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ABSTRACT. The cytochrome (cytc; heme of the ubihydroquinone:cytochroreoxidoreductasehc;
complex) is covalently attached to two cysteine residues of the;gyalypeptide chain via two thioether
bonds, and the fifth and sixth axial ligands of its iron atom are histidine (H) and methionine (M),
respectively. The latter residue is M183 Rhodobacter capsulatusyt ¢;, and previous mutagenesis
studies revealed its critical role for the physicochemical properties aof:d@ray, K. A., Davidson, E.,

and Daldal, F. (1992Biochemistry 3111864-11873]. In the homologous chloroplasff complex, the

sixth axial ligand is provided by the amino group of the amino terminal tyrosine residue. To further
pursue our investigation on the role played by the sixth axial ligand in heuragein interactions, novel

cyt ¢; variants with histidine-lysine (K) and histidine-histidine axial coordination were sought. Using

aR. capsulatugienetic system, the cgi mutants M183K and M183H were constructed by site-directed
mutagenesis, and chromatophore membranes as well as phdfieaimplexes obtained from these mutants
were characterized in detail. The studies revealed that these mutants incorporated the heme group into the
mature cytc; polypeptides, but yielded nonfunctionlat; complexes with unusual spectroscopic and
thermodynamic properties, including shifted optical absorption maximg) @nd decreased redox midpoint
potential valuesHEm7). The availability and future detailed studies of these stablecytutants should
contribute to our understanding of how different factors influence the physicochemical and folding properties
of membrane-bound-type cytochromes in general.

The ubihydroquinone:cytochronmeoxidoreductasebc within the cytoplasmic membrane (for reviews, see tefd).
complex} is an enzyme encountered in a wide variety of In eukaryotes, this enzyme is present in the inner mitochon-
organisms. This integral membrane protein is involved in drial membrane, and contains several additional subunits. A
both photosynthetic and respiratory electron transfer, and it homologous complex is also found in chloroplast thylakoid
contributes to the formation of an electrochemical gradient membranes (called th®f complex), and transfers electrons
necessary for ATP synthesis. In prokaryotes liqecomplex between the two photosystems (for a review, seéyefn
is composed of only three or four subunits, and is located all cases, this enzyme complex contains only three redox-
active subunits which, in most bacteria, are encoded by genes

t This work was supported by NIH Grant GM 38237 to F.D. and by Organized as an operon callpdtor fbc (for a review, see
Robert A. Welch Foundation Grant D-0710 to D.B.K. ref 4). These subunits bear ometype heme (cyt;), two

* To whom correspondence should be addressed. Phone: (215) 898+,
4394. Fax: (215) 898-8780. E-mail: fdaldal@sas.upenn.edu. brtype hemes (Cybseo Or by and Cytbses or bi), and one

# University of Pennsylvania. [2Fe-2S] iron sulfur cluster (Rieske F& protein) as
8 TUBITAK. o cofactors. Among them, the cyt polypeptide is the main
'&%’éas Tet‘?h U”"éeﬁ'tyb reriochioronhyll: oyt. cytochrontas contributor of the two catalytic sites of the; complex. In
reviations: chnl, bacteriocnloropnyll; cyt, cytocnro 1 . . . . .
complex, ubihydroguinone:cytochrome oxidoreductaseby, high- bacterial cells, the (ite where ubiquinone reduction takes
potential b-type heme;b., low-potential b-type heme;bsf complex, place is located on the cytoplasmic side of the membrane,

plastohydroquinone:plastocyanin oxidoreductase; DAD, 2,3,5,6-tetra- and the Q site located on the periplasmic side is associated
methyl-1,4-phenylenediamine; DB2,3-dimethoxy-5-decyl-6-methyl- ; i i idati

1,4-benzohydroquinone; EDTA, ethylenediaminetetraacetic acid; TMBZ, with Ublhy_dr(?qumone OXI.datlon' . . .
tetramethyibenzidine;E,, ambient potential;En, redox midpoint Of special interest to this work is the oyt subunit which

potential; Ens, redox midpoint potential at pH 7; EPR, electron carries a single heme group covalently attached to the

paramagnetic resonance; MCD, magnetic circular dichroism; MOPS, nolypeptide chain by one6) or, more frequently, two

3-(N-morpholino)propanesulfonic acid; PES-ethyl dibenzopyrazine . . . . .
etr(losulfart)e; pM)SpN_ﬁqethw dibenzopyrazine rgethosu”at%;’ PMSF., thioether bonds to cysteine residues. Various optical absorp-

phenylmethanesulfonyl fluoride; Ps, photosynthesis; bihydro- tion, EPR, and MCD spectroscopic data indicate that the fifth
quinone oxidation site; Qubiquinone reduction site; RC, reaction and sixth axial ligands of cyt; heme iron are usually
center; Res, respiration; RR, resonance Raman spectroscopy: SDS pictidi i ; .

PAGE, sodium dodecyl sulfatgpolyacrylamide gel electrophoresis; hISt.Idme (H) and methl_omne (M), respt_—:‘CtlveW_/—(g, for a
SHE, standard hydrogen electrode; [2Fe-2S], two -rtwo sulfur review, see rel0). Previous mutagenesis studies of the two

cluster. highly conserved methionine residues located near the
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carboxyl terminus of cyt; revealed that in the facultative replaced by a gene cartridge conferring resistance to spec-
phototrophic bacteriurRhodobacter capsulatid183 is the tinomycin @1). The strain pMTS1/MT-RBC1 corresponds
sixth axial ligand of cyt; heme iron {1). Crystallographic to MT-RBC1 complemented in trans with the plasmid
data, now available for the mitochondriat; complex, are pMTS1, which contains a wild-type copy petABCand a
consistent with this assignmerit2—14). In contrast to the  kanamycin resistance cartridge. This strain, considered the
situation with thebc; complex, in the chloroplasisf complex wild-type reference strain in this study, overproduceditie
the sixth axial ligand of cyt is provided by the free amino  complex by about 510-fold under Res growth conditions.
group of the amino terminal tyrosine residuby, The mutant strains pC:M183H/MT-RBC1 and pC:M183K/
In the case ob- andc-type cytochromes, several studies MT-RBC1 are identical to pMTS1/MT-RBC1, except that
have used the four-helix bundle structure of cylse, as a the codon corresponding to M183 pétChas been mutated
scaffold for the polypeptide chaii§), and the approach of  to encode histidine and lysine, respectively.
semisynthesis as a means of generating natural and non- Genetic TechniquesSite-directed mutagenesis was per-
natural ligands in cyt (17, 18). These studies have illustrated formed as described previously using uracilated DNA of
the influence of the sixth axial ligand on the properties of phage M13mp10-BC3malel6 as a templatel(), and the
the heme group, and underlined its critical role in prosthetic mutagenic oligonucleotides petC-M183H;-B5G GCG
group addition and polypeptide folding. On the other hand, CGC CAC CCC CCG CC-3 and petC-M183K, 5TGG
very little work has been carried out on membrane-anchoredGCG CGC AAG CCC CCG CC-3 After sequencing,
c-type cytochromes such as the @yt subunit of thebg appropriate DNA fragments bearing the desired mutation
complex, where proper incorporation of the mature hemo- were exchanged with their wild-type counterparts in pMTS1
protein into a multisubunit complex may be elaborate. using the restriction enzymé&fu and Stu, and yielded the
Previously, only a few mutants affecting ogitin Saccha- plasmids pC:M183H and pC:M183K. These plasmids were
romyces cerasiae(19), R. capsulatu¢l1), andRhodobacter  then introduced into MT-RBC1 via triparental cross2$)(
sphaeroide$20) have been studied. In particular, substitution  Biochemical and Biophysical Techniqu€&hromatophore
of M183 with leucine (L) in the case ®&. capsulatugielded membranes were prepared as described in2defvith a
a cytc; mutant with a drastically shifteBl,; value AEmn; = French pressure cell using a pressure of 18 000 psi, in MOPS
—390 mV), and an ability to bind CO, not observed with buffer (50 mM, pH 7.0) containing 100 mM KCI, 1 mM
the wild-type protein. However, at least a subpopulation of EDTA, and 1 mM PMSF. They were washed three times in
this mutant cytc; still exhibited spectroscopic properties the same buffer without PMSF, and resuspended in the
characteristic of hexacoordinated heme. The possibility of presence of 1 mM PMSF. Bacteriochlorophyll was extracted
another methionine residue acting as an axial ligand in thewith 1 mL of ice-cold acetone/methanol (7/2 viv) and its
absence of M183 was ruled out by spectroscopic d@ta ( concentration determined spectrophotometrically using an
which in turn suggested a bis-histidine ligation for the M183L e7750f 75 mM~1 cm™*. Purifiedbc, complexes were prepared
mutant cytc;. However, similar spectroscopic measurements as described in reR2, and protein concentrations were
also suggested that partial unfolding enhanced upon exposura@etermined according to réf3. Sodium dodecyl sulfate
to cryoprotectants could produce bis-histidine ligation in the polyacrylamide gel electrophoresis (SBBAGE) was per-
case of the wild-type cyt; as well @). Thus, the nature of  formed using an acrylamide concentration of 15%, and gels
the sixth ligand in this cyt; mutant lacking the natural M183  were stained with Coomassie blue for proteins, and with
ligand remained unknown. tetramethylbenzidine (TMBZ) for covalently attached hemes
To further pursue our investigation on the role played by (24). Immunoblot analyses using monoclonal and polyclonal
the sixth axial ligand in cyt; heme-protein interactions,  antibodies specific for th&®. capsulatus hccomplex and

novel variants with possible histidirgdysine (K) or histi- DBH.:cyt ¢ reductase assays were performed as described
dine—histidine (H) axial coordination were sought. For this in ref 21
purpose, theR. capsulatuscyt ¢; mutants M183K and Optical difference spectra fdr andc-type cytochromes

M183H were constructed, and mutdm; complexes were  were recorded using either a Hitachi U-3210 or a Shimadzu
purified and characterized. It was found that both mutants W2100U spectrophotometer. Samples were first oxidized by
incorporated heme into cgt but they yielded nonfunctional  the addition of a small crystal of potassium ferricyanide, and
bc; complexes with unusual thermodynamic and spectro- then reduced by using either solid sodium ascorbate or
scopic properties. The availability of these stable cyt  sodium dithionite in the presence of 50 nM PMS. Protoheme
derivatives should now further our understanding of how the and mesoheme contents were determined as described
maturation and properties of cyy are affected by the  previously (1).

chemical nature of its sixth axial ligand. Flash-induced, single-turnover kinetics of ogt were
performed as described in r&f5 using chromatophore
MATERIALS AND METHODS membranes and a single-wavelength spectrophotometer
(Biomedical Instrumentation Group, University of Pennsyl-
Bacterial Strains and Growth. Escherichia calhd R. vania, Philadelphia, PA) in the presence of 2M valino-

capsulatusstrains were grown as described in 4fin the mycin, 2.5uM PMS, 2.5uM PES, 8uM DAD, 10 uM
presence of appropriate antibiotics. Respiratory growth (Res) 2-hydroxy-1,4-naphthoquinone, and AWM FeCL—EDTA.

of R. capsulatustrains was achieved at 3& in the dark The quantity of chromatophore membranes used in the assay
under semiaerobic conditions, and photosynthetic growth (Ps)corresponded to 0-10.15uM reaction center (RC), whose

at the same temperature under continuous light and anaerobiconcentration was determined by measuring the optical
conditions. MT-RBC1 is &c;~ strain where the chromo-  absorbance difference between 605 and 540 nm &, af
somal copy of thepetABCoperon has been deleted and 380 mV, and using an extinction coefficient of 29.8 mM
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Ficure 1: Heme binding region of the cyt; subunit of thebc; complex. The figure is for depicting a hypothetical three-dimensional
structure of cytt; mutants using the coordinates of the bovine heart mitochorlrjialomplex. Panels AD depict the wild type (M160)

and M160L, M160H, and M160K cyt; mutants corresponding ®. capsulatus1183 wild type and M183L, M183H, and M183K mutants,
respectively. The residues surrounding heme (within a radius-@08A from iron) are shown in light gray, and a slightly darker gray tone

was used for the isoleucine 158 side chain (for further details, see the text). The fifth ligand histidine 41 (histidiRe 88nsulatus and

the different amino acid residues at position 160 (position 183.icapsulatuswhich provide the sixth ligand, are shown in dark gray. The
coordination between histidine 41 (or methionine 160), and the possible coordination between the histidine (in M183H), or lysine (in
M183K) and the iron atom of heme is represented by thick and thin black lines, respectively.

lle 158 ; e

cm L. Transient cyt re-reduction kinetics initiated by a short nents was also used, and yielded similar results (data not
saturating flash (&s) from a xenon lamp were followed at shown). To what extent the slight deviation of the titration
550-540 nm. curves from am = 1 behavior observed in some cases is
Dark equilibrium redox titrations of the heme groups were due to data processing or to other factors is unclear. In any
performed as described in 126. Chromatophore membranes event, because of the extensive data processingEthe
(10—12 mg in 8 mL corresponding to approximately 20 values presented in this work should be considered ap-
Bchl), or the purifiedbc; complex (1.2 mg of protein in 8  proximate, and are only given for comparison purposes.
mL), in MOPS buffer (50 mM, pH 7.0) containing 100 mM Molecular modeling was carried out using the program
KCI were incubated in the presence of 28 PMS, 20uM Swiss-Pdb Viewer written by N. Guex and M. C. Peitsch
PES, 50uM DAD, and 25uM 2-hydroxy-1,4-naphtho-  (http://www.pdb.bnl.gov/expasy/spdbv/mainpage.htm). The
quinone, 1,4-naphthoquinone, and 1,2-naphthoquinone. Ti-coordinates of the bovine heart mitochondtial complex

trations were performed in the-band region, and th&n, (1BE3, kindly provided by S. lwata prior to their release in

values were determined by fitting the data toras 1 (or the Protein Data Bank) were used. The liganding methionine
two n = 1, if appropriate) Nerst equation, as described was first mutated to H or K; the different possible rotamers
previously 5). When theE,, values of cytochromelsy, by, were analyzed, and the rotamer with the most favorable dis-

andc; were too close to each other, it was not possible to tance and angle for heme iron ligation was chosen. In case
titrate them independently since theirpeaks also overlap  of clashes with another amino acid residue, a different ro-
partially, and their deconvolution was necessary for accuratetamer for the latter residue was searched. After modeling,
titrations. For this purpose, the contribution of the symmetric the coordinates were visualized using the Rasmol program
point on theb peak (around 570 nm) was subtracted from written by R. Sayle (http://www.umass.edu/microbio/rasmol/).
the value of cytc, (around 550 nm). In addition, when Chemicals All chemicals were as described previously
needed, the difference 59840 nm value was used to (27).

estimate the shift of the baseline which often occurs below

—100 mV. Processing the data in this fashion was satisfactoryResyLTS

when only the cytby peak interfered, since it is highly

symmetrical. However, when the contribution of bytwas Choice and Construction of the M183H and M183K
prominent, then this approach became unsatisfactory as theMutants. The purpose of this study was to further pursue
b peak broadens due to the split spectrum oflgy(22). A our investigations of the role played by the sixth axial ligand

more elaborate Lorentzian deconvolution with two compo- in heme-protein interactions in the case of ayt and also
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Table 1: Various Properties &. capsulatuyt ¢; Sixth Axial

a —
Ligand Mutants
g & oz %
properties of -n = = =
bc; activity cytc; hemé = = = E
DBH;* flash kineticé Em7 Amax ; = =
strain  phenotype (%) (%) (mV) (nm)
wild-type Ps 100 100 316-340 551552
MT-RBC1 Ps 0.5 0
M183H Ps 0.5 1.5 306-50 and 552—-554
~—140
M183K Ps 2 0 60-80 548-549
M183L¢ Ps 1.5 nd —74 551

aPs” and Ps represent the ability and inability, respectively, to grow
photosynthetically on MPYE plates at 36. © Properties of the cyt;
heme group in chromatophore membranes and putifiedomplexes.
¢DBH, cyt ¢ oxidoreductase activity (percentage of the wild-type F'E"E'_-. Bl oo Bl
activity which in this particular instance was about 4000 nmol of cyt
c reduced min® mg of membrane protein). ¢ Transient cytc
re-reduction kinetics after flash-induced oxidation (percentage of the
wild-type rate which in this particular instance was 299 s° The data
for the M183L mutant were taken from réfl. f nd, not determined.

to shed light on the nature of the amino acid residue acting

as the sixth a?<|al Ilg_and in the M_183L .mutarﬁ)(As the oyt c
only other amino acid residues with a ligand field strength —1-I-

sufficient enough to yield a low-spin state heme iron are Fe-5 » mg
histidine, lysine, and cysteine, and our earlier spectroscopic

investigations of the M183L mutant indicated the presence

of a nitrogen-containing sixth ligan®), the M183H and

M183K substitutions were most interesting. In this respect, oyt Oy

it is noteworthy that in the chloroplabgf complex the sixth - | -
axial ligand of cyff is the amino group of the amino terminal i

tyro;ine residue, and in mitoch(_)ndrial whi;tidine—lysi_ne Ficure 2: SDS-PAGE and Western blot analyses of chromato-
ligation seems to be present in the protein at alkaline pH phore membranes. Acrylamide gels (15%) were stained for proteins
values 28). with Coomassie blue (A) and for heme with TMBZ (C) and
Molecular modeling attempts using the coordinates from immunoprobed using monoclonal antibodies againsand ¢,
the bovine heart mitochondridic, complex indicated that Efotiﬁﬂgsi r?tr(])dallo%)écr:r?t;gnaent(lg;)dlsteiitigrilirc]?éé?grggg?Lr]r?clet rr?t];trgnes
substltu_tlon _of _I\/I_160 (corr_espondmg to M183 h capsu- proteins was loaded per lane.
latug) with histidine or lysine could still allow the proper
coordination of an appropriate nitrogen atom to the heme methionine of cytc; to leucine interferes with the covalent
iron without perturbing drastically the protein backbone attachment of heme, and leads to the accumulation of its
(Figure 1). In the case of H160 (H183 R. capsulatus precursor form19). Thus, it seemed important to determine
substitution, provided that the side chain of isoleucine 158 whether the lack of thbc; complex activity inR. capsulatus
(alanine 181 inR. capsulatuswas rearranged, a rotamer M183H or M183K mutants was due to the absence of a
could be found for which the distance (2.6 A) and angle properly assemblelc,; complex. SDS-PAGE, immunoblot,
(150°) between the:-N of histidine and heme iron were and TMBZ staining data obtained using chromatophore
within the range (1.82.7 A and 156-18C°) encountered in  membranes revealed that the heme group was covalently
other bis-histidine ligated cytochromes. Rotamers with attached to cyti;, which in turn was assembled properly
similar properties were also observed with K160 (K183 in into thebcg complex in both M183H and M183K mutants
R. capsulatussubstitution, but due to lack of data in the (Figure 2), yielding stable cyt; mutants.
case of histidinelysine coordination, a similar comparison Redox Optical Difference Spectrosco@ytical difference
was not possible. spectroscopy was used to estimate the amounts aihd
Growth and Cyt ¢ Reductase Agties of the Mutants. c-type hemes present in chromatophore membranes so the
The mutants M183H and M183K, like M183L11), were fraction associated with thiec; complex could be deduced.
unable to support the Ps growthRf capsulatussuggesting The spectra obtained after ascorbate or dithionite reduction
that they had ntc; complex activity. The deleterious effect of appropriateR. capsulatusnutants are shown in Figure 3.
of these mutations on the; complex was then investigated  Dithionite minus ferricyanide difference spectra (Figure 3B)
by monitoring the DBH:cyt ¢ reductase activity, and light-  revealed that all mutants containedandc-type cytochromes
induced transient cyt re-reduction kinetics using chromato- (o peaks around 550 and 560 nm). On the other hand,
phore membranes. The results, summarized in Table 1,ascorbate minus ferricyanide spectra (Figure 3A) indicated
demonstrated that no steady-state, or single turnda@r, that unlike the wild-type spectrum (d), no peak at 550 nm
complex activity was detectable in either of the mutants. could be detected in the difference spectrum of the M183H
Assembly and Heme Content of Mutan{ Bomplexes.  mutant (b), and that only a small feature with a maximum
In yeast, it is known that mutation of the sixth axial ligand at 550 nm was seen in that of the M183K mutant (c). These
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Ficure 3: Reduced minus oxidized difference spectra of various strains. Chromatophore membranes (0.8 mg of proteins/mL) were suspended
in 50 mM MOPS (pH 7.0) containing 100 mM KCIl and 50 nM PMS. The spectra in panel A were obtained by subtracting the ferricyanide-
oxidized spectra from the ascorbate-reduced spectra. The spectra in panel B were obtained by subtracting the ferricyanide-oxidized spectra
from the dithionite-reduced spectra. The spectra in panel C (dithionite minus ascorbate) were obtained by mathematically subtracting the
spectra in panel A from those in panel B. In each case, traces a to d correspond to MT-RBC1, M183H, M183K, and the wild type (pMTS1/
MT-RBC1), respectively.

data suggested that, as in the case of the M183L mutaht (
modification of the sixth axial ligand also decreased e
value of cytc; in these mutants. Moreover, the partial
reduction of cytc, by ascorbate observed for M183K
suggested that in the latter mutant tlig value must be
higher than those of M183H and M183L mutantd)( and
was probably above 0 mV.

difference spectra between200 and—150 mV indicated
that this component, which overlapped with the lgypeak,
was present only in the M183H mutant and not in M183K
or the wild-type strains (Figure 5C), and was also not an
artifact due to baseline shifts. Moreover, in the M183H
mutant, yet another cy; species with a7 value of~30
mV (Figure 4C) appeared as a shoulder on thelcpeak

Dark Equilibrium Redox TitrationsBecause the nature
of the heme axial ligand is considered an important com-
ponent influencing th&,, value of a heme groufd. (), dark
equilibrium redox titrations were performed. These experi-
ments also enabled us to demonstrate thaEthevalues of
theb-type hemes of thbc, complex were not altered in the

(Figure 5D). The optical difference spectrum betwe€es0
and 0 mV revealed dmax Of ~554 nm for this latter
component, but due to the contribution from the loyteak,

it was impossible to assign a precisgx value to it (Figure
5D). On the other hand, cyt of the M183K mutant was
almost completely reduced around 0 mV (Figure 4B), and

mutants (data not shown). Data obtained using the wild-type exhibited ano. peak centered around 54849 nm (Figure
(Figure 4A) and mutant (data not shown) chromatophore 5A). The novel features of the M183H and M183K mutants,

membranes revealed that a component witlEgnvalue of

which differ from those of the wild-type cyt; (& Amax Of

~300 mV was present in all cases, and corresponded to~552 nm and a7 of ~300 mV) (L1), are summarized in

variousc-type cytochromes. In the mutants, titrations of cyt
c1 without interference from contribution by cyts andb,
became particularly difficult due to their simil&,; values

Table 1.
Analyses of Purified Mutant h€omplexeswhen the fact
that chromatophore membranes contain many diffepent

and overlappingx peaks. Thus, an approximate approach andc-type cytochromes is considered, full characterization
for deconvoluting these peaks, as described in Materials andof the mutantbc; complexes required their purification to
Methods, was adopted for processing the data (Figure 4). Inhomogeneity. SDSPAGE, immunoblot, and TMBZ staining
the case of the M183H mutant, the titration curve obtained data obtained using proteins purified as described in Materials
between 0 and—200 mV suggested the presence of a and Methods indicated that the mutdati complexes were
component absorbing around 550 nm and titrating inEhis  stable, and their properties were not altered drastically upon
range (Figure 4D). Careful examination of the optical detergent solubilization and purification. Minor heme stain-
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Ficure 4: Redox titration of various chromatophore membranes. Reductive dark equilibrium redox titrations were performed, and the data
were processed, as described in Materials and Methods: (A) pMTS1/MT-RBCL1 (wild type) monitored-&4850m, (B) the M183K

mutant monitored at 549570 nm, (C) the M183H mutant (higher-potential component) monitored at5%2 nm, and (D) the M183H

mutant (lower-potential component) monitored at 5520 nmminusthat at 596-540 nm.

able bands, noted especially in the case of the M183H spectra, which also feature the 560 nm maximum for cyts
mutant, were attributed to proteolytic degradation products by and b.. Although the reduced spectra could only be
of cyt ¢; (data not shown), as previously seen with M183L obtained after addition of dithionite, as mentioned above for
(12). To further confirm the proper assembly of the mutant spectra obtained with chromatophore membranes and hence
bc; complexes, the protoheme/mesoheme ratio was deter-including the transitions of both- andc-type hemes, their
mined using purified samples, and a stoichiometry of2.0
0.1 was found in all cases. As expected, the puritied

complexes containing the M183H and M183K mutations

exhibited no detectable cytreductase activity.

Optical redox difference spectra of purified; complexes
gave a first indication about the heme spin state ofcgyh
various mutants. In contrast to a reduced high-spippe
heme which has a Sdréransition shifted toward 430 nm
and a broada—f region, both the M183H and M183K
mutants of cyt; exhibited shar andf$ bands (Figure 6),
and sharp and intense Sor@nsitions (not shown). In a wild-
type bc, complex, the features observed in an ascorbate and 8C,D). To test whether these two subpopulations were
minus ferricyanide difference spectrum can be attributed to due to a partial dissociation of the histidine ligand at pH
cyt ¢; only with o and8 band maxima at 552 and 523 nm,
respectively (Figure 6A). However, the bands of the
M183H (Figure 6B) and M183K (Figure 6C) cgt mutants
appear as a shoulder (M183H), or a peak (M183K), around characterization of the two forms of cgtin M183H should
550 nm in the dithionite minus ferricyanide difference await isolation of this subunit, which is in progress.

sharpness suggested that at least a subpopulation of M183H
and of M183K cytc; mutants also had a hexacoordinate low-
spin heme.

Dark equilibrium redox titrations (Figure 7) performed
using purifiedbc, complexes further indicated that thg,;
values of the heme groups were similar to those obtained
using chromatophore membranes (Figure 4). In particular,
the optical difference spectra shown in Figure 8 were like
those obtained using chromatophore membranes (Figure 5),
and the presence of two cgt subpopulations with different
En values in the case of M183H were discernible (Figures 7

7.0, similar measurements were also repeated at pH 11.0,
and revealed that at least the species exhibiting a Bjgh
value was still present under these conditions. Further
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Ficure 5: Optical difference spectra of various chromatophore membranes. The initial spectra were recorded during reductive dark equilibrium
redox titrations, and the difference spectra were obtained by choosing appré&prisgkies.—, - - -, and— — — correspond to the wild

type, M183H, and M183K, respectively: (A) 0 to 200 mV range: wild typeni@us189 mV), M183H 2 minus189 mV), and M183K

(0 minus191 mV); (B) —200 to 0 mV range: wild type{200 minusO mV), M183H (—205 minus—2 mV), and M183K (200 minus

0 mV); (C) —200 to—150 mV range: wild type<200 minus—150 mV), M183H 205 minus—157 mV), and M183K {200 minus

—152 mV); and (D)—50 to 0 mV range: wild type{54 minusO mV), M183H (—52 minus—2 mV), and M183K (51 minus0 mV).

For each panel, the absorbance scale (not shown) was chosen to illustrate best the difference spectra, so their amplitudes are not directly
comparable.

DISCUSSION sixth axial ligand in controlling thé&,, value of the heme

In this study, a detailed investigation of the role played group in cytc;, and are in agreement with the electronic
by the sixth axial ligand in the case of the aytsubunit of properties of the different ligands. Indeed, the sulfur atom
the bc, Comp|ex was performed using two novel capsu- of methionine is a gOOdTE electron acceptor; thus, it
latus cyt c; mutants in which the native sixth axial ligand Preferentially stabilizes the reduced state, and consequently
M183 was replaced with a histidine or a lysine, via site- increases thé&n, value. Studies with model systems have
directed mutagenesis. This approach is distinct from studiesindicated that coordination by imidazole of the heme Fe atom
using soluble cyt which attempt to deduce the influence decreases it&y value by about 150 mV as compared to
of heme environment on the physicochemical properties of sulfur coordination 29, 30). In addition, theEn7 values of
this redox group by comparing cytochromes from various natural c-type hemes with histidinemethionine Iigation
species, where many parameters change at once, and ma_k‘)ange from 0 to 400 mV, whereas those with bis-histidine
allow a better correlation of the structural changes and their ligation have lower values, often in the range-o400 to
functional consequences. —100 mV (10).

Decrease of th&; values of about 250 and 300 for the The use of semisynthesis to generate various natural and
M183K and M183H mutants, respectively, are not unex- non-natural ligands in mitochondrial cgi{(17) has revealed
pected in light of our earlier work with M183L, where an similar features for a histidine ligand with a decrease of the
even more drastic change has been obserd/&d lowever, Em7 value of about 230 mV. Similarly, substitution of the
it should be noted that the extent of th&; changes could  methionine ligand of cytsso from Thiobacillusversutuswith
not be predicted before these studies. These findings furthera lysine also decreased iE,; value by about-330 mV
corroborate the importance of the molecular nature of the (31). On the other hand, thg&,; value of cytf, which belongs
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Ficure 6: Optical difference spectra of purifidat; complexes: (A) wild-typebc; complex (2.5uM), (B) M183H (0.9 M), and (C)
M183K (0.8uM). Spectra were obtained using samples dissolved in 50 mM Tris-HCI buffer (pH 8.0) containing 100 mM NaCl and 0.1
mg/mL dodecyl maltoside in a cuvette tia 1 cmoptical path length— and - - - correspond to dithionite minus ferricyanide and ascorbate

minus ferricyanide spectra, respectively.
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Ficure 7: Redox titration of purifiedoc; complexes. Reductive
dark equilibrium redox titrations were performed, and the data fitted,
as described in Materials and Metho@s.0J, andv correspond to
pPMTS1/MT-RBC1 (wild-typebc; complex) monitored at 550540

nm, the M183H mutant monitored at 55368 nm, and the M183K
mutant monitored at 549570 nm, respectively.

to a different structural class cftype cytochrome, is rather
high (330-370 mV) (). However, to what extent the

constant, hydrophobicity, electrostatic interaction, and struc-
tural constraints, may be very different among various
cytochromes with similar bis-nitrogen axial ligatiohQj.

The mutations analyzed here shifted the position ofothe
band toward shorter and longer wavelengths for M183K and
M183H mutants, respectively. A similar red shift has also
been observed in the case of a cyhutant with a histidine
ligand instead of methionind {). This change in the energy
transition level between the bonding) @nd antibondings*)
molecular orbital of the porphyrin ring is probably due to
the direct effect of the liganding atom (N vs S) on the
electronegativity of the Fe atom. More detailed spectroscopic
studies, to be performed using purified mutant@ygubunits,
should further define the nature of the ligands as well as the
influence of these mutations on the electronic properties of
cyt ¢; heme.

The mutants obtained during this work demonstrated that
covalent attachment of the heme prosthetic group to the cyt
c1 apoprotein and assembly of this subunit into thg
complex are not abolished R. capsulatugll). The nature
of the sixth axial ligand is not crucial for these processes,
which is in contrast with the yeast ogit case, where a leucine
variant does not assemble the cytsubunit, and a lysine
variant does so poorly10). Whether this is due to a higher
stability of R. capsulatugyt ¢;, or to the different folding
and assembly processes in bacteria and mitochondria, is
unknown. In any event, the availability of the stable cyt
mutants described here should now render possible further

electronic properties of the nitrogen atom of a free amino studies on the ligand properties of hemoproteins.

terminal residue are different from that of th@mino group

Mitochondrial cytc undergoes ligand switching during its

of a lysine residue is unknown. Thus, the mutations studied folding process from a bis-histidine (thought to involve as a

here are not to be compared with dyhor are intended to
mimic a cytf-like cyt ¢;. Finally, it should be noted that the

sixth ligand His 26 or His 33 in this case) to a histidine
water (a pentacoordinated ligation state) and then to its final

nature of the axial ligand is not the only parameter influenc- histidine-methionine ligated form 32, 33). The folding
ing the redox properties of a heme group. Additional factors, pathway for a membrane-attachedype cytochrome such
including solvent exposure, surface charge, internal dielectricas cytc; has not been studied. If that &. capsulatus
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Ficure 8: Optical difference spectra of variobs; complexes. The initial spectra were recorded during reductive dark equilibrium redox
titration, and the difference spectra were obtained by choosing spEg¥ialues.—, - - -, and— — — correspond to the wild type, M183H,

and M183K, respectively: (A) 0 to 200 mV range: wild typerfdnus200 mV), M183H (-4 minus204 mV), and M183K (Uninus205
mV); (B) —200 to 0 mV range: wild type202minus0 mV), M183H (—203 minus—4 mV), and M183K (201 minus0 mV); (C) —200
to —150 mV range: wild type<{202 minus—152 mV), M183H (203 minus—150 mV), and M183K {201 minus—149 mV); and (D)
—50 to 0 mV range: wild type<£50 minusO mV), M183H (—59 minus—4 mV), and M183K (53 minusO mV). For the absorbance
scale, see the legend of Figure 5.

involves a similar mechanism, then the two species with that purified mutanbc; complexes are stable, we are hopeful
different E,, values observed in the case of the M183H that purification of the mutant cyd; subunits would allow
mutant may correspond to an equilibrium between a bis- further determination of their physicochemical properties and
histidine folding intermediate (possibly involving as a sixth definition of the molecular identity of their heme iron axial
axial ligand either His 7 or His 177 dR. capsulatusyt ¢;) ligands.
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