorrect therefore to infer 
an identity between the species defined by these two spec- 
troscopic methods. 

Conclusions. Resonance Raman features of the siroheme 
moiety of SiR-HP are in keeping with those expected for a 
tetrapyrrole macrocycle of approximate C,, symmetry and 
include an increase in the total number of bands and in the 
number of polarized bands, the presence of new, strongly 
enhanced polarized bands in the porphyrin oxidation-state 
marker region, generally somewhat weaker enhancement than 
in typical porphyrin spectra but predominance of polarized 
bands with both Soret and Q-band excitation. While the 
foregoing features are familiar from chlorin spectra, the po- 
larization properties of siroheme and of an OEiBC model 
clearly reflect the effect of the altered orientation of the major 
isobacteriochlorin symmetry axis relative to that of chlorin. 
Anomalous polarization of the highest frequency, strongly 
enhancing ring mode near 1630 cm-I, which we infer to be 
the analogue of the porphyrin vlo vibration, appears to be a 
diagnostic feature of isobacteriochlorin spectra. The spin-state 
sensitivity of the high-frequency modes of siroheme is similar 
to that observed in porphyrins and chlorins; however, the 
response to oxidation-state changes of the band which we 
correlate with the porphyrin oxidation-state marker (v4) is 
anomalous. On the basis of these structural sensitivities we 
infer the presence of low-spin siroheme in the product of fully 
reduced SiR-HP with its substrate, sulfite. In partially reduced 
solutions of free SiR-HP there is evidence of a species with 
upshifted ring mode frequencies, consistent with the presence 
of intermediate-spin ferroheme in the one-electron-reduced 
adduct of the enzyme, as suggested by earlier Mossbauer 
studies. In the fully reduced enzyme, freezing appears to 
generate a mixture of high- and intermediate- or low-spin 
species, but in liquid solution, the fully reduced enzyme con- 
tains high-spin ferroheme. 

Registry No. [ Fe(OEP)I20, 39393-88-9; [Fe(OEC)I20, 54643- 
20-8; [Fe(OEi)BC)I20, 78325-75-4; NADPH-sulfite reductase, 
9029-35-0; siroheme, 52553-42-1. 
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ABSTRACT: Resonance Raman (RR)  spectra from the hemoprotein subunit of Escherichia coli sulfite 
reductase (SiR-HP) are examined in the low-frequency (200-500 cm-’) region where Fe-S stretching modes 
are expected. In spectra obtained with excitation in the siroheme Soret or Q bands, this region is dominated 
by siroheme modes. Modes assignable to the Fe4S4 cluster are selectively enhanced, however, with excitation 
a t  488.0 or 457.9 nm. The assignments are confirmed by observation of the expected frequency shifts in 
SiR-HP extracted from E .  coli grown on 34S-labeled sulfate. The mode frequencies and isotopic shifts 
resemble those seen in R R  spectra of other Fe4S4 proteins and analogues, but the breathing mode of the 
cluster a t  342 cm-’ is higher than that observed in the other species. Spectra of various ligand complexes 
of S iR-HP reveal only slight sensitivity of the cluster terminal ligand modes to the presence of exogenous 
heme ligands, a t  variance with a model of ligand binding in a bridged mode between heme and cluster. Close 
examination of R R  spectra obtained with siroheme Soret-band excitation reveals additional 34S-sensitive 
features a t  352 and 393 cm-’. These may be attributed to a bridging thiolate ligand. 

x e  active site of Escherichia coli sulfite reductase hemo- 
protein (SiR-HP) comprises an Fe4S4 cluster exchange coupled 
to a siroheme prosthetic group (Christner et al., 1981; Janick 
& Siegel, 1982, 1983; Siegel et al., 1982). A model of the 
active site has been proposed (Christner et al., 1984) in which 
one cluster Fe is covalently bridged to the siroheme Fe by an 
S atom of a cysteinyl ligand. The X-ray crystal structure 
(McRee et al., 1986) is consistent with this model; it shows 
the cluster to be closely apposed to the heme and reveals that 
one of the Fe4S4 cubane sulfur atoms is in van der Waals 
contact with the siroheme periphery. At the present level of 
resolution, however, the putative bridging thiolate itself is not 
clearly discernible. 

Structurally, the Fe4S4 core in SiR-HP appears to conform 
closely to that observed in “typical” four-iron clusters. The 
electron density map of the cluster region in SiR-HP is well 
fit by an idealized Fe4S4 model derived from crystallographic 
data from previously characterized clusters (McRee et al., 
1986). The SiR-HP cluster has been studied by magnetic 
spectroscopy in a variety of derivatives of the enzyme and does 
not appear to deviate significantly from representative Fe4S4 
clusters in its internal electronic structure. Thus, the 
Mossbauer parameters, AEp and 6, of the cluster irons 
(Christner et al., 1981; Janick & Siegel, 1982, 1983) in both 
the oxidized (2+) and reduced (1+) states are essentially the 
same as those observed in other well-characterized Fe4S4 
Droteins such as Bacillus stearothermoDhilus ferredoxin 
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gated SiR-HP the expected g = 1.94 EPR signal typical of 
Fe4S4 clusters in the 1+ state is observed (Janick & Siegel, 
1982, 1983). on the other hand, the Mijssbauer measurements 

irons in SiR-HP are markedly sensitive to the electronic state 
of the siroheme, and novel EPR signals are observed for the 
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