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ABSTRACT: Absorption and circular dichroism (CD) spectra of cytochrdsdérom Escherichia colhave

been compared for the wild type enzyme and an inactive mutant in which a highly conserved E445 in
subunit | has been replaced by alanine [Zhang, J., Hellwig, P., Osborne, J. P., Huang, H. W., Moenne-
Loccoz, P., Konstantinov, A. A., and Gennis, R. B. (20Bigchemistry 408548-8556]. The absorption
bands of ferrous hembsgs are absent from the spectrum of the dithionite-reduced E445A form of
cytochromebd. The difference between the spectra of the dithionite-reduced WT and E445A enzymes
indicates that in the mutant, herbgsis present but is not reducible by dithionite. Cytochrdmdeeveals
intense CD signals dominated by hedyavith almost no contribution from hemnt®gs or hemebsss. The

CD spectrum of the reduced wild type enzyme in the Soret band indicates strong excitonic interactions
between ferrous heme and ferrous hemésgs, and these interactions are not observed in dithionite-
reduced E445A mutant, in which herbgsremains in the ferric state. Modeling the excitonic interactions

in both absorption and CD spectra has been carried out, yielding an estimate of the Fe-to-Fe distance
between hemd and hemebsgs of about 10 A. The physical proximity supports the hypothesis that heme

d and hemebsgs can form a di-heme oxygen reducing site, a unique structure for respiratory oxidases.

Cytochromebd is one of two terminal oxidases in the is important for the virulence of pathogens responsible for
respiratory chain oEscherichia colireviewed in refsl—3). tuberculosis 15), bacillary dysentery16), brucellosis 17,
The enzyme oxidizes ubiquinol or menaquinol and reduces 18), infection by Group BStreptococcugl9), andSalmonella
oxygen to water. For each electron transferred from quinol infection 0) as cytochromdd allows bacteria to colonize
to oxygen, the proton from the quinol is released to the oxygen-poor habitats inside the host as well as to resist the
outside, whereas the proton required for water formation from host immune response.

oxygen is taken up from the inside. Therefore, the reaction Despite the growing interest in the physiological role of
is coupled to generation of membrane potential amH cytochromebd, the structure and catalytic mechanism of the
across the membrand~6, 7). bd-family of oxidases have been explored significantly less
The bd-type oxidases are not found in eukaryotes but are than for the heme-copper oxidases. In general bitheype
widely distributed in prokaryotes, particularly in pathogenic quinol oxidases catalyze the same chemical reaction as do
bacteria, and have distinct physiological role3). (For the heme-copper oxidases, i.e., reducing © 2H,0.
example, the high affinity for oxygen of thm-type oxidases  However, there is no structural homology betweentitie
allows aerobic bacteria to grow under conditions of limited type oxidases and the heme-copper oxidase superfamily.
oxygen supply &, 9). Similarly, cytochromebd is utilized Cytochromebd is a heterodimeric membrane protein with
by anaerobic bacteria to scavenge traces of ambient oxygerone copy of each of two subunits (CydA, 57kDa; CydB, 43
that might be toxic under conditions of incomplete anaero- kDa). There are three heme prosthetic groups, hbgag
biosis (L0). Depleting intracellular @through cytochrome  hemebses, and hemal, but no copper in thbd-type oxidases.
bd enables aerotolerant dinitrogen fixation Azotobacter There is no crystal structure for any of the-type oxidases,
vinelandii and other bacteriald—14). In recent years,  but genetics and spectroscopic methods have provided data
evidence has accumulated that expressidytdpe oxidases  in support of a model that predicts that all the three heme
prosthetic groups are located close to the outer side of the
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had been proposed to operate simply as an electron carriebsgsin the Soret band of the reduced wild type enzyme. The

between hembssgand hemal (22, 23). Alternatively, heme
bsgs might be directly involved in the chemistry of ,O
reduction as first considered by Rothery et &4)( It has

been proposed that hendeand hemebsgs form a di-heme

interactions are lost in the dithionite-reduced E445A mutant
in which hemebsgs remains ferric and, hence, absorbs at
significantly shorter wavelength. Modeling the excitonic
interaction in the absorption and CD spectra yields an

oxygen reducing center, functionally analogous to the heme estimate of the Fe-to-Fe distance between the two hemes as

a3/Cug bimetallic center in the heme-copper oxidas2s, (
26).

~10 A. The data provide direct evaluation of the proximity
of the hemed and hemebsgs and provide a firm basis for

There are several lines of evidence supporting or consistentthe hypothesis on the cooperation of the two hemes in the

with models in which hemed and hemebsgs are physically
close to each other.

(1) Photoinduced dissociation of CO from ferrous heme
d perturbs the absorption spectrum of hebag on a sub-
picosecond time scale, implicating direct electronic/steric
interaction between the two hemex7(28).

(2) FTIR studies have indicated that under certain cir-
cumstances, CO which is photodissociated from hdrire
a frozen sample can transiently bind to helsgs before
rebinding to hemal (25). This suggests a pathway within
the protein from the iron of heneto that of heméosgs that
is available even at low temperatures.

(3) The ligand-binding behavior of cytochrorbd under
static conditions is peculiafl{25, 26, 29—31). As expected
for a high-spin heme, hema binds exogenous heme iron
ligands in the ferric and/or ferrous states (e.g., ©O, NO,
CN~, H.0,). However, hemédsgs, though also high-spin,
doesnotreact to any significant extent with these exogenous

reduction of dioxygen to water.

MATERIALS AND METHODS

Strains and Biochemical Protocols. E. cetrain GO 105/
pTK1 lacking cytochromebo; and overexpressing cyto-
chromebd (35) was used to isolate wild type cytochrome
bd (36). The E445A mutant was obtained as detailed in ref
34. The “L65C” mutant oxidase has all six endogenous
cysteines replaced by either serine or alanine (subunit I
C128A, C396S, and C479A, subunit Il: C214S, C301S, and
C358S), plus a cysteine introduced in subunit | (L65C). The
mutant is partially activan vivo but is not stable upon
solubilization and purification. Hemes are easily lost during
purification, and the final heme composition depends on the
preparation. The preparation used in the current work had
no hemed but did contain both hembsss and hemebsgs.

SpectroscopyAbsorption spectra were recorded using a

ligands, which is unusual. One explanation that has beenCOmputer-interfaced Aminco-SLM DW 2000 UWis spec-

suggested is that the binding of an exogenous ligand to hemérophotometer modifieq in the laboratory of Dr. Arutyunyan
d precludes binding of a second ligand molecule to heme in A.N. Belozersky Institute, Moscow State University. CD

bsgs due to anticooperative interactior&l( 32). The general

spectra were recorded in a computer-interfaced dichrograph

implication is that the two redox centers share a common Mark V (Jobin Yvon, France) upgraded by Dr. Arutyunyan.
heme-binding pocket that can accommodate only one Pataprocessing and simulation of the spectra were performed

molecule of the exogenous ligand.
(4) Recent experiments indicate that the helmgsandd

may be electrostatically coupled to the same pair of redox-

linked ionizable groups3d), which is most easily explained
by the two hemes being physically close to each other.
Recently, it was shown that the replacement of a highly

conserved glutamate 445 by Ala or GIn results in expression

of enzymatically inactive cytochrombd that selectively
maintains hemebsgs in the oxidized form, even in the
presence of dithionite, while not affecting either hebag;
or hemed (33. Initially, it was thought that hemlsgs was
absent from the mutant84), but subsequent work showed

with the aid of graphics programs RDA and WTEST
developed by I. Khomenkov and A. M. Arutyunyan. All
spectroscopic measurements were performed at room tem-
perature using 50 mM HEPES/50 mM CHES buffer, 0.5 mM
EDTA, pH 8.0, containing 0.025% of sodiultlauroylsar-
cosinate.

Normalization of the Spectralhe concentration of the
wild type cytochromebd is often determined from the
dithionite-reducedninusair-oxidized difference absorption
spectrum using the value degs-607 = 10.8 mM™ cm™?t
(31). This coefficient corresponds tegzo-s70 0f 25 MMt
cm ! for the absolute spectrum of the dithionite-reduced

that the heme is locked in the oxidized state because one offample, which also can be used to quantify the enzya8e (
the two redox_dependent heme-linked ionizable groups In this work, the absolute SpeCtra were used to normalize

coupled to both hemds;gs andd is lost in the mutant33).
The E445A mutant provides a unique opportunity to
resolve the contribution of the ferrous herbgs to the
spectral characteristics of reduced cytochrofm and
facilitates an investigation into the potential electronic
interactions between ferrous hentggs and other iron-
porphyrin components within thed-type quinol oxidase. In
this work, the circular dichroism (CIp and absorption

the concentrations of the wild type and E445A mutant
oxidases, since the difference spectrum is too sensitive to
variations in the fraction of the oxygenated form of the
enzyme in the “as isolated” preparation, and this fraction is
not the same for the wild type and mutant.

In order to quantitatively compare the absorption spectra
of the wild type and E445A forms of cytochrontel, the
amplitude of the ferrous hentkabsorption band at 630 nm

spectra of the E445A mutant are compared with the spectrain the absolute spectra of the dithionite-reduced samples was

of the wild type enzyme. CD spectroscopy reveals strong
electronic interactions (excitonic/dipetelipole) between
electronic transitions of ferrous hengeand ferrous heme

1 Abbreviations: CD, circular dichroism; MCD, magnetic circular
dichroism.

used to normalize the spectra. Close inspection shows that
the line shapes of the 630 nm absorption bands of heéme

in the wild type and mutant oxidases are not quite identical
(Figure 1). In the spectrum of the E445A mutant the band is
broader on the blue side of the maximum. However, the line
shapes on the red side of the 630 nm absorption bands are
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wid e, WT of the peak at 561 nm and the disappearance of the shoulder
551 dotted line, E445A at ~440 nm in the Soret region indicate the loss of the
402 contribution from reduced hembsgs to the absorption
51 [ 630 spectrum of the mutant. Similar observations were made

previously B4) and led to the proposal that E445A replace-
ment results in a loss of heniggs. However, if hemedsgs
were absent in the mutant, the difference between the
normalized absorption spectra of the dithionite-reduced wild
type and E445 oxidases should give an absolute spectrum
of ferrous hemédssgs. The difference spectrum resulting from
the subtraction of the spectra in Figure 1A is shown in Figure
0L e e pr - e 00 _1B. All _th_ree b_ands chara_cteristic of the ferrous hemg
in the visible with the maxima at 630, 595, and 558 nm (cf.
Wavelength, nm refs37, 38) are present, and an asymmetric band at 440 nm
— in the Soret is observed (cf. ra¥). However, the difference
B 440 558 ‘ e spectrum in Figure 1_B has a pronounced negative band at
406 nm, on the blue side of the Soret peak from ferrous heme
bsgs, @s well as a trough at 614 nm in the visible. Negative
extrema are not expected and are inconsistent with the
hypothesis that the spectroscopic difference is simply the
result of the absence of hentiggs from the mutant. The
difference spectrum in Figure 1B is, on the other hand,
consistent with a reducedinusoxidized difference spectrum
of hemebsgs, rather than with the absolute spectrum of the
ferrousbsgs. Thus, careful inspection of the absorption spectra
shows, in agreement with r88, that hemedsgs is not missing
406 WT minus E445A ] in the E445A mutant form of cytochromied. Rather, the
S S heme is retained but cannot be reduced by dithionite as
400 500 600 700 demonstrated previously by EPR spectrosca8).(
Wavelength, nm CD Spectra of the Wild Type and E445A Mutant Oxi-
FiGurRe 1: Absorption spectra of cytochromted. (A) Absolute dases: Excitonic Interactions between Ferrous Heme d and
spectra of the dithionite-reduced wild type (solid line) and E445A Heme lygs. To the best of our knowledge, optical activity of
mutant enzyme (dotted line). (B) The difference between the cytochromebdwas not studied earlier. The CD spectrum of
normalized absorption spectra of the wild type and E445A mutant fully reduced wild type cytochroméd (Figure 24 solid

enzymes. The inset shows a magnified view of the visible region. is ch ized b . 629 |
The spectra are recorded at room temperature in 50 mM HEPES/CUrVe) is characterized by a maximum at nm, close to

50 mM CHES buffer, 0.5 mM EDTA, pH 8.0, and 0.025% sodium the absorption peak of ferrous herde and by a strong
N-lauroylsarcosinate. Concentration of wild type cytochronae asymmetric signal in the Soret with an intense negative band
was 4.5uM. The spectrum of the E445A mutant was normalized near 440 nm, a zero Crossing point at 426 nm. and a minor
to the spectrum of wild type enzyme by the 630 nm absorption e ' : '
band of hemet, as described in the text. positive extremum at 416_ nm with a shoulder at 397 nm.
The peak-to-trough intensity of the CD spectrum in the Soret
(~400 Mt cmY) is exceptionally high for hemoproteins
with either a single (e.g., cytochron@or myoglobin) or
multiple, weakly interacting hemes (e.g., hemoglobin).

. ; : Typically, values ofAegr—. are usually in the range of 10
670 nm instead of the commonly used pair 630 minus 71 - . s
607 nm. The results obtained with this method were 5Of de cm h(S‘?, 40).| A'g?x'd'zed cytqchrom(_abd f
consistent within~5% with those obtained using the intensity (r% errfe to 6::]8 the “as dlio ar:e state) clo ntam;gf mgz(Eure °
of the MCD spectral component assigned to ferrous heme "€d0x forms, dominated by the oxy-compléX6seb"sos -

: : 0,), and it is the characteristics of the hedt& oxy-complex
bsss and the intensity of the CD band of the ferrous heine 2 ) . ;
(Ii?;ure 2A). The cgncentration of the L65C mutant was With the far-red band shifted to 645 nm (inset) that dominates

determined from the dithionite-reduced absolute absorption the CD spectrum of air-qxidize_d cytoch_rorbe_l. .
spectra using the value @fess; = 9 mM-1 cm? for the These data and detailed circular dichroism studies of

hemebsss f-band, measured versus a baseline Connectingcytochromebd complexes with various ligands of herde

AAbsorbance

virtually identical for the wild type and mutant enzymes.
Therefore, the intensities of the ferrous hedhabsorption
were determined using the wavelength pair 630mmus

the points at 505 and 544 nm. in the ferrous and ferric state, such ag 6,0,, CO, NO,
and CN (Borisov, Arutyunyan, Zhang, Gennis, and Kon-
RESULTS AND DISCUSSION stantinov, manuscript in preparation) indicate that the CD

spectrum of cytochroméd is dominated by the optical
Absorption Spectra of Wild Type and E445A Cytochrome activity of hemed, whereas hemdssg and hemebsgs
bd. Absolute absorption spectra of reduced cytochrdide  contribute but little. The high ellipticity of hemd is not
from the wild type and E445A mutant oxidases are compared surprising because of the decreased symmetry of the chlorin
in Figure 1A. The absorption bands of hedg630 nm) macrocycle and the strong splitting of thepyBand Qo
and hemdssg (561 and 531 nm) are retained by the mutant. transitions of hemel into thex andy components41, 42),
However, the absence of the 595 nm band, a marked decreasehereas those transitions are nearly degenerate in the
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Ficure 2: Circular dichroism spectra of dithionite-reduced wild type and E445A mutant cytochrdmezorded at room temperature in

50 mM HEPES/50 mM CHES buffer, 0.5 mM EDTA, pH 8.0, and 0.025% sodiitauroylsarcosinate. (A) Absolute spectra of the wild

type cytochromdd (solid line), E445A mutant (dotted line), and the L65C mutant (dashed line) which lacksdeute€ontains hembssg

and hemebsgs. The spectra were normalized by enzyme concentration as described in Materials and Methods. The concentration of the
L65C mutant was 6.a2M. The inset shows the near-IR band of hediieom the spectrum of the air-oxidized wild type and E445A forms

of the enzyme. (B) Difference between the CD spectra of the wild type and E445A mutant in the Soret region.

protoheme-containing henfgss and hemedisgs components  reduced cytochromled in the Soret region (350 to 500 nm).
of the enzyme. This conclusion can be illustrated by the CD A standard exciton model was usés®), considering the B
spectrum of the reduced L65C mutant of cytochrobae and B transitions for each hentkand hemddsgs. The model
which contains both hem®sg and hemedsgs but lacks heme  takes into account intermolecular coupling, energetic (di-
d (Figure 2A dashed line). agonal) disorder due to site inhomogeneity, and homoge-
The CD spectra of the E445A mutant are shown in Figure neous line broadening due to the interaction with the
2 (dotted lines). In the far red region, the CD spectra of the surroundings. The approach is similar to that of Palmer and
E445A mutant and wild type enzyme are virtually identical, Esposti 40), who modeled the CD spectra of several di-
both in the dithionite-reduced (main panel) and air-oxidized heme cytochromes in the Soret region. In the work of
states (inset). This observation is in good agreement with Palmer’s group, the two orthogonally polarized &d B,
the data from absorption spectroscopy and shows that thetransitions of botlb hemes were assumed to be isoenergetic
intrinsic optical characteristics of henteare not altered  and to have the same dipole strength of 2125diving the
significantly by the E445A replacement. At the same time, total dipole strength of the Soret band of 43. Dhe line
dramatic changes are induced by the mutation in the Soretwidths necessary to explain the experimental CD spectra
region. The spectrum decreases in magnitude and shifts tovere 5006-700 cm* (fwhm). The choice of the initial
the blue. parameters used for the fitting in the current work was

The difference between the CD spectra of the dithionite- Modified as follows.
reduced wild type and E445A oxidases (Figure 2B) yields a (1) Ferrous Heme $s The Soret band olses™* in the
bilobe derivative-shaped curve centered at 435 nm with anabsence of excitonic interactions has been approximated
amplitude 300 M-t cm™) close to that of the parent CD  provisionally by two nearly degeneratg,Bransitions at
spectra. A derivative-shaped CD signal of such intensity is 436.7 and 437.3 nm, located between the exciton-split bands
unprecedented for an isolated heme in a proté®) 40). of bse?* at ca. 441 and 434 nm which are observed
The induced CD signals of globins or heme peptide experimentally in the reduced wild type enzyme (see Figure
complexes are usually much smaller50 M~ cm™) and 1D in (27)). The total dipole strength of the Soret band of
are very asymmetric4@—47). differentb-type cytochromes varies in the range-4PR5 I?

On the other hand, a large magnitude, bilobed signal is (4.1-12.5107% cgs units) 40, 48). A value of 70 B was
expected for exciton splitting of the electronic transitions of chosen in this work by comparison of the spectral charac-
two interacting chromophores. Such interactions have beenteristics of hemédses with those of myoglobins and peroxi-
observed in the CD spectra of the di-heme cytochromes dases.
from chromaffine granule4®), in respiratory chain Complex (2) Ferrous Heme #t. The Soret band of hentkis buried
11 (49) and Complex 111 60) and in the chloroplast Complex  within the much stronger absorption bands of hémgand
bef (51) (see refd0for a survey and analysis). Itis reasonable hemebsgs. The following considerations were taken into
to conclude, therefore, that the intense CD difference account to deduce the characteristics of ferrous heme
spectrum in Figure 2B is due to excitonic interaction between (i) Estimating the Position of the Ferrous Heme d Soret
the reduced hemessgs andd in the wild type cytochrome  Transitions. Significant splitting between the ,Band B
bd. These interactions are abolished in the E445A mutant transitions is expected for chlorin-type hentedue to
because hemissgs remains oxidized. asymmetry of its macrocycle (typically, around 10 nm, cf.

Modeling the Excitonic Interactions between Hemg b  refs4l, 42, 53). It is reasonable to assume that in the absence
and Heme d: Estimating the Distance between the Hemeof excitonic interactions with ferrous heniggs, the Soret
bses and Heme dThe contribution of the exciton coupling band of hemel?* is dominated by a transition at434 nm.
to the absorption and CD spectra was modeled for dithionite- The assumption is based on three observations. First,
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photodissociation of CO from the mixed valence complex levels. The inhomogeneous broadening has been taken into
of wild type cytochromebd (b®"ssg b3 595 d?*-CO) results account explicitly by Monte Carlo averaging over realizations
in the appearance of an absorption band of free hdfhat of the disorder. The homogeneous broadening has been
434—435 nm on a picosecond time scak¥,(28). Second, described by Gaussians with the widths (fwhixap;_4, of
CO binding to ferrous heme?" in the dithionite-reduced 400, 680, 820, and 950 crhfor the four exciton levels
E445A mutant 1> ss¢0®ts050%™) results in bleaching of an  originating in mixing of the two B transitions of each heme
absorption band at 434 nm (Borisov, Zhang, Arutyunyan, bsgs and hemed. Line width increases for higher exciton
Gennis, Konstantinov, manuscript in preparation). Third, the levels are a well-known feature of molecular aggregaids (
CD spectrum of the E445A mutant, which is dominated by 55).
the contribution of heme?", has a strong negative Gaussian  Electronic Transitions in the Dithionite-Reduced E445A
at 434 nm in the dithionite-reduced state (Figure 2A, dotted Mutant.In the dithionite-reduced E445A mutant, heings
line). remains oxidized. Absorption characteristics of feligs

This major optical band at 434 nm of hewi® is assigned ~ have not been resolved so far, but its Soret absorption band
to the B, transition. Deconvolution of the dithionite-reduced must be strongly blue-shifted relative to the ferrous state.
E445A CD spectrum gives, in addition to the strong negative Accordingly, the excitonic mixing between ferrous hebag
band at 434 nmAeg-. of 250 mMt cm™?), three weaker  and ferrous hemd must be broken in the mutant enzyme.
positive Gaussians centered at ca. 426, 405, and 395 nmrlhe Soret band of the ferribsgs has been approximated
(Aer—L Of 27, 32, and 66 mNM! cm™2, respectively, data not  provisionally by the B and B, transitions centered at 405
shown). Of these, it is only the component at 426 nm that is and 407 nm, as suggested by the broad trough centered near
within a reasonable energy from the 434 nm band (the B 406 nm in the difference spectrum in Figure 1B. The dipole
transition) to be assigned to the tBansition. The assignment  strength of the B, transitions in oxidized hemlasgs has been
is consistent with the shoulder at 426 nm observed in the assumed to be 1.25-fold larger than in the reduced form by
spectrum of heme?* in the picosecond CO-photodissocia- analogy with myoglobin.
tion/geminate recombination experimergg)( This shoulder The four electronic transitionsy;—4, of hemeb?®'s95 and
is most clearly seen in the difference between spectra a anchemed?" in the E445A mutant now group in two essentially
b in Figure 2B in ref27. A separation of 8 nm between the noninteracting BBy pairs, where the two higher energy
Bx and B transitions is in good agreement with the Soret componentsws 4 originate from the Band B, transitions
band splitting observed in the absorpion spectra of chlorine of ferric heme bsgs. Because of enhanced spin-orbital
model compounds and chlorin-reconstituted proteins (e.g., interactions in the oxidized form of henigys, its electronic
refs41, 42, 53). transitions,ws 4, should interact much more strongly with

The origin of the two other minor Gaussians (at 405 and the surroundings as compared to the ferrous form of the heme
395 nm) in the CD spectrum of the dithionite-reduced E445A and, hence, will manifest increased broadening, both homo-
mutant is not clear. These transitions may be associated withgeneous and inhomogeneous. In order to fit the experimental
ferric hemebsgs or with vibronic components of the Soret difference spectrum (dithionite-reduced wild type minus
band. dithionite-reduced E445A), thAws4 values of 1800 and

(ii) Estimating the Transition Strength of the Ferrous Heme 2100 cnt! were chosen for ferric hemasos in the E445A
d Soret BandThe Soret band of hentkcontaining proteins ~ mutant and an inhomogeneous widthoof 1700 cm*. The
is typically 2—3-fold weaker than in protoheme proteirdd ( strong inhomogeneity produces a broad absorption band,
42, 53). Taking the absorption spectrum of iron-octaethyl- determined by the Band B, transitions floating within the
chlorin pyridine hemochromogen as a model (see Figure 1Cregion between 400 and 410 nm due to the disorder-induced
in ref 41), total dipole strength of the Soret band of hethe  shifts.
is estimated to be about 1/3 that of helbgg, As noted above, Fitting the Experimental Difference Spectrum (wild type
the dipole strength of the shorter wavelengthtBnsition minus E445A)0rientations of the electronic transitions in
in hemed is likely to be several-fold weaker than for thg B the hemebseshemed pair are given by the angleg{ 64 yq)
band. and o 6 vb) as shown in Figure 3. According t8€), the

With these considerations in mind, the optical character- angle between the porphyrin planes of hedhand heme
istics of the Soret band of cytochrorbe were modeled as  bsgs is about 38 (hemed is perpendicular to the membrane

follows. plane, whereas hemgs form an angle of 55 with this
Electronic Transitions in the Dithionite-Reduced Wild Type plane). Supposing thataxis in Figure 3 is normal to the
Cytochrome bdThe intrinsic (noninteracting) B(hemed), membrane plane, we assuifie= 0° and6, = —35°. Other

By (hemed), By (hemebsgs), and B, (hemebsgs) transitions angles were varied.

center at 426, 434, 436.7, and 437.3 nm, respectively. The Many configurations were tested in the calculations and
corresponding dipole strengths are 8, 18, 35, and 35 D the results compared. Good fits to the experimental data were
giving a total dipole strength of 26 and 7¢ fr the Soret found for each of the following configurations, i.e., the results
bands of hemd and hemdbsgs, respectively. The interaction  were rather insensitive to relative position of the two hemes.
energies were calculated using a point dipole approximation. For the configuration shown in Figure 3 (i.¢Rx Ry R} =

The site inhomogeneity was modeled by uncorrelated shifts {1 0 ¢4 with the center-to-center line in the membrane plane)
of the transition energies. The shifts were randomly taken a good fit to experimental spectra is obtained for:

from a Gaussian distribution with the width (fwhm) of= (a) tail-to-tail configuration: ¢q4 64 v4) = (0°, 0°, 90°);

580 cnr. The line widths are determined by inhomogeneous (¢b 0 Y1) = (0°, —35°, 90°);

broadening due to disorder and homogeneous broadening due (b) plane-to-plane configurationipq 64 y4) = (12C°, 0°,

to bath-induced dephasing and relaxation of higher exciton —65°); (¢, 0y yp) = (60°, —35°, —65°);
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Ficure 3: Orientations of the heme planes and thedad B,

electronic transitions in the hentkhemebsgs paired hemes. 100

(c) intermediate configuration:gf 64 y4) = (0°, 0°, —65°);
(@b O yv) = (—45°, —35°, —65°).

For{Rx Ry R} = {0 0 1} with the center-to-center line
normal to the membrane plane, good fits could also be
obtained with the following configurations.

(a) parallel planes configuration:ip{ 64 y4) = (0°, 0°,
—45%); (gb Ob yp) = (0°, —35°, —45°);

(b) perpendicular planes configurationpg@q ya) = (45°,

-100

ACD, M" cm

-200 -

. 443 1
420 440 460
Wavelength, nm

o _ proy. — (_AC° _2r° _Aro Ficure 4: Fittings of the absorption difference spectra (Panel A)
0 ’M 65 )’tf(l(pb Obt 7v) d'( t45 " 3t5t', 6?] )- b hecked and CD difference spectra (Panel B) of the dithionite-reduced wild
any other intermediate orientations have been Checked,y e cytochroméd and E445A mutant. Symbols are experimental

and most of them also resulted in good fits to the experi- data. Solid lines are calculated spectra. The four exciton components
mental data. Thus, the Soret band characteristics of thein the spectrum of the wild type have maxima at 441.0, 436.2, 431.5,
interacting hemé?*soshemed?* pair are fairly insensitive and 426.0 nm. In the mutant, the four transitions center at 434.7,
to relative orientation of the chromophores. This is not 4272 410.6, and 399.2 nm. The dotted line in Figure 4B shows

. . X . . the residual excitonic-type signal, not included in the modeling.
surprising, since there are two perpendicular in-plane transi-the parameters used for the modeling weRs R,R} ={10
tions in each of the two hemes, so that for every orientation, 1}/./2; center-to-center distance between the two hemes, IR0
there will be at least one pair of strongly interacting nm; orientations ¢q 64 yd) = (45°, 0°, —50°) and @ Oy yb) =
transitions to account for the exciton splitting inherent in (100, =35, —45°).
the experimental CD and absorption spectra of the wild type of ferrous hemebsgs, first noticed in ref27, is assigned as

enzyme. This circumstance makes it difficult to extract from the B, transition of hemei?*, shifted from 434 to 431.5 nm

1
400

the fitting the relative orientations of the planes of héage
and heme, but at the same time it simplifies the determi-
nation of the distance between the heme centers.

Fitting not only the absorption line shape but also the

due to excitonic interactions and disorder. The negative broad
band around 406 nm reflects contributions of theaBd B,
transitions of oxidized hembsgs in the mutant.

The calculated difference CD (panel B) reproduces quite

absolute values of the CD difference spectrum yields a accurately the line shape and absolute value of the negative
reliable estimation of the center-to-center distance betweenlobe at 443 nm of the measured spectrum. Below the zero
hemebsgs and hemed. For any of the configurations, the crossing point at 437 nm, the experimental curve deviates
distance is 9.5 A to 10.2 A. Increasing the assumed dipole from the symmetrical positive image of the negative lobe,

strength of ferrous hemigsgs to the highest level of 125D
increases the upper limit to 35 A, and decreasing the
assumed dipole strength to the lower limit of 481@duces

which must be due to a contribution to the CD spectrum in
addition to the modeled hem@*ssfheme d?*t excitonic
splitting. The difference between the experimental and

the distance to 78 A. modeled CD spectra is shown in Figure 4B by a dotted line
An example of the fit for the absorption and CD spectra and gives a derivative-shaped curve with a peak-to-trough
is shown in Figure 4. It can be seen that the modeled curveamplitude of almost 200 M cm™* with a zero-crossing point
represents reasonably well the basic features of the Sorenear 427 nm. This feature may reflect additional excitonic
absorption band. The main peak of the difference absorptioninteractions in the wild type cytochrombd involving
spectrum near 440 nm (panel A) is determined by the overlapvibronic components of the Soret bands of the hebiéss
of the 436.2 and 441.0 nm components corresponding to theandd?*; these vibronic components have not been included
By and B transitions of hem&?*sgs. In the unperturbed state, in our model, as they are not clearly resolved in the
these transitions are located at 436.7 and 437.3 nm, but theyabsorption spectra, but they may be expected within some
are split due to the exciton interaction within the hehggs 7—10 nm to the blue from the corresponding purely
hemed?t coupled pair and shift further due to energetic electronic By transitions, i.e., around 427 nm. It is noted
disorder. The shoulder on the blue side of the 440 nm peakthat the additional interactions between the vibronic com-
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ponents will not significantly affect our estimation of the
hemed-to-hemebsgs distance based on the consideration of

the

excitonic interaction between the purely electronig B

transitions.

CONCLUSIONS

These data provide direct and reliable evidence for the

physical proximity of hemel and hemebsgs in cytochrome

bd and yield a distance between these redox centers. The 14,

spatial proximity provides a simple explanation for the

experimentally observed functional interactions between the
two hemes such as the negative cooperativity in ligand

binding 31), redox coupling of the two hemes to the same
ionizable groups33), and the migration of CO within the
protein from hemel to hemebsgs at cryogenic temperatures
(25).

However, the center-to-center distance of 10 A is signifi-
cantly larger than the 45 A observed for the Fe/Gupair

in the heme-copper oxidases. Hence, it is probably not correct

to speak about the “binuclear oxygen-reducing site” in
cytochromebd and imply that hemebsgs is a functional
counterpart of Cgl(cf. a similar note in I)). The distance
of 10 A is also probably too large to allow for magnetic

coupling between the two hemes, in contrast to the spin-

coupled high-spin heme/Gpair in the heme-copper oxi-
dases. A plausible function for herhgys, apart from electron
delivery to hemel or to hemed-bound oxygen intermediates,
might consist of providing a binding site for hydroxide
formed from hemel-bound oxygen upon reductive splitting
of the O-0 bond.
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