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ABSTRACT. Resonance Raman spectrdbof complexes and isolated subunit fromRhodobacter capsulatus

have been obtained using a variety of excitation wavelengths. Spectra obtained via Q-band excitation of
bc; complexes in different redox states were separated to yield the individual vibrational spectra of each
of the three heme active sites. Henlgsand c; exhibit vibrational spectra typical df- and c-type

hemes, respectively. In contrast, the spectrum of hbmis anomalous with respect to those of other
hemed. The isolated spectra were also used to assess the effects of inhibitor binding on the local structural
environments of the hemes. Neither antimycin nor myxothiazol binding produces dramatic structural
perturbations at the hemes. Hemes completely unaffected by the presence of either inhibitor. The
vibrational spectra of hemésy and b. are slightly altered by antimycin and myxothiazol binding,
respectively.

The cytochroméoc, complexes (complex Il1, ubiquinel Q-cycle model (Figure 1) postulates a branched electron
cytochromec oxidoreductase) comprise a superfamily of transfer pathway with two separate substrate binding sites:
integral membrane proteins which play pivotal roles in the Q,, the quinol oxidation site, and;Qhe quinone reduction
electron transport chains of mitochondria, chloroplasts, and site. The sequential oxidation of two quinols occurs at the
bacteria (Knaff, 1993; Hauska et al., 1983; Brandt & Q,site near the ironsulfur cluster and a low potential heme
Trumpower, 1994). Allbc; complexes contain a core of b.. The two electrons removed from each quinols at the Q
three redox-active proteins (Brandt & Trumpower, 1994), site are gated into high- and low-potential chains of one-
harboring a total of four redox-active sites (three hemes andelectron redox couples. The high-potential pathway through
one FeS cluster). Thiac; complexes used in this study are the FeS cluster andatype heme (cytochrom®) ultimately
isolated from the photosynthetic purple bacteriiRhodo- leads to reduction of a soluble cytochrome, while electrons
bacter capsulatus These complexes are structurally, spec- transferred via the low-potential pathway through the two
troscopically, and functionally similar to their mitochondrial b-type hemes are utilized to regenerate quinol at theit®.
counterpart but have only three subunits (as opposee1d.9 During the past two decades, physical, biochemical, and
subunits in the mitochondridic; complex). This greatly = spectroscopic investigations have done much to clarify the
simplifies both the protein chemistry and genetic manipula- relative positions and general equilibrium structures of the
tion of the bacterial complexes (Knaff, 1993; Gray et al., four redox-active prosthetic groups of tihe; complexes.
1992; Gennis et al., 1993; Davidson et al., 1992). In bacterialbc, complexes (Yun et al., 1991, 1992; Robertson

Cytochromebc; complexes perform multiple functions. et al., 1994; Hobbs et al., 1990; Gray et al., 1992; Chen et
They catalyze the flow of electrons from a quinol to a soluble al., 1995; Beattie et al., 1994), the cytochrolmsubunit is
redox protein (either a-type cytochrome or, in the case of composed of eight membrane-spanning helices and contains
the related cytochromésf complex, a plastocyanin) and two inequivalenb-type (protoheme) hemes (Yun et al., 1991;
couple the exogenicity of this electron transfer to proton Daldal et al.,, 1989) that differ in botlE, values and
translocation across the membrane in which the complex isabsorption spectra. These two hemes are usually designated
imbedded (Knaff, 1993). The mechanisms of these processedy their redox potentials as herbg (high potential E, =
have been the subjects of intense scrutiny over the past three-40 mV in R.c.bg)? and hemeo, (low potential, E,, =
decades and can be both qualitatively and quantitatively —90 mV). A singlec-type heme E,, = +290 mV) resides
understood in term of the modified Q-cycle model [see, for in the cytochromec; subunit (Knaff, 1993; Davidson &
example, Crofts and Wang (1989), Trumpower (1990) Daldal, 1987). The irorsulfur subunit contains a single
Mitchell (1976) and Brandt and Trumpower, (1994)]. The 2Fe-2S (Rieske-type) ironsulfur cluster. As the flow of
electrons in thdoc; complex requires the intimate participa-
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2H* bind at or near the Qsite, proximal to hemdy. and the

iron—sulfur cluster.
QH2
@1\5-
Q
e

Long-range structural interactions can, in principle, alter
the structure of active sites in mechanistically important
ways. For instance, allosteric interactions play prominent
roles in the function of hemoglobins (Rousseau & Friedman,
1988) and cytochrome oxidase (Babcock, 1988). While
the magnetic and optical spectra of the hemesba
complexes offer no indications of direct electronic coupling,
some evidence does exist for long-range heimeme
interactions. For example, the binding of inhibitors to the
Q and Q sites affects the absorption spectra (Kunz &
Konstantinov, 1983; Howell & Robertson, 1993), EPR
signals (McCurley et al., 1990), and redox potentials (Howell

Ficure 1: Schematic of thebc, complex modified Q-cycle & Robertson, 1993) of the putative proximal henia and

mechanism. The membrane embedded protein has three hemé)L,_respectively). The_se perturbations_ are small_but clearly
prosthetic groups denoted by, by, andc; (cycles), one iror indicate a reorganization of heme environments in response

sulfur cluster shown as FeS (star). The postulated quinol oxidation to inhibitor binding (Howell & Robertson, 1993). Evidence
site Q and quinone reduction site; @re depicted as polygons.  for even longer-range interactions can be found in the slight
[Adapted from Gennis et al. (1993) ] perturbation of the absorption spectra of the distal hemes
induced by inhibitor binding. Redox cooperativity, if it exists

fqr a.complete mechanistic pictL_lre of electron transfer within at all, among the hemes has been shown to be less than 100
this important energy-transducing complex. mV (Rich et al., 1990).

In the absence of a crystal structure, only a general picture
exists of the local structures of the heme active sites (Knaff
1993) for bc; complexes. The specific amino acid side
chains serving as ligands for thg andb,. hemes are four
histidines (i.e., a pair of histidines serve as axial ligands for
each heme). The results of near-infrared MCD (Finnegan
et al., 1996; Simpkin et al., 1989), EPR (Carter et al., 1981),
and mutagenesis studies (Yun et al., 1991; Hauska &

Herrmann, 1988; Gennis et al., 1993) are all consistent with roducing a detailed reaction mechanism of the dioxygen

this assignment. Sequence comparisons across the famil : : ;

; eduction at the cytochronag/Cus site (Babcock & Varotsis,
O.f c'yt.ochromes b (Yun et al.,, 1991) yield fpur conser'ved 1993; Takahashi et al., 1994). The present study obthe
histidines (H97, H111, H198, and H212) which are obvious complexes seeks to emulate the initial Cco studies (Babcock,

candidates for the heme b axial ligands. These residues 0CC”&988) by utilizing selective resonance enhancement to isolate

within transmembrane helices 1l and IV of cytochrotne ;

S the RR spectra of thby, b, andc; hemes. Once isolated,
(Knaff, 1998). In order to accommodate heme ligation by e jngividual heme spectra are used to characterize the
the conserved histidines, these helices must be adjacent an flects of the binding of various ET inhibitors on the

parallel to each other and the hemes must lie in close structures of the hemes.
proximity to each other within the same interhelical space
(Gennis et al., 1993). However, the structural differences \JATERIALS AND METHODS
giving rise to the considerable variationkg, between these
hemes remain a subject of debate. Histidine/methionine axial Rb. capsulatus bccomplexes were isolated according to
ligation appears most likely for the heneeactive site of the previously described methods (Gray et al., 1992)bu
cytochromec; (Lou et al., 1993; Knaff, 1993; Gray et al., et al., 1993). Rb capsulatuscytochromec; was separated
1992). However, recent near-IR MCD evidence (Finnegan from thebc; complex and purified as described previously
et al., 1996) suggests that a potential coordinating residue-(Finnegan et al., 1996; Gray et al., 1992). All purified
(s) other than methionine is(are) sufficiently close to the heme protein samples were stored at 77 K until used. Antimycin
i1 to serve as an alternative axial ligand either when solvent and myxothiazol were purchased from Sigma Chemical Co.
perturbation occurs or in mutants in which the native (St. Louis, MO). All other reagents were obtained from
methionine axial ligand has been replaced by a nonligandingcommercial sources and were the highest quality available.
amino acid. The be, purification protocol produces samples with a
The electron transfer functions b€ complexes can also  mixture ofc; (+2/4-3) redox states and were further treated
be affected by the binding of inhibitors. There are two sets to manipulate the net redox state of hemes. Fully oxidized
of inhibitors which will block the electron transfer pathway (all ferric hemes), partially reduced,[+2), by(+2/+3), and
within the bc; complexes (Slater, 1973; Link et al., 1993; b (+3)] and fully reduced (all ferrous hemes) samples were
Howell & Robertson, 1993; Gennis et al., 1993; Daldal et prepared by the addition of minimal amounts of solid
al., 1989). Antimycin, funiculosin, and related inhibitors potassium ferricyanide, sodium ascorbate, and sodium dithion-
block the reduction of the quinone and are thought to bind ite, respectively, to solutions &fc; complexes buffered to a
at or near the ¢xite, located near the herbg. Another set pH of 8.0 (in 50 mM Tris-HCI, 100 mM NaCl, and 0.1 mg/
of inhibitors, including myxothiazol, stigmatellin, and mL dodecyl maltoside solutions). Anaerobic conditions were
UHDBT, blocks the oxidation of quinol and is presumed to employed for manipulation of the partially and fully reduced

Membrane

4H+

Resonance Raman spectroscopy (RRS) provides a direct
' means of assessing the structural characteristics of chro-
mophores in proteins (Spiro & Li, 1988) and has been proven
particularly effective in probing the local environments of
hemes (most notably heme axial ligation and direct protein
environment/heme interactions). For instance, the application
of RRS to elucidate the equilibrium structures and structural
dynamics of cytochrome oxidase has aided immensely in
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samples. Samples for Raman spectroscopy were prepared
by mixing stock solutions (2625 uL) of protein (140-150 ! L
uM) with a minimal amount of solid reductant (sodium @ .
dithionite or sodium ascorbate) in sealed capillary tubes.
Where applicable, inhibitors were mixed with stock samples
using -3 uL of concentrated ethanol (or DMSO) solution
immediately before they were transferred to the sample tubes
and reduced. Control samples were made from identical
solutions without the inhibitors and monitored to ensure that
the addition of ethanol (DMSO) did not affect the, spectra
under the experimental conditions employed. The strong 1:1
binding of antimycin to the complex was verified by
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absorption and luminescence quenching titrations (Slater, ®
1973) using a Perkin-Elmer Lambda 19 UV/is/NIR absorp- o e e Tt e o o Lo e o e
tion and a Perkin-Elmer LS-5 fluorescence spectrophotom- Nanometers Nanometers

eter.

111
Resonance Raman spectra were obtained using a laser

photonics UV24 nitrogen-pumped dye laser (tunable range
380-830 nm) via a backscattering geometry and dispersed
in a Chromex 5001S spectrometer (Chromex, Albuquerque, -
NM) with a liquid nitrogen-cooled CCD detector (Princeton
Instruments, Inc. LN/CCD). This system producetlO-ns
pulses of 0.3-0.5 mJ/pulse at 1615 Hz. Cylindrical lenses
were used to focus the beam at the sample. Long-passfilters | ,
(CVI Laser, Albuquerque, NM) were used to remove the
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background scattering light from the sample where ap- @
plicable. Raman spectra were processed with Chromsoft L P P W e P O
(version 2.31). Toluene and benzene were used for spectral Nanometers Nanometers

calibration. Raman difference spectroscopy (RDS) was FIGURE 2: (Panels | and Il) Absorption spectra of R.c

. . . i _ complexes and isolateg subunits. (1) B-band region of (a) ferric
performed at Sandia National Laboratories with instrumenta ¢, subunit, (b) ferricoc, complex, (c) ferrous; subunit, (d)be,

tion described elsewhere (Shelnutt et al., 1981). Some of complex immediately after addition of ascorbate, fe) complex
the spectral analyses were performed by using Grams/3862 h after ascorbate addition, and (f) ferrdacs complexes reduced

software (Galactic Industries Corp.). with dithionite. (II) Q-band region of the same samples as panel
I. (Panels Il and IV) Isolated absorption spectra of hemes. (lll)
RESULTS AND DISCUSSION B-band region of (a) isolated ferrosgsubunit, (b)oy (ferrous)+

. b_ (ferrous) obtained by weighted subtraction of trace c from trace
(1) Isolation of Heme Spectra fin panel I. (IV) Q-band region: (a) and (b) from the same samples
As all three hemes ibc; complexes are low-spin and six-  as in panel I, (c) ferrou$y spectrum obtained by subtraction of
coordinate (Finnegan et al., 1996), they exhibit qualitatively trace d from trace e in panel Il, and (d) ferrduysspectrum obtained
similar optical spectra. It is important to isolate the spectra %fgfggﬁﬁ?ﬂ?&ﬁﬁ _ﬁrifsrf’ﬁcflral%% ?n',\r}l mfcﬁ),a;r%bb.sfﬂgm
of the mdmdual hemes in order to further identify and (wiv) dodecyl maltoside, pH 8.0. Thec; sample was in 25 mM
characterize the local structure of the heme pockets and anyTris-HCI (pH 8.0), 1 mM DTT, 1 mM EDTA, and 0.25% (w/v)
structural changes occurring at these sites. Fortunately, thecholate.
c1, by, and b, hemes exhibit widely separated reduction
potentials. Thus, careful comparisons ambogcomplexes shift) and a dramatic increase in the oscillator strength of
prepared in different redox states can be used to deconvolutghe Qo and Q transitions at~555 and~525 nm, respec-
the net optical spectra. tively. The combined spectrdf(+2) + b (+2)] can be

(A) Absorption Spectra.Figure 2 shows the absorption obtained (see trace b of Figure 2, panel Ill) by subtraction
spectra obtained from isolated ferrous and fecrisubunits of appropriatec; spectra from that of fully reduced complex.
andbc, complexes in their oxidizedo[ (+3), bu(+3), and It is apparent from the difference spectrum thathkHeemes
c1(+3)], ascorbate-E° = 58 mV) reducedH (+3), by(+3/ exhibit pronounced red shifts relative to hemefor both
+2), andcy(+2)], and dithionite- E® = 527 mV) reduced  sets of transitions. Further isolation of the spectra to obtain
[bL(#+2), bu(+2), and ci(+2)] forms. Here the “fresh”  the individualby andb. contributions in the B-band region
ascorbate-reduced spectrum refers to the spectrum takers complicated by the presence of spectral contributions from
immediately after adding the reductant. The relatively all six heme species (ferric and ferrous). In the Q-band
narrow band at-552 nm indicates that only cytochrome region, however, the ferrous hemes dominate the spectrum
is reduced at this stage. The “aged” spectrum was obtainedand the @ transitions of the ferrous hemes are distinct
2 h after adding ascorbate. The shoulder&60 nm in enough to extract their individual contributions to the
this spectrum is a clear indication of the partial reduction of composite band at 556665 nm. Figure 2, panel IV shows
theby heme. The qualitative effects of progressive reduction the isolated @ bands for ferrous;, by, andb.. Table 1
of the hemes in thbc; complex are readily seen in behavior summarizes the results of the absorption spectrum decon-
of both the B-band (408450 nm) and Q-band (566600 volution.
nm) regions of the heme optical spectra. Iron reduction The distinct @, bands and widely different redox
produces a general shift in the B-band to lower energy (red potentials of heme&y and b. clearly indicate that their
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Table 1: Qo Absorption Spectra for Reduced Species_df Table 2: B-Band RR Modes fdRh capsulatus ¢andbc,
capsulatus Complexes
B (nm) Qo (Nm) Q1 (nm) va(cm™)  wvz(ecm?l)  wvy(cml)  wie(cml)
¢ (isolated) 416.4 551.9 523.1 bc, oxidized 1375 1507 1584 1642
1 (in bcy) 551.7 523.3 bc, reduced 1362 1494 1586 1619
by + b 428.5 560.2 530.5 ¢, oxidized 1375 1507 1586 1636
by 559.9 ¢, reduced 1362 1494 1585 1619
b 558.0, 564.5

complexes are generally consistent with those obtained from
low-spin six-coordinate hemes and closely resemble analo-
gous spectra dfic; complexes from mitochondria and other
bacterial sources (Hobbs et al., 1990). Unfortunately, as all
three hemes exhibit very similar B-band transitions, the
resonance enhancements of scattering from different hemes
: : display little selectivity. Thus, resonance selectivity could

| e | not be employed to isolate the contributions from the

= ’ individual hemes. Attempts to isolate the RR spectra
obtained at a single excitation (406 nm), via subtraction
protocols similar to those used above for absorption spectra,
were significantly complicated by the fact that both ferric
and ferrous hemes scatter efficiently with B-band excitation.

The distinct separation of the hemgo®ands (Figure 2,

Ficure 3: Q-band resonance Raman spectra of Bcccomplexes panel 1) offers a far more promising means of isolating
and isolatedc; subunits. (l) Spectra gf ferrousg comglexes the.wpratlonal spectra of t.he lndIVI'duaI hemes, .Q-band
obtained with (a) 550-nm, (b) 560-nm, or (c) 565-nm excitation. EXcitation enhances scattering from inversely polarized and
(1) Spectra of ascorbate reducbd, complexes (aged) at (a) 550- depolarized modes via the Herzbeifeller mechanism and
nm, (b) 560-nm, and (c) 565-nm excitation. (lll) Spectra of ferrous thus yields spectra that complement those obtained via
¢, subunits at (a) 550-nm or (b) 560-nm excitation. Sample B_hand excitation (Hu et al., 1993). In particular, the

preparation was the same as in Figure 2 with a protein concentration .
of ~150uM. Laser power of~8 mW at 10 Hz was used. Long prominent modes at-1305, 1315, 1340, 1540, and 1585

wave pass filter SOG-570 (CVI Laser) was used with 550-nm CM™* correspond td, or Aog symmetry modes that are absent
excitation, and LP-580 long wave pass filter (CVI Laser) was used or weakly present in B-band spectra. Figure 3 shows the

with 560- and 565-nm excitation to minimize background n_oise. dependence of the spectra of variobs, species upon
Spectra were accumulated for-105 min at a spectral resolution oy itation wavelength at the@region (556-565 nm). In
of ~4 cnrl, o -
contrast to B-band excitation, only ferrous hemes exhibit

local environments are quite different. Thex* bands of appreciable absorbance in the 58¥0-nm region and thus
cytochromec; are typical of ac-type heme and are largely they are the only contributors to the resonance Raman
unaffected by dissociation of the cytochromesubunit from spectra. Varying excitation wavelength through the Q-band
the rest of the complex. As a cladstype hemes exhibit  has a dramatic effect on the positions and relative intensities
optical spectra that are red-shifted relativecttype hemes  of the observed composite spectra. Of particular interest are
(Otsuka & Yamanaka, 1988). The vinyl substituent of b-type the trio of bands from 1300 to 1350 cf which can be
hemes, due to its conjugation with the ring and its electron- used to quantify the relative contributions of hemeand
withdrawing properties, contributes most to the red shift, but the b hemes (see below), and thg band at~1540 cn?,
the His/Hisvs His/Met ligation may also affect the energies which is particularly sensitive to the nature of heme axial
of the porphyrin transitions. In addition, both and b_ ligands (Othman et al., 1994; Lou et al., 1993; Hobbs et al.,
exhibit inhomogeneously broadened bands. brpthe effect 1990; Desbhois & Lutz, 1992). The strong band~&t315
is quite pronounced, producing two distingge®ands at 558 cm! in the 550-nm excitation spectra is diagnostic for
and 565 nm. A careful electrochemical/spectral study of the thioether linkages at the heme periphery, while the presence
b-heme spectra of a mitochondrial cytochrobog complex of two bands at~1300 and~1340 cn1? arises from a Fermi
by Howell and Robertson (1993) showed thattth&ehavior resonance between thel315-cnt! porphyrin skeletal mode
resulted from both the splitting of henxgy degeneracy and  and the bending mode®{n— and d=cny,) of the vinyl
the existence of at least two distinct local protein conforma- substituents of hemb (Lou et al., 1993; Kitagawa et al.,
tions. The putative,y splitting in hemeby is considerably 1977; Hobbs et al., 1990; Adar & Erecinska, 1974). The
less and no evidence was found for subpopulations. None-relative intensities of these modes in the composite spectra
theless, the inhomogeneity displayed by bd#hemes of b complexes show that spectra obtained with 550-nm
suggests that both inhabit structurally flexible protein pockets. excitation are dominated by scattering from herpewhile

(B) Resonance Raman Specti@esonance Raman spectra with 560- and 565-nm excitation, modes from théemes
were obtained fobc, complexes in various redox states using predominate (Table 3). Furthermore, the high S/N ratio and
both B-band (data not shown) and Q-band (Figure 3) excitation wavelength dependence of the Q-band spectra
excitation. Spectra obtained with 406-nm excitation (sum- permits their separation into the individual spectréqfby,
marized in Table 2) are dominated by A-term scattering from andc; (see Figure 4 caption for details). The results of this
polarized fg) and depolarizedB;) heme modes corre-  analysis are shown in Figure 4 and summarized in Table 3.
sponding primarily to in-plane porphyrin ring vibrations (Hu These individual spectra clearly reveal significant structural
et al., 1993). B-band spectra for the oxidized and reduced differences among the;, by, andb, hemes.

Lbc,+dithionite 1Lbc,+ascorbate IILc,+ascorbate

NN

(a)550nm : ;, (a)550nm

i (@550nm
;

(b)560nm
(b)560nm
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Relative Intensity
Relative Intensity

(©)565nm [}

()565nm [}
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Ficure 4: Isolated Q-band RR spectra (baseline-corrected) for
ferrousbc; hemes (af; subunit (550 nm), (bg; subunit (560 nm),

(c) ferrous heméoy spectrum (560 nm) obtained by the weighted
subtraction of the ferrous; subunit spectrum at 560 nm (Figure 3,
trace b in panel Ill) from the ascorbate reduced (aged¥spectrum

at 560 nm (Figure 3, trace b in panel ll), (d) ferrous hebe
spectrum (560 nm), obtained by subtracting both ferrous subunit
c: (Figure 3, trace b in panel Ill) and ferrous hebyespectra (trace

¢, this figure) from the spectrum of the dithionite-redudes
complex (Figure 3, trace c in panel 1), (e) ferrous hdmepectrum

1300
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(~1530-1540 cn1?l) relative to those ofc-type hemes
(~1545 cn1?l) (Kitagawa et al., 1977; Adar & Erecinska,
1974). Separation of the individulal andb, spectra reveals
that the twob-type hemes are quite distinctive. While the
positions of thevig bands, and thus the heme core size are
the same, the position and relative intensityvgf differ
markedly for the twd-hemes. Heméby exhibits av;1 band
(~1536 cm?) similar to that of cytochrombs (~1538 cm'?)
(Adar & Erecinska, 1974; Hobbs et al., 1990), wHilehas
an anomalously lower energy; even forb-type hemes. In
fact, the position ofvy; for heme b, (~1528 cm?) is
approximated only by iron protoporphyrin bis(imidazole)
complexes [Fe(Il)PP(ImH)where one or both of the ligands
are deprotonated (Desbois & Lutz, 1992).

A comprehensive study of protoporphyrin model com-
plexes by Debois and Lutz (1992) revealed a systematic
correlation between heme modes and imidazole protonation
states. v;; was found to be extremely sensitive to this
phenomenon, shifting from 1533 to 1526 to 1517 ¢rfor
the Fe(I)PP(ImHy, Fe(Il)PP(ImH)(InT), and Fe(ll)PP(Im),
species, respectively. The Q- and B-band absorption spec-
trum of Fe(ll)PP(ImH) complexes also showed a red shift
on ligand deprotonation. In addition, the deprotonation of
the ligands can also be expected to decrease the heme redox
potential substantially. Thus, we conclude that the anoma-
lous spectra behavior of hentg most likely arises from

at 565-nm excitation obtained by subtracting the ascorbate-reducedthe geprotonation (or strong hydrogen bonding) of at least

bc; spectrum (Figure 3, trace c in panel Il) from the dithionite-
reducedbg; spectrum (Figure 3, trace c in panel I).

RR spectra of ferrous heneg (Figure 4a) are generally
similar to those of soluble cytochromegLou et al., 1993;
Kitagawa et al., 1977; Hobbs et al., 1990; Adar & Erecinska,

one of its histidine ligands. A scenario where hdmexists
as a heme(ImH)= heme(ImH)(Ini~---H*) equilibrium
readily explains the extremely low frequeney, the split
Qoo absorption band and the low redox potential of heme
b.. As the K, of the histidine ImH==Im~ equilibrium is

1974). The positions of the high-frequency modes are quite >14 (Moore & Pettigrew, 1990), heme exposure to solvent

consistent with a low-spin six-coordinate heme site. Closer
examination of the hemg spectrum reveals some systematic
differences between the heme of cytochrarnand that of
horse heart cytochrome These are most evident in the
behavior of the heme core size-sensitive modegsandvg.
Those modes (particularby ;) have been shown to be quite
sensitive to the nature of the heme axial ligands in a wide
variety of six-coordinate heme proteins (Othman et al., 1994;
Lou et al., 1993; Kitagawa et al., 1977; Hobbs et al., 1990;
Desbois & Lutz, 1992; Desbois, 1994; Adar & Erecinska,
1974). Qualitatively, the positions and relative intensities
of v1; andvig more closely resemble those of cytochrome
at neutral pH (His/Met ligation) (Othman et al., 1994; Lou
et al., 1993; Kitagawa et al., 1977; Adar & Erecinska, 1974).
However, the position of;; is downshifted by~4 cnm?,
while vy is slightly upshifted £2 cn?) for R.c.c; (v11 ~
1543 cm?t, vi9 ~ 1586 cnmt) compared to cytochrome
(vi1~ 1547 cmit, vi9 ~ 1584 cmtY). This at least partially

conditions cannot produce the observed effects. Instead, the
local protein environment of hentg must be poised to lower

the K, of at least one of the axial imidazoles and supply a
nearby strong nucleophile (perhaps Asp, Arg, or Lys). Itis
tempting to speculate that this putative mechanism for proton
abstraction could also provide a direct means of coupling
electron transfer and proton pumping within the com-
plexes.

Allosteric interactions among hemes have been observed
in many different classes of multiheme proteins. The data
obtained in this study can be used to probe the existence of
similar phenomena ibc; complexes. Isolated RR spectra
can be generated for hentg in either the fully reduced
and ascorbate reduced (“agedi§; complexes (data not
shown). These spectra can, in turn, be used to assess the
degree to which the ferrous herbg local environment is
sensitive to the redox state of herbe Our data indicate
that, at least under our experimental conditions, the heme

reflects the heme pocket environmental differences betweenp,, spectrum is unaffected by changing the hemeedox

the R.c.c; and horse heart cytochrome Furthermore,
spectra of heme; obtained via subtraction dic, spectra
are almost identical to those obtained from isolated cyto-
chromec;.

Spectra of fully reducedc; complexes obtained with
~560-nm excitation are consistent with the fundamental
structural differences between henteandc. In general,

state. These findings are consistent with the lack of
electronic and redox coupling between the two hemes and
suggest direct interactions between ferrous hememndb,

are minimal.

(1) Effects of Inhibitor Binding
Resonance Raman spectroscopy was used to probe whether

b-hemes possess free vinyl groups (indicated by bands ator not the binding of electron transfer inhibitors b

~1300 and 1340 cni) and nitrogen axial ligands. As a
result of their axial ligation, they characteristically exhibit
more intensevy; bands which occur at lower energy

complexes produced any structural perturbations of the heme
active sites. Both Qand Q inhibitors were used in this
investigation.
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Table 3: Q-Band RR Modes for Fully ReducBith. capsulatus bcComplex andc; Subunit

raw spectra isolated heme spectra

mode €1, 550 nm bc, 550 nm bc;, 560 nm bc, 565 nm C1 by b,
O(cn=) (cm™) 1302 1302 1302 1301 1302
Vo1 (cmt) 1316 1316 1316 1315
O(=chy2)) (ML) 1339 1339 1339 1339 1340
O(cHy (M) 1363 1363 1363 1363 1363 1364 1363
Va0 (CMY) 1397 1395 1393 1390 1397 1395 1390
i1 (cmy) 1543 1543 1537 1533 1543 1536 1528
vig(cm?) 1586 1586 1586 1586 1586 1586 1586
vio(cm1) 1624 1624 1623 1622 1624 1623 1622

Va Spectra of the complete high-frequency region of fully

reducedbcg; complexes with and without bound antimycin
(Figure 5) show that inhibitor binding produces no dramatic
alteration of the composite heme spectrum. It is clear that
none of the hemes in the protein undergoes a change in spin
state or axial ligand. RDS of both the fully (dithionite) and
partially (ascorbate) reducebc; complex reveals small
differences in the composite band. For the fully reduced

bc; complexes, the RDS spectrum & reveals a small
MWMMW structural perturbation of at least one of the reduced hemes
upon antimycin binding. The partially reduced species

exhibits two distinct bands at;, reflecting the reduced hemes
(c; and a fraction of by) and the oxidized hemed( and
remainder oby) at 1360 and 1372 cm, respectively. The
broad peak-to-trough separation in the difference spectrum
almost surely arises from an increase in the net fraction of
reduced heme in the plus antimycin sample. The indepen-
dence of this phenomenon on laser power (data not shown)
precludes photoreduction as the origin of the additional
reduction. We spectulate that the increased relative intensity
at ~1360 cn1? arises from a slight increase Iy redox
potential as a result of antimycin binding. Similar behavior
has been observed in the absorption spectra of a mitochon-
Ficure 5: Raman difference spectra (baseline-correctedpaf  drial bc; complex subsequent to antimycin binding (Howell

Relative Intensity

T T — T
1400 1500 1600

Raman Shift (cm™)

complexest antimycin spectra. (a) Fully reduced; + antimycin, & Robertson, 1993)
(b) fully reducedbc,, no antimycin, (c) difference spectrum [(&) ’ e . o
(b)], (d) ascorbate-reducédat; complexest antimycin, (€) ascor- RR spectra obtained with Q-band excitation are much less

bate-reducetic; complexes, no antimycin, (f) difference spectrum ambiguous concerning the effects of antimycin binding.
[(d) — (e)]. Pairs of spectra were simultaneously obtained from Figure 6 shows the raw spectra obtained flaencomplexes

sample in a customized rotating split cell. Samples were degassed, ; ; . ; . o
with N in a glove bag, and inhibitor or blank solvent (DMSO) duith and without the bound inhibitor, using various excitation

was added under anaerobic conditions immediately before measureWavelengths within the g absorption band. Here again it
ment. Final sample solution was30 uM bc, complexes in 50 is clear that none of the hemes undergo dramatic structural
mM Tris-HCI (pH 8.0), 100 mM NaCl, 0.1 mg/mL dodecyl perturbation upon antimycin binding. However, careful
maltoside, ~5% (v/v) DMSO, and 50uM antimycin (where gy ptraction of calibrated spectra reveals systematic changes
ﬁ%p!%?ﬁéegf ilzz;sg(r:;r?gv:tr ;Vé"scé?rgimw at406 nm. Spectraare  , gpecira obtained in resonance with theeme absorption
(560 and 565 nm) that are largely absent in the 550-nm
. . . L excitation data: a complex difference pattern is seen in the
Antimycin is representative of mh@tors thgt block electron 1500-1650-cnT™ region, which apparently involvess, vos,
flow to the Q site (Link et al., 1993; Gennis et al., 1993). V1o, andvio Smaller changes are also apparent in a slight

Figure 5 summarizes the results of our B-band RDS j,reae in the intensity of the weak band~at450 cni
investigation of the effects of antimycin binding. This study 5.4 shifts in the vinyl modes~(1300 cnt).

proved challenging for several reasons. As the isolation of It is clear that antimycin binding produces virtually no
individual heme spectra was impossible with B-band excita- erturbation of the, spectra and has a much smaller effect
tion, Re_lma_n difference sp_ectroscopy was employed to detec n theb, than theby spectra. In fact, the separatéd

any shifts in the composite resonance Raman bands. Theitference spectra (data not shown) obtained with 560-nm
relatively high power continuous wave excitation required excitation yield a nearly identical pattern to that obtained
for this experimental protocol produced extensive photore- from the composite spectra at that same excitation wave-
duction of the fully oxidizedbc, complexes, which obscured  |ength. This strongly suggests that small structural perturba-
any changes produced by antimycin binding. Reasonabletions ofby are the origin of most, if not all, of the spectral
spectra were, however, obtained for dithionite- and sodium changes induced by antimycin binding ba; complexes.
ascorbate-reducdat; samples in the presence and absence These results are quite consistent with previous biochemical
of antimycin. and mutagenesis investigations which indicate that the Q
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in the spectra dominated lyyheme scattering; in this case,
however, the differences produced by myxothiazol are greater
in spectra obtained with 565-nm excitation (Figure 6, panel
IV), suggesting that the effects of,@ite inhibitors are most
evident at hemdo.. These results are consistent with the
widely accepted picture that the;@inding site lies closer

to hemeb, than to hemd.

11.565nm

1.550nm
(a)bc,+antimycin
(a)bc,+antimycin

SUMMARY AND CONCLUSIONS

This study represents the first quantitative resonance
Raman investigation of the individual heme active sites of
bc; complexes. The isolation and characterization of the
Tao  fa00  is00  fe0o 1900 400 500 600 vibrational spectra of heme, by, andb,_ are a necessary

Raman Shift (cm™) Raman Shift (cm-1) . - e .
pvr— first step toward _ut|I|2|ng the s_tructu_ral sensitivity of RR
(a)be, +myxothiazol scattering for the time-resolved investigation of the dynamics
associated with the physiological functions of the complex.
In addition, several useful conclusions can be drawn from
the results of these initial investigations: (1) While B-band
RR heme spectra are extremely difficult to separate, the
differences in Q-band absorption among hemmgb,, and
b_ allow for the isolation of their spectra using resonance
selectivity and difference techniques. (2) The isolated RR
Q-band spectra reveal that hemeand by have “typical”
(©)=(a)-(b) c-type and b-type vibrational spectra, respectively. In
contrast, hemeb_ exhibits an anomalous RR spectrum,
. , ‘ . , - . particularly for the axial ligand sensitive modey;. The
e Shif (el P R Shift temd) extremely low energy (relative to other heni@®f this mode
FIGURE 6: Q-band RR spectra of ferrolxs; complexes with and and the,IO\,N redox potential Of, henie may be a reflection
without inhibitors obtained at various excitation wavelengths. Of protein-induced deprotonation (or strong hydrogen bond-
Panels +lIl: (a) denotes spectra obtained from samples with ing) of at least one of the hemnig histidine axial ligands.
antimycin, (b) denotes control spectra (ethanol but no antimycin), (3) Hemec, appears to be structurally isolated both from
and (c) denotes their difference spectra. Panel IV: (a) Spectiumna gther hemes and from effects of inhibitor binding at the
from samples with myxothiazol, (b) control spectrum, (c) the . . . .
difference spectrum, (ay (b). Sample conditions are the same as Qi site of the (?Omplex' (4) There is no, eV'_dence in the RR
Figure 3 with final concentrations of140 uM bc;, 5—6% (v/v) spectra for direct structural communication between the
ethanol, and~250 uM antimycin or myxothiazol. All other b-hemes. In particular, the local environment of ferrous
experimental conditions were the same as those for Figure 3. hemeby, is unaffected by the redox state of heime (5)

o . Neither Q nor Q inhibitors produce dramatic structural
site is proximal to heméy. They further suggest that; Q changes at thé-hemes upon binding to the complex. In
inhibitors do not bind in a manner that significantly displaces particular, the anomalous ligation environment of heme
amino acid residues in direct contact with hetme The is not dramatically changed by the binding of inhibitors.
small structural changes that are propagated to hBme  Antimycin binding does induce minor changes in the heme

apparently influence both the heme periphery (as reflectedp,, environment, while myxithiozal binding produces simi-
in the vinyl modes) and its ligation geometry (as reflected larly small perturbations of hemi .

in v11, v10, @andvyg). It should be noted that those results

pertain only to the ferrous hemes. In this regard, they ACKNOWLEDGMENT
complement earlier EPR studies of inhibitor bindings by Yu
and co-workers (McCurley et al., 1990), which detected small
perturbations of ferric hema, and hemédy_ upon antimycin
and myxothiazol binding, respectively.

Similar studies of myxothiazol binding were complicate
by two factors: (1) lack of independent spectroscopic
verification of the degree of inhibitor binding and (2) the REFERENCES
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