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ABSTRACT: The roles of two evolutionarily conserved aromatic residues in the cytochcommmponent

of theRhodobacter capsulatuytochromebc; complex, phenylalanine 138 and tyrosine 194, were analyzed

by site-directed mutagenesis, in combination with biophysical and biochemical measurements. Changing
Phel38 to either alanine or valine, but not to tyrosine, results in redox heterogeneity of cytochrome
Replacement of Phel38 by an aliphatic amino acid also caused changes in the EPR spectrum of the
cytochrome and resulted in decreases in the steady-Statefor the hydroquinone/cytochrome
oxidoreductase activity of cytochronbe; complexes containing the mutated cytochramd hese findings
indicate that the presence of an aromatic residue at position 138 is essential for maintaining the native
environment of the cytochronm heme. In contrast, replacement of Tyr194 by aliphatic amino acids had

no significant effect on either th&, of cytochromec; or the steady-state activity parameters. Site-directed
mutagenesis of glutamate and aspartate residues in a conserved acidic patch (regiBb.2)apsulatus
cytochromec; suggests that these negatively charged residues do not play a role in the docking of
cytochromec; with the cytochromeébc; complex.

The cytochromebc, complex (ubihydroquinone/cyto- them excellent experimental systems for investigating the
chromec oxidoreductase) plays an essential role in both mechanism of electron transfer within the; complex and
photosynthetic and respiratory electron-transfer pathwiays ( between the complex and its electron-accepting and electron-
3). Electron transfer through the complex is coupled to proton donating reaction partners.
translocation and the formation of a trans-membrane elec- . . .
trochemical gradient1-3). The electrochemical gradient Recently obtained crystal structure_s of three m|to_chondr|al
generated is subsequently used as an energy source for AT{SYt0Chromebc, complexes have provided a clear picture of
synthesis by ATP synthase, for active transport, and for othertN€ gquaternary structure of the complex and of the tertiary
energy-requiring processes. Cytochrorhe; complexes structures of lndIVIdu_aI subun|_t§{—8), mclgdmg the three
isolated from purple non-sulfur bacteria, suctRimdobacter conserved, redox-active subunits responsible for the electron-
capsulatus Rb. sphaeroides, Rhodospirillum rubrp@nd transfer reactions in all cytochronbe; complexes (i.e., the
Rhodopseudomonasiridis, contain only three or four  Rieske iror-sulfur protein, cytochromey, and cytochrome
subunits, while the corresponding mitochondrial complexes b (2)). The cytochromeb subunit is largely embedded in
usually have 10 or more subunit4)( The simpler subunit  the membrane and contains two noncovalently bound hemes
composition of the cytochromiec; complexes from these  (high- and low-potential protohemes, designatedb.aand
bacteria and the possibility of studying the light-driven by, respectively). The cytochronee subunit has an extrinsic
passage of a single electron through the complexes makenhydrophilic domain, with a single covalently boundype

heme, and a C-terminal hydrophohichelical transmem-
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Table 1: Sequence Alignment of Cytochromefrom Chicken, Beef, YeasRb. capsulatusandRb. sphaeroides

region 1 chicken (62) KALAEEVEVQDGPNEDGEMFMRPGKLSDY
beef (62) KALAEEVEVQDGPNEDGEMFMRPGKLSDY
yeast (126) RNMAEEFEYDDEPDEQGNPKKRPGKLSDY
Rb. capsulatus (59) TFVREYAAGLDTIIDKDSGEERDRKETDM
Rb. sphaeroides (61) DQVRAYAT-QFTVTDEETGEDREGKPTDH
region 2 chicken (165) YNDVLEDDGTPA
beef (165) NEVLEDDGTPA
yeast (230) FDDMVEEDGTPA
Rb. capsulatus (188) VDDQVTYEDGTPA
Rb. sphaeroides (190) MDDLVEYADGHDA
region 3 chicken (132) T®CE-PPT- -GVSVREG
beef (132) T CE-PPT- -GVSLREG
yeast (196) TG PDEPPA- -GVALPPG
Rb. capsulatus (136) IGFEENPE- -CAPEGIDG
Rb. sphaeroides (136) TGFPEEPPKCAEGHEPDG

2 The starting position of each sequence is indicated for comparisoiRi=arapsulatusandRb. sphaeroidegshe numbering system is based on
the mature forms of the proteins. The sequence of the precursor form of yeast cytochiomsebeen used for its numbering, to facilitate direct
comparison with the recently published cocrystal structure of yeast cytochyansemplex and iso-1-cytochrome(29). The conserved aromatic
residues are shown in bold, and the conserved acidic residues are underlined.

The electron-transfer reactions and the coupled proton
translocation associated with the cytochrobwg complex
are best described by a bifurcated Q-cycle mechanigm (
10, 11). One of the two electrons generated through oxidation
of hydroquinone (Qk)! at the @ site goes through a low-
potential chain (i.e., from thby heme to théb. heme) and
reduces quinone (Q) bound at thes@e. The other electron
is transferred through a high-potential chain composed of
the Rieske protein and cytochrorog This electron leaves
the complex when the heme of cytochromeeduces one
of a number of possible electron acceptors, such as cyto-
chromec in mitochondria and aerobic prokaryotds-@3, 11),
and either the soluble proteins, cytochromgecytochrome
cs, and high-potential irofsulfur protein (HiPIP) or the
membrane-bound cytochrongg in anoxygenic photosyn-
thetic bacteria12—14).

Chemical modification and site-directed mutagenesis stud-
ies have identified several conserved lysine residues sur-
rounding the exposed heme edge on the surface of cyto-
chromec; that are involved in binding this electron acceptor
for the bacterial cytochromlec; complex to cytochrome;
(15—20). Differential chemical labeling of mitochondrial
cytochromec; in the presence and absence of cytochrame
(21) and photoaffinity cross-linking of mitochondrial cyto-
chromec; to cytochromee (22) implicated two acidic regions
on cytochrome,, referred to as region 1 and region 2 (Figure
1), in the binding of cytochrome. A site-directed mutagen-
esis study of the interaction of cytochrone in the
cytochromebc; complex ofRb. sphaeroideswhich closely
resembles the cytochronte; complex ofRb. capsulatus
with cytochromec (23), implicated a third acidic region on
cytochromec;, referred to as region 3 (Figure 1), as a
possible binding site for cytochroneéc,. Although region

1 Abbreviations: DAD, 2,3,5,6-tetramethyl-1,4-phenylenediamine;
DBH,, 2,3-dimethoxy-5-decyl-6-methyl-1,4-benzohydroquinone; EPR,
electron paramagnetic resonané®, ambient potentialEn,, redox
midpoint potential Emz, redox midpoint potential at pH 7; HiPIP, high-
potential iron-sulfur protein; MOPS, 3N-morpholino)propanesulfonic
acid; MPYE, magnesiumcalcium peptone yeast extract; PESethyl-
dibenzopyrazine ethosulfate; PMS;methyl-dibenzopyrazine metho-
sulfate; Q and Qk oxidized and reduced ubihydroquinone, respec-
tively; Q, and Q, QH, oxidation site and Q reduction site, respectively;
SDS-PAGE, polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate; Tris, tris(hydroxymethyl)aminomethane.

Ficure 1: Crystal structure of chicken cytochroneg showing
possible cytochrome-binding regions. Three possible binding sites
for cytochromec are shown in dark black ribbons. The heme axial
ligands, H41 and M160 (corresponding to H38 and M18&Rn
capsulatusytochromec;), and two conserved aromatic amino acid
residues, one in region 2 (F171, corresponding to Y19&Rln
capsulatusytochromer;) and one in region 3 (Y134, corresponding
to F138 inRb. capsulatusytochromec,), are shown as stick models

in dark black. The heme is shown, in gray, as a stick model. Twenty-
one residues of the C-terminal membrane-anchoring portion of the
cytochrome, running from Y221 to K241, were truncated to show
the heme environment more clearly. The structure is adapted from
that presented in ref.

2 is the best-conserved of these three acidic regions on
cytochromec; (see Table 1), site-directed mutagenesis studies
with Rb. sphaeroidesytochromec; suggested that acidic
amino acids in this region are not involved in binding
cytochromec/c; (23). While a recent X-ray structure for the
complex formed between the yeast cytochrdiogcomplex

and its electron acceptor, iso-1-cytochrome?24), does
support the idea that region 2 of cytochromes involved

in binding cytochrome, the binding interactions are largely
hydrophobic rather than electrostatic in nature.
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Table 2: Oligonucleotides Used for Site-Directed Mutagenesis (F and R denote Forward and Reverse Primers, Re%pectively)

Y194A(F) 5-TGGTGGATGATCAGGTCACCGCCGAGGACGGCACCCCGGCCA-3
Y194F(F) 5-GATCAGGTCACCTTCGAGGACGGCACC-3

Y194V(F) 5-GATCAGGTCACCGTCGAGGACGGCACC-3

E195K(R) 3-CCAGTGGATGTTCCTGCCGTGGGGC-5

E195Q(F) 5GGTCACCTACCAGGACGGC-3

D196K(F) 3-CAGGTCACCTACGAGAAAGGCACCCCGGCCACC-3
D189N/D190N(F) 5GCCGCTGGTGAATAATCAGGTCACCTACGAGGACGGCACCCCG-3
D189E/D190E/D196E(F) '56CCGCTGGTGGAGGAGCAGGTCACCTACGAGGAAGGCACCCCG-3
D189K/D190K/D196K(F) 5GCCGCTGGTGAAGAAGCAGGTCACCTACGAGAAAGGCACCCCG 3
D189N/D190N/D196N(F) 5GCCGCTGGTGAATAATCAGGTCACCTACGAGAACGGCACCCCG-3
F138A(F) B-CATCTACAACTACGTCATCGGTGCCGAAGAAAACCCGGAATGC-3
F138A(R) 3-GCATTCCGGGTTTTCTTCGGCACCGATGACGTAGTTGTAGATG!5
F138V(F) B-CAACTACGTCATCGGTGTCGAAGAAAACCCGGAATG-3

F138V(R) 3-CATTCCGGGTTTTCTTCGACACCGATGACGTAGTTG'5

F138Y(F) 3-CAACTACGTCATCGGTTACGAAGAAAACCCGGAATG-3

F138Y(R) 3-CATTCCGGGTTTTCTTCGACACCGATGACGTAGTTG'5

2 The underlined bases correspond to the genetic codes for the amino acid(s) to be mutated.

We have undertaken extensive characterization of a largeSDS-PAGE (performed using a Pharmacia PhastGel system)
number of charge-elimination and charge-reversal site- and by absorbance spectra, and then aliquots{D.®mL)
directed variants in region 2 éb. capsulatugytochrome of purified complex were stored at80 °C in 100 mM Tris-
c1, in an attempt to further elucidate a possible role for acidic HCI buffer (pH 8.0) containing 50 mM NaCl and 0.01%
residues in region 2 in binding the electron-accepting dodecyl maltoside.
substrate for the cytochronie, complex. As both region 2 Spectra of oxidized and reduced samples were recorded
and 3 each contain one highly conserved aromatic residueyith a Shimadzu Model UV-2100 spectrophotometer at 1
(see Table 1) and such residues have been implicated asm spectral resolution. The spectra of ferricyanide-oxidized
facilitators of electron-transfer reactions in some heme- samples were recorded after addingl3of 0.1 M potassium
containing proteins 25-31), the mutagenesis study was ferricyanide to both the sample cuvette, containing 1 mL of
extended to explore possible roles for these two aromatic ihe cytochromebc, complex, and to the reference cuvette,
amino acids in the function dRb. capsulatugytochrome  containing 1 mL of the sample buffer (50 mM Tris-HCI,
C1. Thg reSl_JIts qf thls_ study suggest that the conserved pH 8.0, containing 100 mM NaCl and 0.01% dodecyl
aromatic re5|due in region 3, Phe138, plays an important r°|emaltoside) but no cytochroméc, complex. Spectra of
in stabilizing the native heme environmentRib. capsulatus  55corbate-reduced samples were recorded in a similar way,
cytochromec;. but using freshly prepared 0.1 M sodium ascorbate as a

reductant instead of potassium ferricyanide as an oxidant.
MATERIALS AND METHODS Spectra of dithionite-reduced samples were recorded after

Initial mutagenesis with the pPETl p|asm|d (Containing a the addition of small amounts of solid sodium dithionite.
wild-type copy ofpetABC, which encodes Rieske protein, Redox difference spectra in tlkeband region were obtained
cytochromeb, and cytochrome,) as the template3@) was by computer subtraction of a spectrum of an oxidized sample
accomplished using either the Transformer site-directed from the spectrum of a reduced sample of equal cytochrome
mutagenesis kit from CLONTECH or the QuickChange from bc, complex concentration. As the ferricyanide anion has a
Stratagene. All the primers (Table 2) were synthesized on abroad peak, centered at 420 nm, redox difference spectra in
Beckman Oligo 1000M DNA Synthesizer in the Core Facility the Soret band region required an additional step, in which
of the Texas Tech University Center for Biotechnology and Bio-Spin 30 Columns (BIO-RAD) were used to remove the
Genomics. After sequencing confirmed that the desired baseferricyanide before spectra were recorded. The concentration
changes had been made and that no other base changes h&ithe cytochroméc; complexes were based on the amount
occurred, the mutated pPET1 plasmid was ligated to the Of cytochromec, present, as determined by pyridine hemo-
broad-range host plasmid pRK404 and was introduced into chromogen method3f).

a petABC deletion strainRb. capsulatusMT-RBC1, via Redox titrations of chromatophores or of purified cyto-
tri-parental crosses as described previou3R).(The effica- chromebc, complexes were carried out as described by
cies of the mutagenesis procedures were confirmed byDutton (36). The cytochromebc, complex (2 mg) was
sequencing plasmids isolated from the approprigte diluted to 9 mL with 50 mM MOPS buffer (pH 7.0)
capsulatugtransconjugants. containing 100 mM KCI, 0.01% dodecyl maltoside, and the

Respiratory growth oRb. capsulatustrains in MPYE following redox mediators, all at a concentration of 24:
(magnesium-calcium peptone yeast extract) medium was 1,1-dimethylferrocene, 1,4-benzoquinone, 1,2-naphthoquino-
achieved at 35C in the dark with moderate shaking (60 ne, PMS, PES, menadione, 2-hydroxy-1,4-naphthoquinone,
100 rpm). Photosynthetic growth &b. capsulatusat room and anthraquinone-2-sulfonic acid. For redox difference
temperature (2225 °C) under continuous light and anaero- spectra involving samples poisedit= —430 mV, 10uM
bic conditions was carried out on MPYE plates containing methyl viologen was also present. The titrations shown
appropriate antibiotics. Preparation of chromatophores andbelow, which were carried out in the oxidative direction, were
purification of the cytochrombc, complexes were performed  performed by first oxidizing the sample &, = +400 to
as described previouslB38, 34). Cytochromebc, complex- +450 mV with 0.1 M potassium ferricyanide and then
containing fractions were pooled and analyzed for purity by reducing it by stepwise additions of 0.1 M sodium dithionite
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in 0'_3 M sodium blcar_bon_ate. T'tra_tlons were aIS_O C_amed Table 3: Photosynthetic Growth of DiffereRtb. capsulatustrains
out in the reverse oxidative direction, and no significant and Heme-Contents and Steady-State Kinetic Parameters for
differences were observed between these titrations and thePurified Cytochroméoc; Complexes Isolated from These Strdins

titrations carried out i'n'the reductive directiofy, values . _ PS  protoheme/ Ko Vinax
were determined by fitting the data to the Nernst equation strain growth mesoheme  (uM™%) (s
for a one-electron carrien(= 1) with one component using  wild type ++ 1.65+0.02 5.4+0.16 32.4+0.8
Microsoft Excel. D189N/D190N ++ 1.70+0.01 10.37+0.16 30.6:0.1

) D189E/D190E/D196E -++  1.46+0.00 7.40+0.52 10.8+ 0.4
The steady-state 2,3-dimethoxy-5-decyl-6-methyl-1,4-ben- p189N/D190N/D196N ++  1.71+0.01 8.20+ 0.01 25.5+ 0.6

zohydroquinone (DBEj/cytochromec oxidoreductase activ- D189K/D190K/D196K ++  2.02+0.07 17.64-0.89 18.2+0.0

ity of the purified b complex was assayed by following — £190% 1504003 6.88£0.63 21.7£0.0
. : ++ 152+0.21 8.08:0.22 20.8:0.3

the absorbance increase at 550 nm because of the reductiory; gk ++ 1674002 5.46+008 19.8+0.4
of cytochromec, as described previouslp@, 37) using an Y194A ++ 1.7940.02 5.42£0.26 20.0£0.1
extinction coefficient of 20 mM! cm™ for equine cyto- Y194V ++ 1.90+£002 635013 20.0:04
h £ 550 nm. The reaction was initiated by adding 5 y1oan o 1034003 7.02£0.39 238517
chromec a - Ihe | y adding o pq3ga ++ 1.87+0.02 474004 5.1+0.1
uL of 20 mM DBH; (to give a final DBH concentration of F138V ++ 1.8440.02 5.30+0.14 16.0+ 0.6
0.1 mM) to 1 mL of oxidized horse heart cytochromén F138Y ++ 1.66+0.08 7.48:0.35 17.7£0.2

50 mM potassium phosphate buffer (pH 7.4) containing 0.3 2 All data were expressed as mean SD (standard deviation)

mM EDTA. Cytochromec concentrations ranged from 0.8 averaged from several experiments< 3 for hemochromogen assays

to 50 4M. The initial slow absorbance change arising from andn = 2 for the steady-state kinetic measurements). PS refers to

the non .nz matic reduction of cvtochromey DBH» w photosynthetic, and the strains are identified by the substitutions made
€ nonenzy a, ¢ X eduction of Ccytochromey 2 Was in the cytochrome; subunit of the cytochromiec; complexes present

recorded. Monitoring of the absorbance at 550 nm was in these straing’ Protoheme/mesoheme ratios (i.e., cytochrérheme/

continued, after 3uL of cytochromebc complex stock cytochromec; heme) were calculated from dithionite minus ferricyanide

solution (2-5 uM) was added to initiate cytochrome;- redox difference spectra obtained using the pyridine hemochromogen

catalyzed electron transfer from DBkb cytochromee. The method @5).

initial enzymatic reaction rate was calculated by subtracting

the nonenzymatic rate from the enzymatic rate. The steady-RESULTS

state parameteiénax andK,, were determined from Eadie

Hofstee plots of the initial ratesversusv/[S], where [S] is Photosynthetic Growth, Composition, aneBand Absor-
the concentration of cytochroneeMicrosoft Excel was used ~ bance SpectraAll of the Rb. capsulatustrains containing
to calculateVmax and Ky, from the Eadie-Hofstee plots. the mutations in the cytochronegsubunit of the cytochrome

bc; complexes that were produced during this study were
in freshly prepared chromatophores were carried out ascapable of growing photosynthetically under anaerobic

described previously3@ 38). The measurements were conditions with growth rates similar to that of the wild-type
performed in 50 mM MOPS buffer (pH 7.0) containing 100 straln_(Tab_Ie 3) It can thus be concluded that none of these
mM KCI, 2.5 uM valinomycin, and appropriate redox mutations inhibited electron f'.°.W through Fh.e cytoghrome
mediators 83). The samples were poised at an ambient redox bc, complex Fo an extent sufficient to significantly impair
potential of-+100 mV. Under these conditions, the ubiquino- Photosynthetic growth.

ne pool is partially reduced, and all the high-potential  All of the purified cytochromebc, complexes produced
components of the cytochromac; complex are reduced  for this study exhibited Coomassie Blue-staining patterns,
before flash activation. The concentrations of chromatophoresafter gel electrophoresis under denaturing conditions (SDS
were adjusted so that all samples contained gMSeaction PAGE), that were similar to that observed with the wild-
center. Reaction center concentrations were estimated, usindgype cytochromebc; complex (i.e., showing three major

a reduced minus oxidized extinction coefficient of 29 MM  bands arising from cytochromtg cytochromec;, and the
cmt (39), from the magnitude of the absorbance decrease Rieske protein (not shown)). Pyridine hemochromogen
at 602 minus 540 nm caused by a train of 10 flashes spacedanalyses of the wild-type and cytochromevariants of the

20 ms apart using samples poised at an ambient potential ofRb. capsulatusytochromebc; complexes gave ratios of
+380 mV @3). At this E, value, all of the in situ electron  protoheme/mesoheme close to the stoichiometric ratio of 2:1
donors to the reaction center are oxidized prior to the flash, predicted for a complex with a mono-henseype cyto-
preventing any rapid reduction of the photooxidized reaction chrome and a di-hemetype cytochrome (Table 3). For the
center. The train of 10 flashes saturates the absorbancewild-type cytochromébc, complex, the ratio of protoheme/
decrease, ensuring that the reaction center is fully oxidized. mesoheme obtained (1.65:1) agrees, within the experimental

X-band EPR studies of purified cytochrorng complexes uncertainties of the measurement, with previously reported
were carried out using a Bruker ESP-300E spectrometerratios ranging from 1.7:1 to 1.75:133 42). The values
equipped with an Oxford Instruments ESR-9 flow cryostat, measured for the wild-type complex in these studies may
as described previously4Q). Spectral simulations were differ from the 2:1 value expected from the known structure
carried out using the Simfonia software package (Bruker of the complex either because recovery of noncovalently
Instruments). Spin quantitations of high-spin components bound protoheme can be less than 108% &nd/or because
were carried out under nonsaturating conditions, using thethe purified complexes contain small amounts cefype
resonance arising from reduced Rieske center in dithionite- cytochrome impurities (other than cytochromgthat were
reduced samples as an internal standard, following thenot detected in reduced minus oxidized difference spectra
protocols developed by Aasa andnrméard 41). or by SDS-PAGE (34).

Flash-induced kinetic measurements-t§pe cytochromes
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Ficure 2: Reduced minus oxidized difference spectrdrbf capsulatusytochromebc; complexes. For panels-AD, taken in thex- and

pB-band spectral region, purified cytochroimng complexes, at a concentration oft®1, were dissolved in 50 mM Tris-HCI buffer (pH 8.0)
containing 100 mM NaCl and 0.01% dodecyl maltoside. The dark lines represent dithionite-reduced minus ferricyanide-oxidized difference
spectra, and the light lines represent ascorbate-reduced minus ferricyanide-oxidized spectra. (A) Wild type; (B) F138A; (C) F138V; and

(D) F138Y. The absorbance scale is the same for paneld.Aanel E shows dithionite minus ascorbate difference spectra for cytochrome

bc; complexes containing the F138Y (gray trace), F138V (thin black trace), and F138A (thick black trace) variants of cytaghrome
obtained by computer subtraction of the (ascorbate minus ferricyanide) difference spectra from (dithionite minus ferricyanide) difference
spectra shown in panels-B. Conditions for panel F, taken in the Soret-band region, were identical to those used for obtaining the
ascorbate minus ferricyanide difference spectra of panelB fexcept that the cytochroni®; complexes were present at a concentration

of 1 uM and had been pretreated with ferricyanide and the ferricyanide then removed, as described in Materials and Methods. The upper
trace (shown in gray) was obtained with the F138Y variant of cytochrantbe middle trace (shown as a thin black line) with the F138V
variant, and the lower trace (shown as a thick black line) with the F138A variant.

For all the cytochroméc; complexes studied in this work,  (data not shown). Dithionite minus ascorbate difference
difference spectra of ascorbate-reduced minus ferricyanide-spectra of cytochrombc; complexes containing either the
oxidized samples exhibited an and g5-band, with maxima  F138V or the F138A variant of cytochronoe (Figure 2E)
at 551-552 and 523524 nm, respectively. (Under the clearly indicate, as shown by the presence of a distinct
conditions used to obtain these spectra, the addition of shoulder at 552 nm, that a considerable portion of the F138A
ascorbate produced no detectable reduction of either cyto-and F138V cytochrome; variants is reducible by dithionite

chromesb, or by. Thus, thesea- and -bands can be
attributed solely to reduced cytochromg) However, the
magnitudes of the cytochrome; a- and S-bands for
cytochromebc,; complexes containing either the F138A and
the F138V variants of cytochronug are considerably smaller

but not by ascorbate. In contrast, dithionite minus ascorbate
difference spectra for cytochronbe; complexes containing
either wild-type cytochrome; (not shown) or its F138Y
variant (Figure 2E) show only features attributable to
cytochromedy, andby, indicating that wild-type cytochrome

in ascorbate-reduced minus ferricyanide-oxidized difference ¢ and its F138Y variant are both completely reducible by
spectra than those observed with an equal concentration ofascorbate. The pattern of low-amplitude changes in cyto-

wild-type cytochromebc, complex (Figure 2A-C). The

chrome spectra, on the addition of ascorbate as a reductant,

decrease ina-band magnitude in an ascorbate-reduced for the F138V and particularly for the F138A variant of
sample is particularly noticeable for the F138A variant. In cytochromec,, can also be seen in ascorbate minus ferri-

contrast, ascorbate-reduced samples of the cytochlmine
complex containing the F138Y variant of cytochroroge
(Figure 2D) showedr- and5-bands with magnitudes very
similar to those of the wild-type cytochrome. The addition

cyanide redox difference spectra in the Soret-band region
(Figure 2F), when compared to the spectra obtained with a
cytochromebc, complex containing either the F138Y variant
of cytochromec; (Figure 2F) or the wild-type cytochrome

of N-methyl-dibenzopyrazine methosulfate (PMS), an excel- C1 (not shown).

lent redox mediator foc-type cytochromes3g), to ascor-

No decrease im-band intensity (as compared to that

bate-reduced samples produced no increase in the magnitudebserved for wild-type cytochrome;) was observed in

of the peak at 552 nm arising from reduced cytochrame

spectra of ascorbate-reduced samples of any of the region 2
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Table 4: Steady-State DBH Cytochromec Activity and Cytochromec; Midpoint Potentiald

chromatophore purifietc; complex
strain activity Emz(mV) activity Emz(mV)
WT 100.0 +320+ 7 (n=4) 100.0 +329+5(n=7)
D189N/D190N nd nd 94.4 +332+1(n=2)
D189K/D190K/D196K nd nd 56.2 +334+1(n=2)
Y194A nd nd 61.7 +333+1(n=2)
Y194V nd nd 61.7 +335+ 8 (n=23)
F138A 17.6 +226+ 13 (n=13) 15.7 +219+3(n=2)
F138V 57.9 +247+ 7 (n=4) 49.4 +242+3(n=2)
F138Y 86.2 +292+2(n=2) 54.6 +296+ 6 (n=3)

aFor chromatophores, the activity was determined using/horse cytochrome, and for purified cytochroméc, complexes, the relative

activities were calculated from thénax values listed in Table 3. The activities, in both cases, are expressed as percentages of the activity obtained

with samples containing wild-type cytochroroge (The 100% wild type level corresponds to 32%0l of cytochromec reduced per min per mg

of protein for chromatophores and 32:thol of cytochromec reduced per

s permol of cytochromebc, complex for the purified complex.) Data

are expressed as meanSD; n is the number of determinations, and nd indicates not determined.

variants generated for this study (not shown). Of particular

(Table 4). Figure 3C shows that replacing Phe138 by another

interest was the observation that, in contrast to the effectsaliphatic amino acid, valine, also lowers tli®, of Rb.

on the ascorbate-reducibility produced by mutating F138 to
a nonaromatic amino acid, ascorbate-reduced sampkb.of
capsulatusytochromebg; complexes containing the Y194A
or Y194V variants of cytochrome; exhibit a-bands with

capsulatusytochromec; significantly from that of the wild-
type cytochrome. The data again give an excellent fit to the
Nernst equation for a single = 1 component, in this case
with E, = +239 mV, for the F138V variant of cytochrome

maxima at 552 nm and the same amplitude as that observed;. AverageEn, values measured for the component with an

for the wild-type cytochrome (Y194 is another well-
conserved aromatic residue in cytochrocpesee Table 1).

Oxidation—Reduction Potential§ o characterize the redox
properties of the three position 138 variants of cytochrome
¢ further, oxidatior-reduction titrations of the F138A,
F138V, and F138Y variants were carried out and compared
to titrations of the wild-type cytochrome. Oxidation
reduction titrations (not shown) of the wild-type cytochrome
c1, in chromatophore membranes or in purified cytochrome
bc, complexes, gavey, values of+320+ 7 and+329+ 5
mV, respectively (Table 4). Chromatophore membranes
contain several high-potentiat-type cytochromes with
similar a-band absorbance maximd?j; thus, E, values
determined from measurements using these membranes m
not in general reflectt, values for cytochromec; as
accurately as will be the case for measurements made wit
purified cytochromebc, complexes. Nevertheless, the fact
thatE,, values obtained using chromatophores are so similar
to those obtained using purified cytochrobmg complexes,
both for samples containing either wild-type cytochrotne
or several site-specific variants (see below), led us to
tentatively attribute th&,, = +329 mV component irRb.
capsulatusshromatophores to wild-type cytochrorog The
En value obtained foRb. capsulatugytochromec; in the
purified cytochroméoc; complex is in good agreement with
recently published value88, 43). Figure 3A shows titration
data obtained with a sample of purified cytochroing
complex containing the F138A variant of cytochromeThe
data give an excellent fit to the Nernst equation for a single
n = 1 component with a midpoint potential &f216 mV.
The averagee, value obtained for this variant in purified
cytochromebc, complexes,+219 + 3 mV (Table 4), is
significantly lower (ca. 110 mV) than that observed for the
wild-type cytochromec; in samples of the purified cyto-
chromebc; complex. A very similatEy, value,+226 + 13
mV, was obtained for the component with anband
maximum at 552 nm observed in titrations of chromatophore
membranes containing the F138A variant of cytochrame

o-band maximum at 552 nm in chromatophore membranes
(+247 + 7 mV) and in purified cytochrombc, complexes
(+2424 3 mV) containing the F138V variant of cytochrome
c; agree well with each other (Table 4) and are ca. 90 mV
lower than values measured for the wild-type cytochrome.
Figure 3E shows the results of a titration of purified
cytochromebc; complex containing the F138Y variant of
cytochromec;. The data give an excellent fit to the Nernst
equation for a singlen = 1 component withE,, = +298
mV. AverageE, values determined for the F138Y variant
in purified cytochromeoc; complexesky, = +296+ 6 mV)
and in chromatophore membrands, (= +292 + 2 mV)
were similar (Table 4). The fact that the decrease inBhe
alue of Rb. capsulatusytochromec; of ca. 30 mV, as

v
a

Xompared to the wild-type cytochrome, produced by a Phe/
hiyr substitution is considerably smaller than the ca. 100 mV

shift observed with the F138A and F138V variants is not
surprising in view of the conservative replacement of one
aromatic amino acid by another. The observation that
essentially identical changes i, caused by replacement
of F138, are observed in chromatophores and in purified
cytochromebc; complexes suggest that these changes are
not related to a decrease in the stability of the complex during
purification that arises from replacement of F138 by a
nonaromatic amino acid.

When redox titrations of purified cytochronte; com-
plexes were extended to more negative ambient potential
values (i.e.En = —250 mV), theE, values measured for
cytochromesby and b in cytochrome bc; complexes
containing either F138A, F138V, or F138Y variants of
cytochromec; were identical to those observed for the
complex containing wild-type cytochrome; (data not
shown). Thus, the effects of replacing Phe138 of cytochrome
¢: on heme redox potentials are confined to the cytochrome
C1 subunit.

Difference spectra recorded during the titration of the
cytochromebc; complex containing the F138A variant of
cytochromec; (Figure 3B) show that only cytochrone
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Ficure 3: Redox titrations and redox difference spectra of three F138 variaRts.@apsulatusytochromec;. Cytochromebc; complexes,
at a concentration of 6.,8M for the F138A variant, 3.2M for the F138V variant, and 2 A2M for the F138Y variant, were present in the

same buffer used to obtain the spectra of Figure 2. For the titrations shown in panels A (F138A), C (F138V), and E (F138Y), the open

circles represent the actual data points, and the solid lines represent the best fit to the Nernst equation forlaezmmponent. For all
three of these titrations, theé axis amplitudes measured at edghvalue have been normalized, with the value for the fully oxidized

cytochrome having been set at 0.0 and for the fully reduced cytochrome having been set at 1.0, in each case. For the titrations of panels

A and C, absorbance at 550 nm was used to monitor the extent of cytochyoetriction, to minimize contributions from cytochrorng
However, because of the larger difference in Hyevalue between F138Y cytochromesandby, 552 nm was used to monitor the extent

of cytochromec; in the titration of panel E. In the difference spectra for F138A (B), the dark trace represents a redox difference spectrum

for (+218 mV) — (+322 mV), and the light trace represents a redox difference spectrum-1@8(mV) — (+322 mV). In the difference
spectra for F138V (D), the dark trace represents a redox difference spectrus2@® (V) — (+340 mV), and the light trace represents

a redox difference spectrum fo#-033 mV) — (+340 mV). In the difference spectra for F138Y (F), the dark trace represents a redox
difference spectrum for{290mV) — (+399 mV), and the light trace represents a redox difference spectrum-i@y mVv) — (+399

mV).

contributes to the absorbance change&ids lowered from
+322 to+218 mV. The absorbance maxima in difference
spectra taken between any tigvalues in this range were
all centered at 553552 nm, characteristic of the-band of

It should be pointed out that the difference spectra of
Figure 3B,D,F were measured using different concentrations
of cytochromebc, complexes (i.e., 6.8M for the complex
containing the F138A variant of cytochrorg 3.2uM for

cytochromec;. When the ambient potential was decreased the F138V variant, and 2/4M for the F138Y variant). Thus,

to ca.+130 mV, absorbance contributions frombeype

the actual magnitude of the cytochromen-bands observed

cytochrome can be detected, as demonstrated by a smalin difference spectra obtained from these titrations was

shoulder at 560 nm in this difference spectrum (Figure 3B).

greatest for the F138Y variant and smallest for the F138A

This observation suggests that either a small amount of variant, with that for the F138V variant falling in the middle.

cytochromeby (Em = +40 mV, ref43) is reduced or that a
small amount of cytochrombl150 @4) is present in the
purified cytochromebc, complex used for these measure-

In fact, the relative magnitudes of tieebands observed for
the three cytochrome variants in these titrations of purified
cytochromebc; complexes are quite similar to those found

ments. Similar redox difference spectra were obtained from in the ascorbate minus ferricyanide difference spectra shown

titrations of cytochroméc; complexes containing the F138V
variant of cytochrome, (Figure 3D) or the F138Y variant
of cytochromec; (Figure 3F).

in Figure 2. Therefore, it seemed possible thatEhe= ca.
+220 mV andE;, = ca. +240 mV species detected in
titrations of F138A cytochrome; and F138V cytochrome
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c1, respectively, might represent only one component of
heterogeneous populations present in these two variants. In P

an attempt to detect forms of the F138A and F138V variants l

of cytochromec;,, different from those detected in the redox M
titrations of Figure 3, that could not be reduced by ascorbate

but were dithionite-reducible, difference spectra of cyto- red

chromebc; complexes containing either the F138A or the m
F138V variant of cytochromes;, in which a spectrum

obtained aE, = —220 mV was subtracted from one obtained
atE, = —430 mV, were measured (cytochromgsandb, ox
are fully reduced at both ambient potentials and so would
not be expected to contribute any features to these difference
spectra). These difference spectra (not shown) contained no
peak at or near 552 nm (in fact, these spectra were completely
featureless over the entire-band andp-band spectral
regions), indicating that no cytochronecespecies becomes
reduced over thiss, range. Thus, if F138A or F138V
cytochromec; components withe,, values more negative
than the values neat220 and+240 mV detected in the
titrations of Figure 3 do in fact exist, they must hakig !

. . 180 200 220 240
values either more negative than ca480 mV or more Magnetic Field (mT)

positive than ca—170 mV. AsE, values significantly more E ) . . .-

. . IGURE 4: EPR spectra of ferricyanide-oxidized and ascorbate-
negative than—-430 mV could not be obtained at pH 7.0  reqycedrb. capasulatusytochromebc; complexes containing the
using sodium dithionite as a reductant, it was not possible F138Y, F138V, and F138A variants of cytochromein the region
to look for cytochromec; species with extremely negative OLthe IOW-f:eld component of the IOW_S;% f?fricsgef)ne rggonances.
En values. Titrations, utilizing absorbance differences be- The sample concentrations were 1361 (F138Y), 100 uM

e (F138V), and 118M (F138A). All samples were in 25 mM Tris-
tween se_veral Wave_length pairs in both theand Soret- HCI buffer, pH 8%, containing 10 mM NaCl and 0.01% dodecyl
band regions to monitor the heme redox state of cytochromemgajtoside, and were oxidized with an equimolar amount of
c1, designed to measure thg value(s) for any cytochrome  potassium ferricyanide or reduced with a 10-fold excess of sodium
¢, component(s) that might become reduced oveEtfrange ascprbate. EPR spectra were recorded at 10 K, and the instrument
from +120 to —250 mV were unsuccessful. Thus, tEg settings were microwave frequency, 9.603 GHz; microwave power,

. e 10 mW,; and modulation amplit 4 G. The ferricyanide-
value(s) fqr possible distinct _form(s) Qf _the_ F138A and ogidized r?]indus ac:s(,jcuo?b:fl)te-fleleJ)ceu(;j lZl’iffsereni:;‘e spgctrimc%;asﬁgwn
F138V variants that are reducible by dithionite but not by directly under each pair of oxidized and reduced spectra.
ascorbate remain, if such forms do indeed exist, remain to
be elucidated. Somewhat surprisingly, given the fact that the and

Titrations of cytochroméxc, complexes containing four  -band spectra of the F138V and F138A variants indicate
region 2 variants reveal that all four of these cytochrame  that significant portions of these two cytochromesariants
variants, even one with a triple charge-reversal alteration are reducible by ascorbate and are likely to be low-spin, no
(D189K/D190K/D196K), hade, values for cytochrome; g ~3.2 EPR resonances characteristic of an ascorbate-
that are essentially identical to that found for the wild-type reducible, low-spin ferric cytochromg with His/Met axial
cytochrome (Table 4). Given the effects, described above, ligation were immediately apparent in the spectra of either
of replacing Phel38 dRb. capsulatugytochromec; with the F138V or the F138A variants (see Figure 4). This was
either alanine or valine on tHg, of the cytochrome, itis of  not a consequence of incomplete oxidation arising from the
particular interest that a similar set of replacements of the fact that a stoichiometric amount of ferricyanide was used
conserved aromatic residue, Tyrl94, in region 2 of cyto- to obtain the spectra of Figure 4, as the same result was
chromec; had no effect on th&, value of the cytochrome.  observed for samples oxidized with a 10-fold excess of

EPR SpectraEPR spectra of ferricyanide-oxidized and ferricyanide. However, for both variants, more detailed
ascorbate-reduceRb. capsulatusytochromebc; complexes analysis involving the use of spectral subtractions of the
containing the F138Y, F138V, and F138A variants of ferricyanide-oxidized and ascorbate-reduced samples do
cytochromec;, in the region of the low-field resonances reveal broad ascorbate-reducible components centered near
associated with low-spin ferric hemes, are compared ing = 3.2 that can be attributed to the His/Met form of
Figure 4. The EPR properties of the F138Y variant are almost cytochromec;, on the basis of EPR and near-IR variable-
identical to those of the wild-type cytochrorbe; complex temperature magnetic CD studies of the purified samples of
(40, 45), with theg = 3.79 and 3.44 components attributed wild-type eukaryotic and bacterial cytochromeg proteins
to cytochromesb, and by, respectively; the ascorbate- (40, 45). The breadth and low amplitudes of these low-spin
reducibleg ~3.2 component attributed to the native form of resonances in the F138A and F138V variants precluded
cytochromec;, with His/Met axial ligation; and thg = 2.95 reliable spin quantitation and may reflect greater heterogene-
component attributed to denatured bis-histidirype and/ ity than in wild-type cytochrome; or the F138Y variant.
or c;-type cytochromes. Thus, the EPR results (like the We also recorded EPR spectra over a wider spectral range
optical absorption and redox studies) indicate that hemeto assess the possibility that a substantial portion ofcthe
prosthetic group of cytochrome; is not significantly cytochromes in the oxidized cytochronie; complexes
perturbed by the F138Y mutation. containing the F138A and F138V mutations were in the high-

3.79
-3.44

—2.95

F138V

red

(ox-red) x2

F138A

(ox-red) x2
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cytochromebg; complex @0). For this reason, and because
of its ready availability, equine cytochroneewas used as

§ § i § & the electron acceptor in steady-state activity measurements.
' A All of the Rb. capsulatusytochromebc; complexes contain-
F138Y ing region 2 variants of cytochrontg with charge-altering

mutations, except for the D189E/D190E/D196E and D189K/
D190K/D196K triple mutations, showWmax values for the
DBH_/cytochromec oxidoreductase reaction that are at least
60% of that obtained with the cytochroni®; complex
F138V containing wild-type cytochrome (Tables 3 and 4). Similar,
relatively small, decreases iWmax had been observed
previously forRb. sphaeroidesytochromebc; complexes
containing region 2 variants of cytochroneg (23). The
magnitude of the modest decrease¥inx that occur when
mutations are made at positions 189, 195, or 19&Rin
F138A capsulatuscytochromec; are little effected by the identity
of the replacement residue, over the limited range of
substitutions explored in this study (Tables 3 and 4). When
compared with modest decreases \fax observed for
cytochromebc; complexes containing either the D189N/
'l D190N or the D189N/D190N/D196N variants of cytochrome
cytochromebc, complexes containing the F138Y, F138V, and
F)138A variantls of c?/tochromel in th% region of the low-field C1, _the somewhat _Iarger decr_ease\/_lmax of the two other
Components of both the |0W_spin and the hrgh_sp|n ferric heme variants that contain three amino aC|d replacements (D189E/
resonances. The samples and measurement conditions are the sani2l 90E/D196E and D189K/D190K/D196K) may perhaps
as those given in Figure 4. reflect some nonspecific structural changes caused by
introducing mutually repulsive residues within a small region
spin state. As shown in Figure 5, the EPR spectra of oxidized of the protein. The possible presence of such a complicating
samples of cytochromiec; complexes containing the F138A  secondary effect is illustrated by the D189E/D190E/D196E
and F138V variants of cytochroneg do show more intense  variant, as substitution of one negatively charged residue
high-spin cytochrome signals in tlie= 6 region, relative  (aspartate) by another (glutamate) would not be expected to
to the magnitude of the resonances from I:htype cyto- produce a |arge Change in eithérax or Kn.
chromes ag = 3.79 and 3.44, than complexes containing  Changes in thé,, for cytochromec, as compared with
the wild-type cytochrome or its F138Y variant (see Figure theK,, measured using the cytochroie complex contain-
5). The high-spin resonance comprises two overlapping ing wild-type cytochrome,, of region 2 variants were also
resonances and was simulated as the sum of a near-axiahodest, as the large, increase (i.e., that for the cyto-
component accounting for 20% of the high-spin resonance chromebc, complex containing the D189K/D190K/D196K
(E/D = 0.001, with effectiveg-values of 6.02, 5.98, and 2.00  yariant of cytochromes,) is only ca. 3-fold (Table 3). As
for the lowest doublet) and a more rhombic component replacing wild-type cytochrome by its D196K variant has
accounting for 80% of the high-spin resonaneéX= 0.024,  almost no effect on thk, value for cytochrome, it can be
with effective g-values of 6.56, 5.42, and 1.98). However, inferred that the increase i, observed for the D189K/
quantitation of the simulated high-spin signals versusihe Dp190K/D196K variant is due to the mutations at either
= 1/2 resonance of the reduced Rieske center in the sameyosition 189 or 190 or both. The other charge elimination
SampleS after redUCtion W|th d|th|0n|te reVeaIed that the tOtal mutations in thrs region produced even Sma”er Changes in

high-spin heme component accounts for 0.03 spins in thek  values (Table 3). Cytochronie; complexes containing
F138Y variant and for 0.06 spins In the F138A and F138V alterations of Cytochrome:l at the conserved region 2
variants. The magnitude of these high-spin signals did not gromatic residue Tyr194 (i.e., the Y194A, Y194V, and
decrease when the samples were reduced by ascorbate but]94F variants) exhibik,, values that are almost identical
d|d disappear When the Samp|es were reduced W|th dithionite,to those Observed for the Comp'ex Containing W||d_type
indicating that the species that give rise to these signals arecytochromec; (Table 3). TheVma values measured for
likely to haveEr, values belowt-100 mV. However, the spin  complexes containing position 194 variants of cytochrome
quantitations indicate that Signiﬁcant ConVerSion Of h|gh' c,are on'y S||ght|y |ower than that measured for the Comp|ex
potential, ascorbate-reducible, low-spin ferric heme compo- containing wild-type cytochrome (Tables 3 and 4). In sum,
nents with His/Met axial ligation to low-potential (i.e., not  these results suggest that the region 2 acidic residug$ of
reducible by ascorbate) high-spin ferric heme components capsulatuscytochromec; are unlikely to be involved in the
has not occurred and consequently cannot be responsible fopinding of cytochrome; and that the conserved Tyr194 does
the anoma“es ”m'ba.nd d|fference SpeCtra dISCUSSEd abOVe. not p|ay any r0|e in the e|ectr0n_transfer reaction Cata'yzed
Steady-State DBJHCytochrome c¢ Kinetic Parameters. by theRb. capsulatugytochromebc, complex.
Region 2 VariantsEquine cytochrome andRb. capsulatus Phel38 VariantsReplacing Phel138 oRb. capsulatus
cytochromec; have similar tertiary structures, and both the cytochromec; by either alanine, valine, and to a lesser extent,
Vmax @and Ky, values for the two soluble cytochromes are tyrosine affected theVn.x for the DBHJ/cytochromec
virtually identical in the electron-transfer reaction from DBH  oxidoreductase activity of cytochronie; complexes con-
to cytochromec that is catalyzed by th&b. capsulatus taining the cytochrome; variants (Tables 3 and 4). Purified

T T T T T T 1
80 120 160 200 240
Magnetic Field/mT

Ficure 5: EPR spectra of ferricyanide-oxidizéth. capasulatus
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cytochromebc; complexes containing either the F138V A B

variant or the F138A variant of cytochronoe retain only WT F138A
50 and 16%, respectively, of the activity exhibited by a wild- |
type cytochromebc, complex (Tables 3 and 4). Even

replacement of Phe138 by another aromatic residue, tyrosine. s - b
produces a complex with ¥nax only 55% of that observed  Q / " )

for the complex containing wild-type cytochrorog(Tables E

3 and 4). In contrast to the effects dfna, Km values

measured for cytochronewith complexes containing these

three position 138 variants are all quite similar to those [
measured for the complex containing wild-type cytochrome 50 ms
ci (Table 3). Ficure 6: Flash-induced turnover kinetics of chromatophores

To investigate whether these effects of position 138 containing mutated cytochroneg. Transient kinetics of the flash-
substitutions on steady-statk..« values may have resulted ia?[dggg%cz((i)d2$?nagﬂrfr;e£[gcﬂ%?e%f ?(gﬁg?r:ionm:iiﬁef?”v?/\ill\:je? o
from some effec_t_ on the stability of the comple_x_(_junng cytochromec; (A) or its F13gA variant (B). 'Ig']he traces weyrlg
of complexes containing these variants were investigatedthe absence of inhibitor (black) or in the presence ofMi
using chromatophore membranes containing the complexesstigmatellin (gray).
instead of detergent-solubilized, purified cytochroimg o o )
complexes (Table 4). Chromatophore activities were mea- ¢ytochromec rereduction in the uninhibited state (Figure 6,
sured at an equine cytochrorneoncentration of 10QM, blgck traces)) that is eliminated by addition of s’qgmate_llln
a value approximately 20-fold higher than g measured (Figure 6, gray traces). Chror_natophores containing either
for the purified cytochromdc, complex containing wild- ~ the F138V or the F138Y variants of cytochrorg also
type cytochromes; (Table 3), and thus are likely to reflect  displayed similar kinetic behavior (not shown).

Vimax values. Qualitatively, the results obtained with chro- ~ The magnitudes of the differences between the total
matophores containing the F138A or F138V variants of amplitude of the_ non_lnhlb_lted and stlgmatell|n-|nh|b|ted
cytochromec; are very similar to those measured for purified traces are essentially identical for the wild-type and F138A
cytochromebc, complexes (Table 4). The largest difference samples, indicating that the fast, unresolved (on the ms time
between relative steady-state activities measured with chro-Scale used for these measurements) phase of cytoctrome
matophores and purified cytochrone, complexes was reduction chare}cterlstlc' of the Wllq type is al_so present in
observed for the F138Y variant of cytochrome where a the F138A variant. This pha_se is now attrlbuted_t_o the
higher activity was observed with chromatophores (86% of movement of the Rieske subunit from the<ge to a position

the wild-type control) than with purified cytochrores; close to cytochrome;, foIIowe_d by electrqn transfer from
complexes (55% of the wild-type control). Despite this the [2Fe-2S] cluster of the_ R|_eske protein to the heme of
relatively small difference in activity of the purified cyto- cytochromec; (3). The data indicate that in freshly prepared
chromebc;, complex as compared to activity in chromato- chromatophore membranes, at' Ieast. a significant portion of
phores observed for the F138Y variant, it appears that thethe cytochromebc, complexes in which Phe138 has been
loss in steady-state activity observed for the cytochrome replaced by al_anlne retz_ims the_: efficient electron transfer
complexes containing either the F138V or the F138A variant through the high-potential chain of the cytochrorbe

of cytochromec; cannot be attributed to loss of activity Ccomplex that is characteristic of the wild-type complex.
cau_s_ed _by detergent solubilization of the complex or its DISCUSSION

purification.

Flash-Induced Turneer Kinetics.The functional proper- The original impetus for this study was to explore the
ties of cytochromes; variants mutated at position 138 were possibility that negatively charged amino acid residues in
also examined by monitoring flash-induced electron transfer region 2 ofRb. capsulatusytochromec; and/or a conserved
in chromatophores. The presence of the cytochrdiae aromatic residue in this region were directly involved in the
complex, the membrane-anchored cytochramehe reaction interaction of cytochromec; with its electron-accepting
center in chromatophore membranes, and the ability of partner cytochrome/c,. Although a mutagenesis study of
cytochromec; (trapped inside the chromatophores) to serve the very similarRb. sphaeroidesytochromec; suggested
as a mobile electron carrier between the two membrane-that region 2 was not involved in binding cytochrorle;
bound complexes allows initiation of the catalytic cycle of (23), the recently available structure for the complex between
the cytochromdac; complex by transient triggering through  the yeast cytochromac; complex and its electron-accepting
the light-activated reaction center. Figure 6 shows the kinetics partner, cytochromee, indicated that region 2 of yeast
of cytochromec rereduction (monitored at 550 nm minus cytochromec; was in fact involved in binding cytochrome
540 nm after an initial light-induced oxidation) in chromato- ¢ (24). The structure for the yeast complex is consistent with
phores containing either wild-type cytochroméFigure 6A) the earlier cross-linking data from the bovine system that
or its F138A variant (Figure 6B). Kinetics were measured implicated region 2 of cytochromg in binding cytochrome
both in the absence of any inhibitor (black traces) and in ¢ (22). Given that cytochrome/c, binding to detergent-
the presence of stigmatellin, a specific inhibitor of the solubilized cytochromdc, complexes generally decreases
hydroquinone-oxidizing (@ site of the cytochromebc; greatly as the ionic strength increas#s, 0, and references
complex (gray traces). Both the wild-type and the F138A therein), indicating an important contribution from electro-
samples show comparable kinetic behavior (i.e., efficient static interactions, it is perhaps surprising that most of the
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contacts between yeast cytochroneesndc; in the crystal exhibit redox heterogeneity, with the component detected
structure involve hydrophobic interactions between nonpolar in the F138A and F138V redox titrations of Figure 3
amino acid side chain4). Although the interaction between accounting for only a portion of the cytochrome. The
yeast cytochromes, andc does involve one charged amino  observation that the EPR spectra of the low-spin forms of
acid on cytochrome; (i.e., E235), the corresponding residue the F138A and F138V variants of cytochromeare broader
in Rb. capsulatusytochromec;, T193, is uncharged. Hydro-  than those of the wild-type cytochrome and its F138Y
phobic interactions between membrane-associated electronvariant, indicating greater heterogeneity in the F138A and
transfer complexes in photosynthetic organisms and their sol-F138V variants, is consistent with the possibility of lower
uble electron-transfer protein partners are known to be impor- a-band extinction coefficients for these variants. However,
tant in other systems, including the interaction between HiPIP the fact that the magnitudes of thebands seen in dithionite
(high-potential iron protein) and the reaction center in the minus ferricyanide difference spectra are almost identical for
photosynthetic purple non-sulfur bacterilRubrivivax ge- the wild-type cytochrome and its F138A, F138V, and F138Y
latinosus(46) and the interaction between plastocyanin and variants appears to be more consistent with the existence of
Photosystem 1 in oxygenic photosynthetic organisd. ( significant redox heterogeneity in the F138A and F138V
The data obtained in this work indicate that site-specific variants. The very small amounts of high-spin cytochrome
mutations of acidic and aromatic residues in region Rlbf present in these two variants may contribute to small
capsulatuscytochromec; have no significant effect on the  differences in the magnitudes of the-bands seen in
redox properties of the cytochrome and very little effect on dithionite minus ferricyanide difference spectra but cannot
the activity of the cytochromésc, complex. It is worth contribute to the differences seen in ascorbate minus ferri-
mentioning that the redox data obtained with the charge cyanide difference spectra because they are not reducible
elimination and charge reversal mutations of acidic residuesby ascorbate. Although only a sing, component was
in region 2 (in some cases double and triple mutations) are detected in redox titrations of both the F138A and the F138V
consistent with the idea that individual surface charges do variants of cytochromec;, it is possible that a second
not, in general, significantly influencg,, values of redox component does exist but escaped detection because spectral
proteins. In contrast, replacement of the conserved aromaticoverlap with absorbance changes arising from bkgpe
residue F138 in region 3 dRb. capsulatusytochromec; cytochromes masked this cytochromecomponent.
by nonaromatic amino acids produced major changes in the The results of flash-induced electron-transfer kinetics
oxidation—reduction and effects on the kinetic properties of measured using purified chromatophores indicate that elec-
the cytochromédbc, complexes containing these variants of tron transfer within the high-potential chain of the cyto-
cytochromec; that were larger than those produced by chromebc, complex is not affected by mutations at position
changes in region 2 amino acids. In particular, the effects F138 of cytochrome;, despite the fact that an approximately
seen with F138 substitutions contrast with the very minor 100 mV decrease in tHg&, value for a portion of cytochrome
effects on steady-state activity, on spectroscopic, and onc; is observed for the F138V and F138A variants and the
redox properties that arise from substitution at another highly possibility that even larger decreasesEn may occur for
conserved aromatic residue, Y194. an additional portion of the mutated cytochrome in these two
The most puzzling aspect of the data obtained with variants (i.e., the portion that is reduced by dithionite but
cytochromebc,; complexes containing the F138A and F138V not by ascorbate). This decreaseBR of cytochromec;
variants of cytochrome; is the fact that a substantial portion would be expected to render the reduction of cytochrome
of the cytochrome no longer is ascorbate-reducible (but canby the Rieske irorsulfur protein E, = +320 mV)
be reduced by dithionite), despite the fact that the single thermodynamically less favorable in the F138V and F138A
component of each of these cytochromeariants detected  variants than is the case in the native cytochrobog
in oxidation—reduction titrations each exhibited &r value complex, where the Rieske protein and cytochramare
(+220 mV for F138A and+245 mV for F138V) that is approximately isopotentiaBf. Apparently, the occurrence
considerably more positive than that of the ascorbate/ of one such uphill electron-transfer step does not impair the
dehydroascorbate couplE{= +60 mV at pH 7.0). Given  overall operation of the high-potential portion of the cyto-
the possibility that the cytochromeg heme in these two  chromebg complex, as long as the overall electron transfer
variants might have been slow to react with ascorbate, oneprocess is thermodynamically favorable. Conceivably, the
might perhaps have attributed this observation to the oxidizing power of the other high-potential components of
fortuitous lowering of thé=, value for each of these variants  the electron-transfer chain (P870 and cytochrocgfe,)
(as compared to thig, value for the wild-type cytochrome)  allows efficient electron transfer in the physiological direction
to a point where a homogeneous population of each variantto occur despite the presence of a thermodynamically
of the cytochrome was only partially reduced by ascorbate unfavorable step (the decrease in Hevalue of cytochrome
over the relatively short incubation times used to obtain the ¢, in the F138A and F138V variants will make electron
difference spectra obtained in this study. However, the transfer from cytochrome; to the downstream acceptors
observation that the magnitudes @fbands for the single  cytochromesc, and c, and P870 more favorable than is
components of the F138A and F138V variants detected in the case for wild-type cytochronug). Similar situations have
redox titrations (carried out in the presence of redox been encountered previously for revertant®bf capsulatus
mediators) are also considerably smaller than those measuredytochromec; variants in which the Cys144/Cys167 disulfide
for the wild-type cytochrome and its F138Y variant suggests has been eliminated38) and for variants of theRb.
that either the F138A and the F138V variants have smaller capsulatusRieske iron-sulfur protein 48), where mutations
reduced minus oxidized extinction coefficients than the wild- that change thés, value for the mutated component by
type cytochrome or its F138Y variant or that these variants approximately 100 mV do not significantly impair electron
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