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ABSTRACT. Resonance Raman (RR) spectroscopy, molecular mechanics (MM) calculations, and normal-
coordinate structural decomposition (NSD) have been used to investigate the conformational differences
in the hemes in ferricytochromes NSD analyses of heme structures obtained from X-ray crystallography
and MM calculations of heme-peptide fragments of the cytochramewicate that the nonplanarity of

the hemes is largely controlled by a fingerprint peptide segment consisting of two heme-linked cysteines,
the amino acids between the cysteines, and the proximal histidine ligand. Additional interactions between
the heme and the distal histidine ligand and between the heme propionates and the protein also influence
the heme conformation, but to a lesser extent than the fingerprint peptide segment. In addition, factors
that influence the folding pattern of the fingerprint peptide segment may have an effect on the heme
conformation. Large heme structural differences betweerb#oellatumcytochromescs and the other
proteins are uncovered by the NSD procedure [Jentzen, W., Ma, J.-G., and Shelnutt, J. ABjhpBg3.

J. 74 753-763]. These heme differences are mainly associated with the deletion of two residues in the
covalently linked segment of hemes 4 for theculatumproteins. Furthermore, some of these structural
differences are reflected in the RR spectra. For example, the frequencies of the structure-sensitive lines
(v4, v3, andvy) in the high-frequency region of the RR spectra are lower fobibsulfomicrobium baculatum
cytochromegs (Norway 4 and 9974) than for tHeesulfaibrio (D.) gigas D. vulgaris, andD. desulfuricans
strains, consistent with a more ruffled heme. Spectral decompositions of #rel v lines allow the
assignment of the sublines to individual hemes and show that ruffling, not saddling, is the dominant
factor influencing the frequencies of the structure-sensitive Raman lines. The distinctive spectra of the
baculatumstrains investigated are a consequence of hemes 2 and 4 being more ruffled than is typical of
the other proteins.

Cytochromec; is a tetraheme protein found in sulfate- eight conserved histidine axial ligands and eight cysteine
reducing bacteria, which are capable of using sulfate of thio- residues linked to the hemes. A recent analysis of the crystal
sulfates as the terminal electron acceptor. X-ray crystal structures provides a more detailed understanding of the
structures of cytochromes; from the organismsDe- structures of the hemes in these protei)s (It was found
sulfovibrio gigas(1), D.* vulgaris [Hildenborough 2, 3) and that the conformations of the four hemes are different from
Miyazaki (4)], D. desulfuricang5), andDesulfomicrobium  each other, but the structures are conserved for corresponding
baculatum(6, 7) have been solved, showing that the general hemes. The exception is hemes 4, which exhibits a very
outlines of their protein structure are essentially the same. different structure foDsm. baculatuntytochromess. In
Specifically, the X-ray structures indicate that the overall the present work, we explore the structural origin of the heme
protein folding is conserveds). The structural similarity distortions in these proteins.
occurs although the amino acid sequences exhibit as little
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distortions might play a role in their biological functiohO— MATERIALS AND METHODS
15). Further, by using a new normal-coordinate structural
decomposition (NSD) procedurg, (L6, 17) for characterizing
and quantifying these heme distortions, our group has shown
that these distortions are often of different types for hemo-
proteins with different functions. However, often the types
of distortion are conserved for proteins with the same
function but isolated from different specie®, (L8). Since
nonplanar distortion is energetically unfavorable for Fe
porphyrins (9), conservation of the heme conformation
strongly suggests that the biological function of hemoproteins
might be modulated by protein control over the conformation
of the heme prosthetic group.

A structural mechanism for inducing the nonplanarity of
the heme group has been suggested for mitochondrial
cytochromesc based on NSD analysis of X-ray crystal
structures of native and mutant proteil® &nd resonance
Raman spectroscopy and molecular simulations of nickel-
reconstituted cytochrome (20) and model heme-peptides
(21). These studies are consistent with a relatively small
covalently linked protein segment causing most of the
distortion of the heme. This protein segment includes the
cysteines, the amino acids between the cysteines, and th
adjacent histidine ligand(20). MM calculations were also
employed to explore the influence of the conformation of
the heme-linked protein segment on the heme distortion. The
energy-optimized structures consisting of the heme and the
covalently linked pentapeptide were analyzed using the NSD
method to simply specify the type of heme distortion
resulting from these interactions. The interaction between
the pentapeptide and the heme accounts for the major
deformation contributing to the heme conformation.

Materials. Samples of cytochromes; from different
strains were prepared by the following procedures: cyto-
chromescs from D. gigas(29), D. vulgaris Hildenborough
(30), D. desulfuricansATCC 27774 81), andDsm. Bacu-
latum [strains Norway 4 2) and 9974 27)] were purified
from the respective bacterial crude extracts following
published procedures. The purified proteins were dialyzed
overnight against 10 mM Tris HCl at pH 7.0 and lyophilized.
The lyophilized proteins were then dissolved in 50 mM
phosphate buffer solution at pH 7.0. The concentration used
for the Raman spectra was 20 as determined spectro-
photometrically.

Resonance Raman Spectrosco3R spectra were ob-
tained using a dual-channel spectrometer described previ-
ously (33). The solution spectra of proteins from two
different strains were obtained simultaneously in separate
compartments of a cylindrical rotating quartz cell. Rotation
of the Raman cell at 50 Hz prevented local heating of the
sample even with incident laser powers were as high as 100
mW. A krypton (Coherent, INNOVA 20) ion laser provided
the excitation wavelength of 406.7 nm in the Soret band
‘?egions of the absorption spectrum.

Laser powers were 50 mW at the quartz cell. The
scattered light was collected in a®98cattering geometry.
For each scan, counts were accumulated fe ateach point
of the spectrum for which the spectrometer step size was
0.3 cnt! for each data point. All Raman spectra were taken
at room temperature. Sample integrity was monitored by
examination of selected single scans of the Raman spectrum
obtained during signal averaging and by Y¥s absorption
spectra taken before and after exposure to laser light. No

~ The heme-linked segment is thought to be important also jegradation of the sample was observed for all measure-
in causing the distortion of the hemes in cytochrorgs ments.

Nevertheless, important questions remain concerning the
detailed mechanism of the protein segment’s interaction with
the heme and the possible influence of the heme distortion
on biological function. In this work, MM calculations and
NSD analysis of heme-peptide fragments from different
strains show in some detail how mainly this small protein
segment controls the heme nonplanarity. The distal histidine
anq H-bond interactions with the propionates are also shownWere used to fit theo line, assuming that each of the four
to influence the heme conformation but to a lesser extent. hemes has an equal contribution to the spectrum. The line

Solution RR spectra of cytochromesfrom the different  widths of the nonplanar forms (with lower frequency) were
organisms provide experimental evidence for the structural also shared in the curve fitting, while the line width of the
differences in the hemes that are observed in the X-ray crystalnearly planar form (at highest frequency) was allowed to
structures. The frequencies of the structure-sensitive Ramanyary independently. This was done simply to allow as many
lines are shown to be indicative of the magnitude of the parameters to vary as is statistically supported by the quality
ruffling deformation only, allowing the assignment of each of the Raman data sets. When all line widths were allowed
heme in the crystal structure to a subline of the Raman lines.to vary (while maintaining equal areas), the spectral decom-

The nonplanarity of the porphyrin has been shown to positions give similar results. Similarly, the analysis with
influence the redox potential of the porphyrin rir@).( Fajer all line widths equal gives statistically insignificant differ-
et al. (L1) and Ravikanth and ChandrashekaR)(demon- ences in the frequencies of the sublines and these compare
strated that nonplanar porphyrins are easier to oxidize andfavorably with the averages for six data sets (Table 3), with
harder to reduce than planar porphyrins. Microscopic redox all variations within the statistical uncertainty. Theline

The peak positions of the Raman lines were obtained by
decomposing the Raman spectra into Lorentzian line shapes
using a nonlinear, least-squares curve-fitting program (Peak-
Fit, Jandel Scientific) in which the peak frequency, peak
intensity, line width, and a linear background were allowed
to vary. A Gaussian contribution to the line width is not
usually required for hemes. Four sublines with shared areas

potentials determined for cytochromesfrom electrochemi- was also decompo;ed into four Lorentzian sublines with
cal methods and spectroelectrochemical data show that theshared areas and widths.
four hemes exhibit a range of redox potentia®3-(28). Molecular Mechanics Calculations.MM calculations

These variations in the redox potentials are discussed in termsvere carried out using modified version of POLYGRAF 3.21
of the different magnitudes of the nonplanar deformations software (Molecular Simulations, Inc.) and a hybrid force
of the hemes. field based on the DREIDING Il force field parameteBd);
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Table 1: Covalently Linked Peptide Segments of the Four Heme Groups in Cytochegiinesh D. vulgaris (Hildenborough and Miyazaki),
D. gigas D. desulfuricang ATCC 27774), andDsm. baculatun{Norway 4), Dimericcc3, and the Y73E Mutant ofc3?

. Dsm. baculatum
D. desulfuricans

D. wulgaris, Hildenborough

D. vulgaris, D. gigas ATCC 27774 Norway 4 Norway 4  cc3 (Y73E)

(2cth) (2cym) Miyazaki (2cdv) (1wad) (3cyr) (2cy3) (cc3) (1czj) (1age)
hemel GD--C CGD—- —-C CGD—- —-C CDD—- —-C CVT—--C CVQ——-C CQQR—--C CQQ—--C
heme2 GTAGC CGTAGC CATAGC CTTDGC CGSS&C CTTSGC CMTEGC CMTEGC
heme3 &G--C CVG—- —-C CVG—- —-C Cls—--C CLA—-—-C CIb—-C CVG--C CVG—--C
heme4 ®&KSKC CKKSK C CKGSKC CKGSAC CAKSKC C-G—-KC CN—-S-C CN—S-C

a All the fifth and sixth axial ligands of the heme iron atoms are histidine nitrogen atoms-léer symbols are used for the amino acids.

Table 2: Frequencies (cr) of Selected Resonance Raman Lines and q“a”“fying the OUt'Of'plan_e an_d in-plane distortions of
for Ferricytochromess in 50 mM Phosphate Buffer at pH 7.0 with ~ the porphyrin macrocycle. In its simplest form, the NSD

406.7 nm Excitation method uses a linear combination of the six lowest-frequency

cytochromes Va Vs vy out-of-plane normal coordinates of the macrocycle, one for

D. gigas 13727 1503.8 1587 3 egch [.)4“ symmetry type, to simulate th_e m.acrocycllc

D. vulgaris 1372.5 1502.5 1586.4 distortion. In most cases, out-of-plane distortions of the

D. desulfuricans macrocycle can be described adequately by summing just
ATCC 27774 1372.9 1502.5 1586.6 these displacements. Pure displacements along these coor-

5 sﬁs.st?;cil atum 1373.2 1503.5 1586.6 dinates correspond to the commonly observed symmetric
Norway 4 1372.2 1501.3 1585.6 deformations seen in X-ray crystal structures. The amounts
9974 1372.3 1501.6 1585.6 of the saddling gad, ruffling (ruf), doming @on), waving

[wav(x) and waw(y)], and propellering gro) deformation
types required to simulate the observed out-of-plane distor-
tions of the porphyrin macrocycle are determined for a given
Fftructure by the NSD procedure.

Specifically, the DREIDING |l force field was modified to
include atom types specific to the porphyrin macrocy8k).(
Force constants for the macrocycle atom types were obtaine
from normal coordinate analyses of nickel porphyridé-
38). The equilibrium bond lengths and some bond angles RESULTS AND DISCUSSION
were varied so that the energy-optimized structure of nickel- Molecular Mechanics Calculations.MM calculations
(I) octaethylporphyrin (NiOEP) obtained using the extended greatly aid in locating the forces in the protein moiety that
DREIDING force field matched the planar crystal structures cause the nonplanar macrocyclic distorti®0)( In our
of NiOEP as closely as possible. DREIDING Il parameters previous work 8), analysis of the influence of natural
were used for all of the nonbonding interactions and for the sequence variation and engineered mutations cftype
internal force field of the peripheral substituents of the cytochromes suggested that the source of the heme distortion
porphyrin. The out-of-plane force constants from the normal is most likely concentrated in a small segment of the protein,
coordinate analyses are reduced by 50%, greatly improvingspecifically the covalently linked peptide segment. Also, the
the ability to correctly predict the degree of nonplanarity and electronic and steric interactions with axial ligands, the
relative energies of various conformef(39-42). The multitude of nonbonding interactions with nearby amino acid
50% reduction in the out-of-plane force constants is necessaryesidues, and the hydrogen bonds with the heme are probably
(39) because the in-plane and out-of-plane normal coordinatesimilarly important 8, 20).
analyses36—38) were done independently, and the in-plane  To further examine this structural hypothesis, MM calcu-
force constant has an out-of-plane component not includedlations were carried out on each of the four hemes of
in the out-of-plane normal coordinate analysis. ferricytochromesc; with their covalently linked peptide
For the central F& atom type, the equilibrium bond segment. During the minimization, the protein_component
distance and the homonuclear bond separation of théim ~ Was frozen in place at the X-ray structure positions and the
bond was set to 1.975 and 4.54 A, respectively, as in previous"€Me atoms were allowed to move in the minimization

calculations43). The solvent dielectric constant was set to subject to th_e interaction With the fixgd protc_ein S(_agment. In
79 to mimic the solvent conditions another series of calculations, the fixed sixth ligand was

o i . included, and in third series, the oxygen atoms of the two
The initial structures used in the MM calculations were ropionates were also fixed in order to evaluate the effect
const.ructed from the crystal strgctures of the corresppndmg of hydrogen bonds to the protein. Finally, in selected cases,
protein. These structures are either MP-5 or MP-7 with and the heme was energy optimized with the entire ferricyto-
without the sixth histidine ligand. Parts of the protein are chromec; protein component fixed. All energy-optimized
selectively fixed in the energy minimization to mimic specific heme structures were then decomposed using the NSD
interactions between the protein moiety and the heme group.method and the results were compared to the NSD results
The minimized structures were then decomposed USing thefor the Cytochromq:3 X_ray Crysta| structures.
NSD_ method (_V|de infra) to obtain the spgcnﬁc out-of-plane Figure 1 shows the energy-optimized structure of heme 2
and m-plang dlsplgcements of the porphyrin macrocycle usedqf p_ gigas(1wad) cytochromes with the cysteine-linked
for comparison with NSD results for the crystal structures. segment and the sixth histidine ligand, illustrating the part
Normal-Coordinate Structural Decompositionlentzen of the protein that was used in the calculations. For this
and Shelnutt16) have developed a method for classifying structure, the protein segment and the oxygen atoms on the
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Table 3: Frequencies and Line Widths (cinfor the v1o andv; Raman Lines of Cytochromes from D. gigas D. wulgaris Hildenborough,
D. desulfuricangATCC 27774 and Essex 6), af@sm. baculatun{Norway 4 and 9974

V1ot

2

V1 X

V10 “

V10

cytochromes; frequency line width frequency line width frequency line width frequency line width
D. gigas 1631.5+ 0.9 149+ 1.6 1634.8+ 0.7 149+ 1.6 1638.5+ 1.2 149+ 1.6 1640.1+ 1.0 99+1.2
D. vulgaris 1632.1+ 0.6 11.4+ 0.6 1634.4-0.7 11.4+0.6 1636.0:t0.6 11.4+0.6 1636405 9.2+0.8

D. desulfuricans
ATCC 27774 1631.4-0.3 8.6+ 0.5 1634.5+ 0.3 8.6+ 0.5 1636.9+- 0.5 8.6+ 0.5 1639.9+ 0.2 8.0+ 0.5
(1631.5+0.8Y (9.24+1.3) (1634.9-0.4) (9.2+1.3) (1636.8£0.6) (9.2+1.3) (1639.8-0.2) (8.8+1.1)
[1631.64+0.3F [7.5+0.9] [1635.5+0.4] [7.54+0.9] [1637.1+0.8] [7.5+0.9] [1640.3+0.4] [7.7+1.0]

Essex 6 1631.%+ 0.3 10.0£0.8 1636.2-1.1 10.0+0.8 1636.2+1.1 10.0+0.8 1640.0t0.4 9.2+0.5
Dsm. baculatum

Norway 4 1625.4+ 0.2 114+ 05 1633.74+1.1 11.4+05 16334 1.0 11.4+05 1638.0t0.2 8.3+04

[1626.9+ 0.6] [10.5+1.6] [1634.7+1.1] [10.54+1.6] [1634.7+1.1] [10.5+1.6] [1638.2+0.6] [7.5+ 1.1]

9974 1625.5+ 0.3 11.2+05 1633411 112405 1633.8:1.0 11.2+05 1637.7+0.3 8.3+£0.9

’V31 V32 V33 V34

cytochromes; frequency line width frequency line width frequency line width frequency line width
D. gigas 1498.1+ 0.2 7.6+0.4 1502.3£ 0.2 7.6+0.4 1505.5+ 0.2 7.6+0.4 1508.8+ 0.2 7.6+0.4
D. vulgaris 1497.7+£ 0.2 7.5+0.3 1501.7£ 0.2 7.5£0.3 1503.5£ 0.2 7.5£0.3 1507.0£ 0.2 7.5£0.3

D. desulfuricans
ATCC 27774  1497.4:0.2 8.0+ 0.4 1501.4+ 0.2 8.0+ 0.4 1503.8+ 0.2 8.0+ 0.4 1507.8+ 0.2 8.0+ 0.4

Essex 6 1498.4-0.2 7.94+0.3 1502.4+ 0.2 7.9+0.3 1504.8+ 0.2 7.9+0.3 1508.9+ 0.2 7.9+ 0.3
Dsm. baculatum

Norway 4 1496.6+ 0.2 8.7+ 0.4 1500.8+ 0.4 8.7+ 0.4 1501.8+ 0.4 8.7+ 0.4 1506.6+ 0.2 8.7+ 0.4

9974 1496.6= 0.2 8.9+ 0.5 1501.3: 0.7 8.9+ 0.5 1502.0+ 0.7 8.7+:0.5 1506.9+: 0.2 8.7+:0.5

aThe peak area of four sublines was shared in the curve fittifige errors indicated represent confidence levels for the least-squares fits, not
true errors® The line width was shared in the curve fittingin parentheses, the average of six spectra; the uncertainties represent the largest
variation in the fitting parameter8ln brackets, the frequencies and line widths of the four sublineggdbtained with 413.1 nm excitation.

Ficure 1: Representation of the protein segment used in the
calculation, including the fingerprint peptide segment (two cysteines,

For cytochromess, there are two residues between the
two cysteines for hemes 1 and hemes 3 and four residues
for hemes 2 and hemes 4, except in the case of hemes 4 of
the twoDsm. baculatunstrains (2cy3 and 1czj) which have
only two residues8). We refer to these energy-optimized
heme structures as either MP-5 or MP-7 depending on
whether there are two residues or four residues between the
cysteines. All MP-5 and MP-7 structures obtained from the
crystal structures db. desulfuricansD. gigas D. vulgaris,
and Dsm. baculatunwere energy minimized.

Normal-Coordinate Structural DecompositiorThe de-
scription of the structure of a porphyrin ring in terms of the
normal coordinates is a uniquely useful way of characterizing
the macrocyclic structure. The mathematical procedlég (
projects out the displacements from an ideal geometry [a
planar copper(ll) porphine macrocycle] along the normal
coordinates 16). Figure 2 illustrats 1 A displacements
along the lowest-frequency vibrational mode of each out-
of-plane symmetry type A 1 A distortion means that the
square root of the sum of the squares of #itisplacements
from the mean plane is equal to 1. These normal deforma-
tions form a (minimal) basis for sufficiently characterizing
the nonplanarity of the hemes of protein X-ray structures
(16). The NSD method has been successfully used in
decomposing and analyzing the structures of hemes of

the amino acids between the cysteines, and the proximal histidine),Proteins in the Protein Data Bani)(and of synthetic
the heme, and the sixth histidine ligand.

porphyrins 89). In this work, the energy-minimized struc-
tures of heme-peptides were analyzed using the NSD method

propionates were fixed at their average crystallographic O classify, quantify, and compare their out-of-plane distor-
positions. As indicated in Figure 1, the heme and its tions to the NSD results for the crystal structures.

immediate substituents (colored in green) are movable. The Hemes 1.Figure 3 compares the structural decomposition
fixed peptide segment, histidine sixth ligand, and propionate results for hemes 1 of the X-ray crystal structures of
oxygen atoms, in half-bond color, are perturbations that causecytochromes; and also the energy-optimized structures of

the nonplanarity of the heme.

MP-5 taken from the corresponding protein. The heme
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reduces the agreement between the X-ray and calculated
structures.

Hemes 2. The structural decomposition results for the
X-ray crystal and calculated structures of hemes 2 are
compared in Figure 4. The conformations of hemes 2 in
sad (Ba), 65 cm ruf (B1), 88 cm” the crystal structures are mainly ruffled, and the ruffling is

highly conserved for all of the different strains. A positive

waw(x) deformation is also conserved in the crystal structures.
For hemes 2 of cytochromegfrom strainsD. gigas(1wad)
and Dsm. baculatun{2cy3), a negativesad deformation is
also important.

dom (Agy). 135 e’ wav(s) [Ego], 176 cm” The NSD results for the energy-optimized hemes-2-
peptides are shown in the second column of Figure 4. Like
the hemes 2 of the crystal structures, the MM conformations
of the hemes are dominated by a positiué deformation,
and further theuf deformation is conserved for all hemes-
2-peptides. The magnitudes of them waw(x), wav(y), and
pro deformation are all small.

From the third column of Figure 4, the conformations of
_ _ the energy-optimized 6-coordinate hemes 2 all have a
Ficure 2: lllustrations of the lowest-frequency out-of-plane eigen- positive ruf and a negativesad deformation. Addition of

vectors in coordinate space for each of the normal deformagemh [ . . - . . .
ruf, dom wax(x), wau(y) andpro] used in describing the nonplanar the fixed sixth ligand increases the negataeldeformation.

distortions of the porphyrin macrocycle. Static displacements Fixing the propionate oxygen atoms brings the minimized
representig a 1 Adeformation along each lowest-frequency normal ~ structures into close agreement with those of the crystal

coordinate are shown (ref6). structures, as shown in the fourth column of Figure 4.

) o ) _ Hemes 3. The NSD results for hemes 3 in the crystal
numbering scheme is in the order of the cysteine residuesstryctures and various energy-optimized hemes-3-peptides
along the primary sequence, i.e., hemes 1 has the loweslyre compared in Figure 5. The total distortion of hemes 3
numbered cysteines and so fortB).( The first column jn the crystal structures is typically smaller than that of the
(|eftmOSt) in Figure 3 illustrates the NSD results for the X—I’ay other hemes. Neverthe'ess7 they all have small pomufle
crystal structures. A simple bar graph of the displacements anq positivesad deformations (see first column of Figure
clearly shows the similarities and differences in the structuress)  |n contrast, the hemes of the energy-optimized five-
of hemes 1 from different strains. The Iength of the bars Coordinate hemes_3_peptides exh|b|t posimband negative
represents the displacements along each out-of-plane symsad deformation as shown in the second column of Figure
metry type that gives the best fit to the X-ray structures. For 5 addition of the fixed histidine sixth ligand of hemes 3
is a positiveruf deformation. Clearly, this contribution is positiveruf deformation (third column of Figure 5). From
highly conserved for the natural sequence variation, as isthe fourth column, the heme conformation becomes close
the small doming toward the histidine ligand. Some of the tg that of the crystal structures when the propionate oxygens
other types of deformations also contribute to the total heme gre fixed in the minimization. All strains then have a positive
distortion, but they are small and variable. sad ruf, andwav(x) deformation like the hemes 3 of the

The NSD results for the energy-optimized structures of crystal structures.
the hemes-1-peptides are illustrated in the second column Hemes 4. There are two types of peptide segments for
from the left in Figure 3. It is clear that the calculations hemes 4, differing in the number of intervening amino acids
yield conformations similar to the X-ray structures in that between the cysteines. For hemes 4 fidndesulfuricans
the main type of distortion for hemes 1 is a positie D. wulgaris, andD. gigasstrains, there are four while there
deformation. The positivdomdeformation is also apparent are two for Dsm. baculatum(see Table 1). One would
for all of the minimized structures. Other deformations therefore expect a large difference in the conformation of
(positivesad waw, andpro) are all small, except for saddling.  the peptide and a concomitant difference in heme conforma-

The third column of Figure 3 shows the NSD results for tion. Indeed, examination of the structural decomposition
the MM calculations for which the fixed sixth ligand was results of hemes 4 of the crystal structures (first column of
also included in the energy minimization in addition to the Figure 6) shows that two vastly different types of distortions
peptide segment. For hemes 1, the most significant influ- are observed. For the proteins with four residues, the main
ences of the sixth ligand on the heme conformation are thatdeformation is positivesad for the proteins with two
the positiveruf deformation and the total distortion are residues, the predominant deformation is positiud.
reduced. There are also some changes in the magnitude o€omparison of the NSD results of the calculated 5-coordinate
the sad deformation. Finally, fixing the oxygen atoms on hemes-4-peptide structures with those of the crystal structures
the propionates of 6-coordinate MP-5 to mimic protein shows that just the small covalently linked protein segment
hydrogen bonding to the heme propionates results in furtherinduces these main types of deformation. In addition, adding
effects on the energy-optimized conformations of hemes 1 the sixth histidine ligand and fixing the propionates make
as shown in the fourth (rightmost) column of Figure 3. the resulting conformations even closer to the crystal
Addition of these perturbations, in the case of hemes 1, structures.

wav(y) [Egy), 176 cm™ pro (Ay,), 335 cm™
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X-ray Crystal Structure
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Minimized Structure, Constrained:
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Ficure 3: Out-of-plane displacements (minimal basis) for hemes 1 in the X-ray crystal and energy-optimized structures of cytaghromes

from different strains.

X-ray Crystal Structure

HEMES 2
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Ficure 4: Out-of-plane displacements (minimal basis) for hemes 2 in the X-ray crystal and energy-optimized structures of cytaghromes

from different strains.

Resonance Raman SpectroscopRR spectra in the
frequency range 2001700 cm?® of cytochromesc; from

six different strains, includin®. gigas D. vulg

Displacement (A)

aris Hilden-

Ma et al.

borough,D. desulfuricangATCC 27774 and Essex 6), and
Dsm. baculatunfNorway 4 and 9974), were obtained with
406.7 nm excitation. Many differences are observed for the
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HEMES 3
X-ray Crystal Structure Minimized Structure, Constrained:
peptide peptide, 6" ligand peptide, 6" ligand, carboxylates
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Ficure 5: Out-of-plane displacements (minimal basis) for hemes 3 in the X-ray crystal and energy-optimized structures of cytaghromes
from different strains.

HEMES 4
X-ray Crystal Structure Minimized Structure, Constrained:
peptide peptide, 6" Tigand peptide, 6" ligand, carboxylates
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Ficure 6: Out-of-plane displacements (minimal basis) for hemes 4 in the X-ray crystal and energy-optimized structures of cytaghromes
from different strain.

spectra of cytochromes from different strains in the low-  frequency region, arises from the prominence of substituent
and high-frequency regions. The richness of thtype modes, especially those of the 2,4-thioether substituents and
cytochromes resonance Raman spectra, especially in the lowthose resulting from the activation &, and out-of-plane
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Raman Intensity (arb. units)

predicted

predicted

L

1610 1620 1630 1640 1650 1660 0.0 02 04 06 08 1.0 1.2
Frequency (cm'l) ruffling (A)

FIGURE 7: Lorentzian decomposition of thgy RR lines in the spectra of cytochromedrom strainsD. gigas(A), D. vulgaris Hildenborough

(B), D. desulfuricansATCC 27774 (C)D. desulfuricangEssex 6 (D)Dsm. baculatuniNorway 4 (E), andDsm. baculatun®974 (F) with

406.7 nm excitation (right panel). The ruffling deformations (in angstroms) of each of the four hemes for the corresponding protein are
shown in the bar graph in the left panel. The symbols h1, h2, h3, and h4 represent heme 1, heme 2, heme 3, and heme 4, respectively.

skeletal modes caused by protein-induced heme distortionsandDsm. baculatunNorway 4. The predicted heme ruffling
(36—38, 44. However, the spectra of this region are of theD. desulfuricans€Essex 6 andsm. baculatun®974
complicated with overlapping lines, making the interpretation cytochromesc; are also given in Figure 7.

of the spectra complex. The detailed interpretation of the Since there are four hemes, in most cases it is difficult to
Raman spectra in the low-frequency region will be presented say that the changes in the spectra are caused by a specific
in a forthcoming paperdb). In the present work, we focus  heme or by a specific deformation. Nevertheless, an analysis
on the high-frequency region (1362700 cnt?) containing of the shape of/1o, which exhibits the largest changes in
the structure-sensitive marker lineg vs, v,, andvie. The the high-frequency region of the Raman spectra, does give
frequencies of,, v, v, and the sublines afyp are listed in information on the individual hemes. A detailed analysis
Tables 2 and 3, respectively. The Lorentzian decomposition of v, is possible most likely because it is the most sensitive
results forvyg are shown in the left panel of Figure 7. The to nonplanar distortion of the porphyri2@). Of the other

bar graph in the right panel of Figure 7 shows the amount lines in the high-frequency region, threregion suffers from

of theruf deformation of each of the four hemes in the X-ray spectral crowding with Soret excitation angls less sensitive
crystal structures of cytochromes from strainsD. gigas to porphyrin nonplanarity tham,. Assuming that each of

D. wulgaris HildenboroughD. desulfuricansATCC 27774, the four hemes has an equal contribution to the intensity,
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we resolvedviy andvs into four sublines with equal areas 1642

(Table 3). The Raman spectra and results of the spectral 601 ® o 1, e
decomposition o1, along with the amount of ruffling of

the four hemes, are illustrated in Figure 7. The frequencies, 1638 - 1 v *

line widths, and uncertainties for the sublines are summarized 1636 °s 17

in Table 3. A potential problem arises with this approxima- <2 vo®

tion if the absorption spectra of the individual hemes differ = 1634 4 1 vv

significantly, and consequently, the resonance enhancement § 1632 | o
of the hemes differs markedly. However, the individual § v . v

bands are not shifted by thel A heme distortions by 1630 .
enough to significantly broaden the Soret absorption. Further
Raman spectra taken at 413.1 nm excitation indicate that
resonance enhancement differences introduce errors less thal 1626 4 1

1628 h

v v
the possible statistical error in the curve-fitting results for 1624 N
spectra taken at 406.7 nm. In fact, if the assumption of equal 00 02 04 06 08 10 12 00 02 04 06 08 10 12
areas is correct, the same band profile will emerge, and that ruffling (A) saddling (A)

is indeed the case (spectra not shown). The 413.1 NMpgyres: Correlation of the frequencies of the sublines gfwith
spectral decomposition data is included in Table 3. The theruf (right panel) andsad (left panel) deformations of each of

decomposition results fors are given to demonstrate the fct>ur_ he81es_ in tf(Ig)Xgay ClrySt_éI' lit'lr(ljmtut;es of ﬁyg)mgogmcifm
i i i Stralinsb. gigas , D. vulgaris Hildennorou , D. desultu-
g;)rz(szztﬁarj?éng:‘ti\t/gelinsg;ctral decompositions for different ricans Ang 27774 ¥), ar?d Dsm. baculatun%xlorway 4 ©).

For model metal porphyrinslé, 19, 40 and for some differences in the heme conformation betweenitaeulatum
heme proteins4®), structural heterogeneity causes complex cytochromesc; and the proteins from the other strains are
line shapes for the structure-sensitive Raman lines, especiallyalso evident in the line-shape changesoand many other
for v1o. In making the assumption that heterogeneity does lines in the low-frequency region (not showrm).
not play a role, we implicitly apply the direct observation As can be seen from Figure 7, the most obvious difference
that the range of ruffling that is observed in a particdar ~ between the spectra of theculatumstrains and that of the
protein matches the range of frequencies apparent in theother proteins is that the lowest frequency subline has a much
Raman line shape. In fact, the standard deviation in the lower frequency for th@aculaturmstrains than for the others.
ruffling of the four hemes correlates with the overall line This indicates a more distorted heme for thaculatum
width of v1o. This connection between the Raman data and strains than for the other cytochromes Detailed com-
NSD results is visible to the unaided eye in Figure 7; for parison of the Raman data with the NSD results allows us
the proteins for which there is a narrow distribution of to determine which of the four hemes is associated with each
rufflings of the heme, a broad but fairly symmetric line is subline and, thus, identify which heme is associated with
observed. On the other hand, when a broad distribution for the anomalously low-frequency subline of thaculatum
ruffling is seen, the line is very broad and asymmetric. strain.

Nonetheless, conformational heterogeneity could play arole  From model compound studies, we know that more
in the complex line shapes seen in the Raman data. Suchdistorted porphyrins exhibit lower frequencies for the
heme heterogeneity does influence the line shapes of thestructure-sensitive marker line$7 35). If we assume the
structure sensitive lines of cytochromes (46), but we ruffling is the important deformation in causing the downshift
suspect that the structural heterogeneity in this case is specialin the Raman lines, we can assign the lowest-frequency
For cytochromess,, heme structural heterogeneity is also subline to the most ruffled heme and so forth for the other
apparent in the normal-coordinate structural decompositionhemes. The frequencies of the sublines are then plotted
of the hemes of the crystal structures that are availd)le (  versus the amount of ruffling of the hemes in the X-ray
but not for most othec-type cytochromes. In addition, the crystal structures to see if this type of deformation gives a
distortions for cytochromes; are much smaller than for the  consistent set of correlations with the Raman frequencies
cytochromess, the H-bonding in the fingerprint peptide is  for all of the proteins. We can then independently carry out
weaker, and thus the hemes may have more flexibility. this procedure for the other types of heme deformations. The

From the NSD and MM calculations, the largest differ- resulting correlations of the frequencies with the amount of
ences in the conformations of hemes of the cytochrotges ruffling and saddling are shown in Figure 8. A good
are found in hemes 4. Specifically, the hemes of the correlation is found if we plot the frequencies with the
baculatumcytochromes; are mainly ruffled while the other  deformation (2 = 0.95). The same procedure for thad
proteins show a strong heme saddling. First, we notice thatdeformation gives no correlation (Figure 8, right panel). The
the frequencies of the lines, including, v3, andv,, of the correlation between the frequencies and the total distortion,
baculatum cytochromesc; are lower than those of the which primarily reflects the largeuf andsaddeformations,
proteins from the other strains (see Table 2). This is is much worserf = 0.79) than the corresponding correlation
consistent with a more nonplanar heme, or, alternatively, with ruffling alone. This suggests that ruffling is the
since there are four hemes, one or all of the hemes may bedominant factor that influences the structure-sensitive Raman
more nonplanar. In addition, a shoulder that appears on thelines. Figure 9 shows thag exhibits similar dependencies
low-frequency side ol in the spectra of thdaculatum on saddling and ruffling, with a correlatior’(= 0.90) only
strains (see Figure 7) indicates that one or a fraction of the in the case of ruffling. These results suggest that even large
hemes is significantly less planar than the others. The saddling has little or no effect on these modes.
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1510 structures of the native and mutant proteins, the Raman
. spectra should look much more like the other proteins than
o Norway 4. This is because the magnitude of the ruffling of
1 heme 4 is closer to that of thesulfuricansand vulgaris
strains and because the ruffling of heme 2 is more in line
v, with the other proteins.
o Effects of the Fingerprint Peptide Segment on Heme
Distortions. For c-type cytochromes, the fingerprint se-
. guence-Cys—X;—X;—Cys—His— (or —Cys—X;—X,—X3z—
X4—Cys—His—) is largely responsible for the distortion of
°y the heme groupg; 20). Analysis of the influence of natural
i v sequence variation and engineered mutations citype
cytochromes suggests that the structural origin of the heme
N e — distortion is most likely concentrated in this small segment
00 02 04 06 08 1.0 12 00 02 04 06 08 10 12 . . .
. o of the protein 8). RR studies and MM calculations for
ruffling (A) saddling (A) )
nickel(Il) cytochromec and model compounds further
. . support this hypothesi®(). Specifically, pH unfolding of
]Egﬁrrﬁfe(rgggtir? ?ﬁ: Ig(_e:gf,ls ?ggglt gﬁﬂg&gﬁ%g@?&%ﬁowﬁg of the secondary structure leads to a less _distortt_ad macrocyclg
strainsD. gigas(®), D. vulgaris Hildenborough ©), D. desulfu- presumable because the structure of this peptide segment is
ricans ATCC 27774 ), andDsm. baculatunNorway 4 7). relaxed. Clearly, the MM calculations and NSD results for
hemes 1, hemes 2, and hemes 4 of cytochrocadsom
There is other evidence from studies of model nonplanar different strains show that the fingerprint peptide segment

1508 4

1506

1504 -

1502 A

Frequency (em™)

1500

1498 4

1496 -

Ficure 9: Correlation of the frequencies of the sublines ivith

porphyrins 47) corroborating the weaker sensitivity of, alone is enough to induce the main deformations contributing
andvs to saddling compared to ruffling. An analysis of the to the distortions of these hemes.
Raman spectra and structural data for ruffled nickelse For hemes 3, the total distortion is smaller than for the

tetraalkylporphyrins 17) and mostly saddled nickel octa- other three hemes, and the fingerprint peptide segment by
alkyl-mesetetraphenyl-porphyrins3g) shows that saddling itself induces a distortion different from that of the crystal
has much less influence on the frequencies of the structuralstructure. However, adding the sixth ligand and fixing
marker lines. Specificallyys, vs, andv, show between 5  propionate oxygens in the calculations make the conforma-
and 20 times small dependence on saddling than on ruffling tion close to that of the crystal structure. This implies that,
(47). Unfortunatelyy1ois not observed for these porphyrins, for the hemes with relatively small distortions, not only the
but for other porphyrins the frequency dependenceef  fingerprint peptide segment but also the sixth ligand, the
on distortion is similar to that ofs. Furthermore, decom-  hydrogen bonds with the heme propionates, and, indeed, van
position ofv; gives almost the same results as obtained for der Waals contacts with the rest of the protein, all influence
v1o for the cytochromes;. The weak frequency dependence the heme conformation.

on saddling might have been expected based on the For hemes 1, when the perturbations of the sixth ligand
preeminence of C-CresoStretching in the potential-energy  and the fixed propionates are applied in the calculation, the
distribution of these marker lines. Ruffling causes consider- structures become less distorted and the agreement with the
able twisting about the £-Creso bond, whereas saddling  X-ray structure gets worse. However, energy optimization
does not. Resonance Raman studies designed to identifyof the heme with the whole protein fixed gives a heme
lines that are selectively sensitive to saddling would be conformation that is very close to that of the crystal structure

useful. (see Figure 10), implying that many heme contacts appear
On the basis of both the model compound results and theto have an influence. Some proteins, e.g., the peroxidases,
correlations in Figure 8, we assign the sublinesygf to exhibit large nonplanar heme distortions1( A) in the

specific hemes in the X-ray structures of the cytochromes absence of covalent links between the heme and the protein.
cs. The more ruffled the heme (longer bar), the lower the In this case, thenly mechanisms of distortion is through
frequency of the subline. In the case of thaculatum the van der Waals contacts and the axial ligands. Thus, it
proteins (Norway 4 and 9974), the distinctive spectra are ais not too surprising to find a heme incatype cytochrome
consequence of the excessive ruffling of hemes, especiallyfor which these interactions are also a major factor. None-
hemes 2 which gives the large downshift for the lowest theless, when all of the interactions are included, the correct
frequency subline. heme structure is calculated (Figure 10). Still, since the
The above analysis also has some value in predicting fingerprint peptide of heme 1 alone gives approximately the
structures and spectra. For instance, the heme ruffling for correct structure, it must still contribute strongly to the heme
the proteins whose crystal structures are not known can beconformation observed in the X-ray structure.
predicted by analyzing the line shapevgf and then applying On the other hand, for the highly distorted hemes 2 and
the correlation given in Figure 8. As examples, the predicted 4, addition of these structural perturbations has little further

ruffling of the hemes of cytochromes from D. desulfuri- effect. Higuchi and co-workersl) suggest that the heme
cansEssex 6 anddsm. baculatun®974 are given in Figure  puckering is not related to the number of residues inserted
7 (hemes 2> hemes 1, 4 hemes 3). between the cysteine residues for hemes 4 but is probably

We can also predict the Raman spectrum of the structure-caused by the steric hindrance imposed by the bulky side
sensitive lines of theaculatumstrain (NCIB 8310) for which chains around the hemes. Our work agrees with this
data is not available. On the basis of the NSD of the crystal conclusion in its simplest form, i.e., the number of amino
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o ’ Table 4: Heme Assignments f@. gigas D. wulgaris, andDsm.

B i 2 baculatumTetraheme Cytochromes Based on the Magnitude of
77770000007 Ruffling and Other Properti@g50)
X-ray redox potentials
organism el e2 e3 e4
©
g D. gigag h1 h2 h3 h4
- ruffling _ h2 hl h3 h4
) total distortion h2 h1 h4 h3
calculated D. wulgaris® h3 h2 hl h4
ruffling h2 hl h4 h3
total distortion h4 h2 hl h3
Dsm. baculaturh h2 hl h4 h3
— ruffling h2 hl or h4 h4 or hl h3
total distortion h2 h4 hl h3
a Self-consistent global assignments based on X-ray structural data
for histidine ligand orientation, EPR, chemical modification, and degree
of exposure to solven().
Bl
- centers, a number of other influences can obscure this
dependence. For example, differences in axial ligation
calculated (ligand orientation, H-bonding of axial ligands to protein,
etc.) can occur, and these differences will influence poten-
= tials. In addition, it is not clear how Fe reduction potentials
: ' ' ' : ' ' are influenced by nonplanarity since model compound studies
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

have focused mainly on porphyrin ring potentials.
Nevertheless, it is interesting to predict the ordering of
FiIGURE 10: Out-of-plane displacements (minimal basis) for hemes redox potentials based solely on the magnitude of ruffling
1 in the X-ray crystal and energy-optimized structures of cyto- and compare this to previous attempts to assign specific
ﬂgrc\’,vrg?’szs (fécc’?) S(tlrg;?)D-Tr?égae?] élrg;gi)gm?zel);“;irl?;ﬁ‘:éeguvn\?ere hemes to the redox potentials. The potentials of the hemes
obtained by minimization of the whole protein. vary from about-350 to—70 mV. Table 4 gives Fhe he”.‘e .
assignments to the measured redox potentials (increasing in
acids alone does not determine the heme structure. Howeverth€ order el= e2 = e3 < e4) based on ruffling and on total
heme distortion. These assignments should be compared to

stated in a more general way, tlwnformationof the , i . lobal ) based h
fingerprint segment structure does largely determine the hemePr€Vvious seli-consistent global assignments based on three
ethods, including EPR data and X-ray data for the

structure, and the number of amino acids has a large influence M ; ) : e
on conformation of the segment. Except possibly in the caseorientation of the histidine ligands, chemical modification,

of hemes 1, our work strongly indicates the primary role of 21d the degree of heme solvent exposiusé).( These
the fingerprint peptide. Furthermore, the deletion of two 2SSignments are also given in Table 4. Given the ambiguity

residues between the cysteines for thaculatumstrain 0 the global assignments, the agreement of assignments
makes the conformation of hemes 4 different from that for based on distortion is generally consistent with those based
other strains. Although the conformational change of hemes ©n Other considerations. Thus, ruffling probably enhances
4 of the baculatumstrain may not be simply ascribed to the effect of these other properties in lowering the potentials
change in the number of residues between the cysteines, th@' the hemes.

number certainly changes the folding of the fingerprint
peptide segment. Furthermore, MM calculations suggest thatSUMNIARY AND CONCLUSIONS

the van der Waals contacts between the fingerprint peptide  The nonplanarity of the hemes in cytochroragis mainly
and the heme play a major role. This is demonstrated by caused by a fingerprint peptide segment including two
calculations in which the peptide is deleted and the heme- cysteines, the amino acids between the cysteines, and the
peptide attachment points are fixed. In these calculations proximal histidine. The histidine sixth ligand and interac-
the heme minimizes to a nearly planar conformation despite tions hetween the heme propionates and the rest of the protein
the constraints4g). Thus, itis not simply the difference in  nfluence the heme conformation to a lesser extent. Factors
the number of amino acids, but the resulting differences in that influence the folding pattern of the fingerprint peptide
the folding of the fingerprint peptide and the consequent segment and other peptide-heme contacts also influence the
differences in the peptide-heme contacts that are importantheme conformation. Some of the structural differences
in determining the heme structure. between cytochromes; of the baculatumstrain and other
Correlations between Heme Structure and Fe Reduction strains that are uncovered by the NSD results for the X-ray
Potentials. In most cases, no simple relationship between structures are also observed in the RR spectra. The overall
metal reduction potentials and either heme Raman frequen-frequencies of the structure-sensitive lineg ¢, andv,) in
cies or nonplanar distortion is foundd). However, an the high-frequency region of the RR spectra are lower for
influence of heme nonplanarity on redox potentiais Dsm. baculatunfNorway 4 and 9974) cytochromegthan
expected because model porphyrin studies have shown suclthose for D. gigas D. wulgaris, and D. desulfuricans
an effect on ring redox potentialdX, 22. For metal redox  consistent with a more ruffled heme. Spectral decomposi-

Displacement (A)
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tions of the structure-sensitive lines andv, indicate that
ruffling rather than saddling is the dominant factor in
determining the frequencies, in agreement with model
compound Raman and X-ray structural data. The distinctive
spectra of théaculatumproteins are a consequence of hemes
2 and 4 being excessively ruffled. On the basis of the

ruffling in the X-ray structures, the hemes can be assigned
to sublines in the Raman line shapes and to the reported

microscopic redox potentials.
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