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ABSTRACT: Interaction between the cytochrornaa; respiratory chain complex andfp-ATP synthase

from extremely alkaliphilicBacillus pseudofirmu®F4 has been hypothesized to be required for robust
ATP synthesis by this alkaliphile under conditions of very low protonmotive force. Here, such an interaction
was probed by differential scanning calorimetry (DSC) and by saturation transfer electron paramagnetic
resonance (STEPR). When the two purified complexes were embedded in phospholipid vesicles individually
[(caas)PL, (FFo)PL)] or in combination [¢aa; + FiFo)PL] and subjected to DSC analysis, they underwent
exothermic thermodenaturation with transition temperatures at 69, 57, and “4%/Téspectively. The
enthalpy changeAH (—8.8 kcal/mmol), of proteirphospholipid vesicles containing both cytochrome
caa and RFo was smaller than that{12.4 kcal/mmol) of a mixture of proteirphospholipid vesicles
formed from each individual electron transfer complecafs)PL + (F1Fo)PL]. The rotational correlation

time of spin-labeledaa; (65 us) in STEPR studies increased significantly when the complex was mixed
with F1Fo prior to being embedded in phospholipid vesicles (2&). When the complexes were
reconstituted separately and then mixed together, or either mitochondrial cytochmroe FF, was
substituted for the alkaliphileiFo, the correlation time was unchanged {68 us). Varying the ratio of

the two alkaliphile complexes in both the DSC and STEPR experiments indicated that the optimal
stoichiometry is 1:1. These results demonstrate a physical interaction between the cytochaparel
F1Fo-ATP synthase fronB. pseudofirmu®F4 in a reconstituted system. They support the suggestion
that such an interaction between these complexes may contribute to sequestered proton transfers during
alkaliphile oxidative phosphorylation at high pH.

During oxidative phosphorylation (OXPHOS)H mito- intermediate form of energy in OXPHOS were a major
chondria and most bacteria, energy from the exergonic contribution of Mitchell's chemiosmotic hypothesiy (The
oxidation—reduction reactions of the electron transport chain chemiosmotic formulation further posited that the proton path
is conserved in an electrochemical gradient of protons acrossirom the proton-extruding respiratory chain complexes to the
the membrane, alkaline and negative inside relative to ATP synthase was through the bulk liquid phase outside the
outside. ThisAp is used to energize ATP synthesis by the mitochondrion or bacterial cell. By contrast, Williams and
proton-coupled ATP synthasg)( Protons moving downhill others proposed that greater efficiency of energy coupling
through the integral membrane a- and c-subunits of he F oyid be achieved by transfer of protons without full
sector of the s_ynthase Iead to rotation of the p—subumt rotor equilibration with the bulk phasé<7). Williams considered
and the associatgdsubunit, causing conformational changes  yhe hossibility of actual proteinprotein interactions, perhaps
in the catalytic sector that result in ATP synthes, G)_' facilitated by special adaptations of the proteins and partici-
The nature and involvement of thAp as the crucial pation of membrane phospholipidg)(Other proposals have

" This work was supported in part by Grants GM30721 (to C.-A.y.) involved proton trapping at the outside membrane surface
and GM028454 (to T.AK.) from the National Institutes of Health. that creates a delocalized surfagg that is functionally
6 GRZCOéterﬁgi‘l?”gg‘fugggirs-t;g":& (405) 744-6612. Fax: (405) 744- |grger than the bulk force and obviates the need for specific

 Oklahoma State University. adaptations of participating respiratory chain elements or the

& Mount Sinai School of Medicine. ATP synthase®, 8, 9). The expectation is that the drugs or

! Abbreviations: OXPHOS, oxidative phosphorylatidkGp, phos- — genetic variations that effect OXPHOS will depend upon the
phorylation potentialAp, electrochemical proton gradient across the

membraneAW, transmembrane electrical potential (negative ¢aj, specifics of the proton path, i.e., (i) involvement of membrane
cytochromecaas; DSC, differential scanning calorimetry; EPR, electron lipid and protein surfaces versus (ii) additional involvement

paramagnetic resonance; FRAP, fluorescence recovery after photo-of protein—protein interactions versus (iii) onlv a bulk
bleaching; MSL, maleimide spin label (4-maleimido-2,2,6,6-tetramethyl- P o P h f Theref ( )f hy definiti
1-piperidineN-oxyl); STEPR, saturation transfer electron paramagnetic €Nergization pathway of protons. Therefore, further definition

resonance. of the proton path is important.
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OXPHOS by alkaliphilicBacillus species that carry out lipoprotein complexes exist separately in a phospholipid
proton-coupled ATP synthesis at pH value$0.5 has been  vesicle, no difference in thermotropic properties will be
an important experimental system for assessing models ofobserved between protetiphospholipid vesicles formed
the proton pathi0—12). As studied in extremely alkaliphilic ~ from a mixture of two complexes and a mixture of protein
Bacillus pseudofirmu®©F4, two properties of alkaliphile  phospholipid vesicles formed individually from each com-
OXPHOS suggest that, above pH 9.5, ATP synthesis requiresplex. Differences in the thermodenaturation temperatures and
the bulk transmembrane electrical potentiadl’, but also enthalpy changes would suggest a physical interaction
requires specific adaptations of the synthase that supportbetween cytochromeaa and ATP synthase. In the STEPR
proton transfer from the respiratory chain to the synthase study, a physical interaction between cytochrorae; and
without full equilibration with the bulk 13—15). First, ATP synthase will be indicated by an increase of rotational
OXPHOS is more robust at pH 10.5 than at pH 7.5. The correlation time of spin-labeled cytochroncaa. Herein,
phosphorylation potentiaAGp, that directly relates to the we report experimental details and results of DSC and
steady-state force supporting synthesis is abeb®80 mV STEPR studies with cytochromeag and ATP synthase
at pH 10.5 and-435 mV at pH 7.5. However, the bulkp embedded in phospholipid vesicles. The results of DSC and
is about 3 times lower at the higher pH because of the large, STEPR indicate that cytochronoaa; does interact directly
chemiosmotically advers&pH (~2.3 pH units, acid in with the ATP synthase in a reconstituted membrane vesicle
relative to out) that is sustained by the Md™ antiporter- system.
dependent pH homeostasis mechanidid).(The capacity
for OXPHOS at pH 10.5 depends upon alkaliphile-specific EXPERIMENTAL PROCEDURES
sequence features of thg-ATP synthase. Mutation of two ) , .
of these features to tHgacillusconsensus sequence resulted _ Materials Spin label, 4-maleimido-2,2,6,6-tetramethyl-1-
in a fully functional enzyme that supported OXPHOS at pH PiPeridineN-oxyl (MSL), cytochromec (horse heart, type
7.5 but not at pH 10.516). Second, large artificially imposed !, @nd sodium cholate were purchased from Sigma.
diffusion potentials fail to energize ATP synthesis above pH N-Dodecyl f-b-maltoside (DM) and-octyl f-p-glucoside
9.5, where nonfermentative growth and respiration-dependentVere from Anatrace. Asolection was obtained from Associ-
OXPHOS are optimall(3). This property reflects a blockage ated Concentrates, Inc., and purified acpordlng to the
of proton flux both to and from the bulk phase at pt9.5 procedure reported by Kagama et QD)( Centriprep-30 and
that protects against cytoplasmic alkalinization during sudden C€ntricon-30 were bought from Amicon. Other chemicals
exposure to high pH. Two residues of the/ATP synthase ~ Were of the highest purity commercially available.
asubunit have been shown to participate in this pH- Enzyme PreparationsThe RFo-ATP synthase from al-
dependent proton “gating”, one of which is also required kaliphilic B. pseudofirmu®F4 was purified from everted
for ATP synthesis at high pHLE). These findings led usto ~ membrane vesicles isolated from pH 10.5 grown cells
propose that a kinetically sequestered proton path from theessentially as reported previousl2lf, except that the
respiratory chain to the ATP synthase at high pH is supportedammonium sulfate fraction used for sucrose gradient cen-
by properties of the participating complexes as well as the trifugation was the pellet obtained between 37% and 60%

membrane and may involve dynamic protejprotein inter- saturation (Ey_e(_)). During purification, the hydrolytic activity _
actions between the ATP synthase and one of the terminalof the preparations was assayed by the phosphate formation
oxidases of the respiratory chain, the proton-pumiag method of LeBel 22) in the presence of octyl glucoside and

oxidase. The expression of this oxidase is upregulated byN&SO; (21). The specific activity of preparations ranged
either high pH or lowAp resulting from protonophore  from 30 to 40umol of R released min' (mg of protein)™.
treatment {6, 17), and mutations that reduce cytochrome  The four-subunit cytochromeaa; was purified from the
cag; activity also prevent nonfermentative growth at high resulting supernatant {8s0) by the following modifications
pH (18). Moreover, alignments show that alkaliphile cyto- of the original protocol 17). During purification, the activity
chromecaa; has alkaliphile-specific sequence features that of the preparations was monitored by assays of TMPD
might contribute to interactions with the ATP synthase (e.g., oxidase in a 20 mM Tris-HCI, pH 8.0, 1 mM EDTA, pH
an alkaliphile-specific T79 of subunit | and an unusually 8.0, buffer using 1 mM TMPD Z3). Unless otherwise
acidic region in subunit Il in the putative proton path through specified, all of the purification steps were carried out at 4
the oxidase). Before initiating a mutagenesis study of such °C. The S;-¢o was sequentially brought to 70% and 80%
sequence features of cytochrowes;, we sought evidence  ammonium sulfate saturation, and thg B, was removed
for the putative proteirrprotein interactions. by ultracentrifugation. The#g-so was diluted with 4 volumes
Using methods of differential scanning calorimetry (DSC) of buffer A (10% glycerol, 10 mM NaPpH 8.0, 1 mM
and saturation transfer electron paramagnetic resonanc€EDTA, 0.05% dodecyl maltoside, 0.2 mM phenylmethane-
(STEPR), proteir-protein interactions were detected between sulfonyl fluoride) and loaded on a hydroxyapatite column
the bovine heart mitochondrial cytochromeoxidase and (Bio-Rad) equilibrated in the same buffer. After the column
F1Fo-ATP synthase in the native membrane stdi@),(but was washed with 2 bed volumes of buffer A, the column
the bovine system does not lend itself to analysis of mutationswas equilibrated at room temperature and washed sequen-
in which in vivo OXPHOS patterns are correlated with the tially with 0.2 (2 bed volumes), 0.4 (3 bed volumes), and
capacity for interaction. In this study, we use these methods0.6 M NaR, pH 8.0, in buffer A (3-4 bed volumes). The
to study the interaction between cytochrooees and ATP 0.6 M fraction, containing the bulk of the cytochrormasas,
synthase from alkaliphili®. pseudofirmusOF4 to probe was diluted with 6 volumes of buffer B (10% glycerol, 20
protein—protein interactions of these alkaliphile complexes. mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.05% dodecyl
The DSC study is based on the assumption that if two maltoside, and 0.2 mM phenylmethanesulfonyl fluoride) and
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loaded on a Q-Sepharose anion-exchange column equili-buffer, pH 7.4, was placed in the sample capillary cell, and
brated in the same buffer. This column was washed with 5 the same amount of buffer was placed in the reference
bed volumes of buffer B and then sequentially with 0.2 M capillary cell. All DSC scans reported in this study were run
(7 bed volumes), 0.3 M (10 bed volumes), 0.4 M (7 bed at a rate of 2C/min. After the first scan, the samples were
volumes), and 0.5 M NaCl (4 bed volumes) in buffer B. cooled to the original temperature and rescanned. Since after
Cytochromecag; eluted principally in the 0.4 M fraction  the first scan the protein was completely and irreversibly
with the 0.5 M fraction containing about 30% of the eluted denatured, no thermotransition peaks were observed in the
oxidase. The 0.4 M fraction was concentrated and used insecond scan, and the second scan could be used as a baseline.
the reconstitution experiments. The heme az content of All thermodynamic analyses were carried out according to
the purified oxidase preparations wa®.0 nmol (mg of the program known as CpCal from the Nano DSC program
protein) %, based on an extinction coefficient of 20.5 mM group.

at Agoo-622 (from the mitochondrial value given in refd). EPR Measurementsll EPR measurements were made
Preparation of Maleimide Spin-Labeled (MSL) Cyto- with a Bruker EMX EPR spectrometer, using an aqueous
chrome caa Alkaliphilic B. pseudofirmu®F4 cytochrome  quartz flat cell. The temperature of the microwave cavity
cag, 20 mg/mL in 20 mM Tris-HCI, pH 8.0, containing 0.35  was controlled by circulation of cooled nitrogen gas from a
M NaCl, 1 mM EDTA, 0.1 mM PMSF, 0.05% dodecyl modified variable temperature housing assembly equipped
maltoside, and 10% glycerol was incubatedhaat5 molar  wijth an electric temperature sensor. Conventional EPR
excess of MSL fo 1 h atroom temperature. The stock spectra were recorded with instrument settings as follows:
solution of MSL (10 mM) was made in 10 mM Tris-HCl/ field modulation frequency, 100 kHz; modulation amplitude,
sucrose buffer, pH 8.0, Containing 20% methanol. After 8 G; microwave frequency, 9.757 GHz; microwave power,
incubation, the unreacted MSL was removed by passagei10.78 mw: time constant, 1310.72 ms. Saturation transfer
through a D-salt excellulose desalting column from Pierce, EPR Spectra were recorded using the same instrument
equilibrated with 10 mM Tris-HCI buffer, containing 0.05% Settings as those described by Thomas ngb_ Q_nd Poore
dodecyl maltoside. Fractions containing MSL-cytochrome et al. £8). A field modulation ¢ 8 G and microwave
cag were pooled and concentrated by Centriprep-30 and frequency of 9.757 GHz were employed with phase-sensitive
Centricon-30 to a protein concentration of approximately 30 detection at 100 Hz (second harmonic)° 3t of phase.
mg/mL. MSL-cytochromeag; obtained by this method was  The incident microwave power was 107.80 mW. The phase
verified to contain no free spin-label by the conventional \as adjusted to minimize the second harmonic signal. The
EPR spectra. approximate rotational correlation time,( was obtained
Preparation of Cytochrome cgaand RF, Complex- from the ratio of the two field lines (t/L). The calibration
Phospholipid VesiclesThe protein-phospholipid vesicles  curve of Thomas et al2() derived from isotropic tumbling
were prepared by the cholate dialysis method reported by of MSL-labeled hemoglobin was used in the calculation.
Racker 25.)' The cytoch_rom@;aa_g co_mple_x, with or W'thOl.Jt Other Analytical Methods Protein concentration was
MSL labeling, alone or in combination withF, at a protein determined by the biuret method, using bovine serum
concentration of approximately 30 mg/mL, was mixed with albumin as the standard (assuming 1 mg/mL has@agof

an asolectin micellar solution (20 '.“glmL in 50 mM 0.667). Absorption spectra were measured in a Shimadzu
phosphate buffer, pH 7.4) and a sodium cholate solution UV-2401 PC spectrophotometer.

[20% (w/v) in water]. The final solution contained 7 mg/
mL protein, 10 mg/mL sodium cholate, and 10.5 mg/mL RESULTS AND DISCUSSION
asolectin. After incubation at 4C for 60 min, the solution
was dialyzed overnight against 500 volumes of 50 mM  Thermotropic Properties of Cytochrome gaand FFo-
phosphate buffer, pH 7.4, with four changes of buffer to form Synthase Embedded in Phospholipid Vesidlesunambigu-
vesicles. The proteinphospholipid vesicles formed were ously study the interaction between cytochrooae; and
collected by centrifugation at 80080for 1 h, and the F1Fo-synthase from alkaliphili®. pseudofirmu®F4, DSC
precipitates were resuspended together in 50 mM phosphatestudies were carried out with both complexes embedded in
buffer, pH 7.4, to an appropriate protein concentration phospholipid (asolectin) vesicles, because these enzymes in
depending on the assay to be used. The suspensions werprotein—phospholipid vesicles would have an environment
used for the DSC and STEPR experiments. Although not similar to that in membrane. The isolated complexes, singly
anticipated, the vesicles prepared by the cholate dialysisor in combination, were embedded in phospholipid vesicles
procedure described above are quite uniform in size, with by the cholate dialysis metho@5). A constant phospholipid
diameters between 20 and 40 n@&6). The relatively high to protein ratio of 1.5 was used. This ratio was chosen
protein to phospholipid ratio used might contribute to this because our earlier intensive DSC study on the phospholipid
uniformity. The vesicles may not be completely sealed as titration of the mitochondrial cytochroneoxidase complex
judged by their low oxidation control index (data not shown). showed that the increase in exothermic enthalpy change of
This, however, does not present any complication on the thermodenaturation of the oxidase phospholipid vesicles is
work of DSC and STEPR as the essential lipid environment directly proportional to the amount of phospholipid used,
of the protein complex is provided. up to 1 mg/mg of protein, and then becomes const2@jt (
Differential Scanning CalorimetrnjAll calorimetric mea- The ratio between fFo-synthase and cytochroneaa; varied
surements were performed with a CSC 6100 Nanoll DSC from 0 to 1.5. If the two lipoprotein complexes have no
from Calorimetry Science Corp. The reference and sample physical interaction, then no difference in DSC characteristics
solutions were carefully degassed under vacuum for 15 min should be observed between phospholipid vesicles embedded
prior to use. A 0.50 mL sample in 50 mMNa* phosphate ~ with a mixture of two complexes and a mixture of phos-
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O s N Ficure 2: Comparison of enthalpy changes of thermodenaturation
20 30 40 50 60 70 8 90 100 of phospholipid vesicles formed with mixtures of cytochrocaes
o and RFg-synthase from alkaliphili®. pseudofirmu®F4 at various
Temperature (*C) molar ratios and of mixtures of phospholipid vesicles of individual
Ficure 1: DSC curves of alkaliphili®. pseudofirmu©F4 RFy complexes. The molecular masses used in calculation of molar ratios

and cytochromecaa; embedded in phospholipids singly or in ~ were 517000 and 105500 Da foiMg-synthase and cytochrome
combination. The molar ratio of;F; andcaas is 1, and the weight ~ Caa, respectively. The ratio of phospholipids to protein was 1.5
ratio of phospholipids to protein is 1.5 in all cases. These vesicles by weight in all cases. The data presented in error bars are averages
are prepared by the cholate dialysis method. Curve A shows the Of three assays conducted on two independent preparations.

exothermic thermodenaturation of 0.5 mg oFfembedded i\ nqer jdentical conditions, two exothermic transient peaks

phospholipid vesicles. Curve B is the DSC thermogram of 0.105 .
mg/mL caa; embedded in phospholipid vesicles. Curve C is the at 56.8 and 68.9C with the totalAH of —12.4 kcal/mmol

DSC profile of phospholipid vesicles embedded with a mixture of Of protein were observed (see Figure 1D). The exothermic
0.5 mg of RF; and 0.105 mg ofaa. Curve D is a mixture of peak with aT, of 68.9 °C is most likely due to the
phospholipid vesicles, embedded individually with either 0.5 mg thermodenaturation of Cytochrornaa3 and the peak of 56.8

of F;Fo or 0.105 mg ofcaas. A total of 21 assays were conducted o _ ; :
on two independent preparations. The standard deviations for the C due to FFo-synthase. The data from the mixed vesicles

transition temperatures were in the range of-@1° and for equaled the sum of the thermotropic properties gfoF
enthalpy changes were 6-8.8 kcal/mmol. synthase-phospholipid vesicles and cytochroneag—
phospholipid vesicles. By contrast, the protephospholipid
pholipid vesicles embedded with one or the other complex; vesicles formed from a mixture of ;F-synthase and
i.e., differences in the thermodenaturation temperatiigs (  cytochromecaa; exhibited T, = 45.5°C and T, = 74.6
and enthalpy changesAf) would suggest a physical °C with AH = —8.8 kcal/mmol of protein (see Figure 1C).
interaction between these two lipoproteins. The protocol for These data for the embedded mixture are significantly
vesicle preparation included a fixed incubation period of 60 different from those observed in a mixture of phospholipid
min for the single or mixed complexes in solution before vesicles embedded individually withfp-synthase or cyto-
the reconsitution into vesicles. It is therefore possible that chromecaa;, suggesting that there is an interaction between
interactions between complexes during this period contribute these two complexes. In the vesicles prepared by embedding
to any overall interactions that are observed. However, any the mixture of complexes, the componenrfdsynthase and
such contribution is likely to be minor since earlier assays cytochromecaa complexes, respectively, undergo ther-
of interactions of these two alkaliphile complexes in solution modenaturation at lower and higher temperatures than in the
were negative (D. Hicks, unpublished data). vesicles in which a single complex is embedded alone. Since,
Figure 1 shows the differential scanning calorimetric when a mixture of F-synthase and cytochroneas; is
curves of alkaliphilicB. pseudofirmu®F4 RF,-synthase embedded in phospholipid vesicles, thg-Fsynthase un-
and cytochromeaa; embedded in phospholipids singly or  dergoes thermodenaturation at 45 (Tm1) (Figure 1C), the
in combination. When f-synthase was embedded into small shoulder around 4%C in the DSC analysis of Fo-
phospholipid vesicles and subjected to DSC analysis, ansynthase vesicles alone (Figure 1A) suggests that a small
exothermic peak at 57.2ZC with a small shoulder at 45C portion of the kFy-synthase complex had characteristics
and an enthalpy change 6f7.3 kcal/mmol of protein was  similar to that present in the vesicles in which bottJ~
observed (see Figure 1A). Purified cytochrowes; also synthase and cytochroncag; were incorporated. This could
showed a single transition withH = —17.8 kcal/mmol of result from trace contamination of theM-synthase complex
protein andT, = 68.5 °C when it was embedded into preparation by an interacting subunit of cytochrorae; that
phospholipid vesicles (Figure 1B). As expected, whefy+ was not detectable in redox spectra.
synthase proteinphospholipid vesicles were mixed with Figure 2 compares the thermodenaturation enthalpy changes
cytochromecaa; vesicles and subjected to DSC analysis of phospholipid vesicles formed with mixtures of cytochrome
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caa and RFo-synthase at various molar ratios and of
mixtures of phospholipid vesicles of individual complexes.
The value of the difference iH increases as;Fo-synthase

is increased. The maximum difference is obtained when
approximately 1 mol of Fe-synthase/mol of cytochrome
caa is used. This is consistent with the conclusion that the
observed effects are due to interactions between cytochrome
cag and RFy-synthase rather than some other interaction
such as dimerization of one of the complexes or a change in B
lipid —protein interaction.

As discussed earlierlg, 26, 29, 30), the energy for the
exothermic transition of a protein complex embedded in
phospholipid vesicles comes from the collapse, upon ther-
modenaturation, of a strained interaction between unsaturated
fatty acyl groups of phospholipids and a protein surface on
the protein complex. Little exothermic transition was ob-
served in mitochondrial or submitochondrial preparations
because there is no such exposed area in the native complex
or supercomplex19). When two interacting protein com-
plexes are removed from the biological membrane by
detergent solubilization, the interaction between them be-
comes disrupted, with the detergent masking the areas on
the protein surfaces that interact. Subsequently, when
protein—phospholipid vesicles are formed from the two
complexes coincident with removal of the detergent, the
exposed area on the protein surface becomes greatly dimin-
ished through proteinprotein interaction. Therefore, less
strained interaction occurs upon vesicle formation, and less Magnetic Field (G)
enthalpy change of exothermic denaturation is observed. ItFiGURe 3: EPR spectra of spin-labeled alkaliphiic pseudofirmus
has been suggested that heat felease that sccompaniddfLoochiomesin e presence ad sbseneeciiio O
thermpdenatqr_atlon of the mlto_chondrlal membrgne_undero¥ spin-labeleél) OF4 Eytochrorrteaag embedded in phospholipFi)d
aerobic conditions may be attributable to autoxidation of yesicles in the absence or presence of the Of-§ynthase
iron—sulfur proteins 81). This suggestion is not germane complex. Spectra C and D are the saturation transfer EPR spectra
to the current study because there are no-suifur proteins of the same samples. The protein concentrations were 6 and 36
in either cytochromeas; or the RF-ATP synthase complex. mg/mL forcaa a}ndcaas + F1Fo vesicles, respectively. The patterns

STEPR Studies of Spin-labeled Cytochrome, €aabed- _shown are typical of_ a total of 21 assays conducted on two

. > : - independent preparations.
ded in Phospholipid Vesicles in the Absence and Presence
of FiFe-SynthaseTo confirm the existence of a physical Tapje 1: Effect of Additions on the Rotational Correlation Time
interaction between alkaliphile cytochrommaa and RFo- () of Spin-Labeled Cytochromeaas®
synthase, cytochromeaa; was labeled with 4-maleimido-

3420 3440 3460 3480 3500 3520

2,2,6,6-tetramethyl-1-piperiding-oxyl (MSL) as described preparations ot 2 (s)

" der ée rame y[ép'peg : OTX?]/ (MSL) as ESC” € (MSL-caa;)PL 0.70+ 0.01 65+ 2
under Experimental Procedures. The -cytochroam, (MSL-cag, -+ bFFo)PL 1.06% 0.01 2704 1
which is enzymatically active, was embedded in phospholipid  (MSL-caa)PL + (bFiFe)PL 0.71+0.01 70+ 2
vesicles alone or together withfp-synthase. The electron (MSL-caas + mFyFo)PL 0.71+0.01 70+ 2
paramagnetic resonance (EPR) measurements of these elec- (MSL-caa + mba)PL 0.70+0.01 65+ 2
tron transfer complexphospholipid vesicles showed typical aThe molar ratio of cytochromeaa; to other proteins used was

spin-immobilized spectra (see spectra A and B of Figure 3). 11 The data present_ed are averages of three assays conducted on two
The spectra were identical regardless of whether the pretein Mdependent preparations.

phospholipid vesicles contained only cytochrocess or

cytochrome caa and RFo-synthase complexes (Figure ofirmusOF4 before being embedded in phospholipid vesicles,
3A,B). This suggested that the difference in mobility of the a significant increase im, was observed compared to that
spin label on cytochromeaas, in the absence and presence of spin-labeled cytochromeaa; embedded in phospholipid
of F1Fy-synthase, is too small to be measured by conventional vesicles alone. By contrast, theof spin-labeled cytochrome
EPR. Therefore, the protein rotational diffusion of the spin- caa was not affected when the cytochrotng complex or
labeled complex was measured by saturation transfer electro’ATP synthase from bovine heart mitochondria was substi-
paramagnetic resonance (STEPR). From the change of thdéuted for the alkaliphile ATP synthase prior to the formation
ratio of two low-field signals (L/L) (see spectra C and D  of vesicles, and the mixture of the spin-labeled cytochrome
of Figure 3), rotational correlation timesry can be cag complex and ko-synthase phospholipid vesicles
calculated according to reported metho#@g, 28). Table 1 showed the same as that of cytochromeaa; phospholipid
shows the effect of the addition of;f-synthase on the  vesicles alone (see Table 1).

rotational correlation time of spin-labeled cytochronaes. A similar effect of succinateQ reductase om; of spin-
When mixed with Fe-synthase from alkaliphili®. pseud- labeled ubiquinotcytochromec reductase30) and of RFo-
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141 charomyces cetgsiae (38, 39), beef (L9, 30, 38, 40), and
plants 41—45). Various roles have been attributed to these
respiratory supercomplexes in fostering electron transfer
Tr reactions, the regulatory features of electron transport, and
the membrane biological aspects of respirativ® @8, 39,

42, 46, 47). The supercomplexes are most often detected on

09 native gel systems involving a non-native environment in
. which the nonionic detergents that are normally used may
Yoos b strongly influence the interactions. The interaction among

lipoprotein complexes detected by the DSC and STEPR
methods used here is less influenced by detergents used in
07 | the isolation of the complexes since the detergents are
removed during the formation of vesicles. The approach was
chosen because, in the vesicles, the protein complexes are
06 | in a membrane environment similar to that of the native
system. This eliminates many of the possible detergent effects
and, importantly, may facilitate detection of interactions that

05 ! . ' . are dynamic. These approaches were chosen for the latter
0 05 1 15 reason since we are not aware of data demonstrating stable
Molar Ratio of F{Fg / Caa3 complex formation between ATP synthase and the respiratory

FIGURE 4: Effect of RFy-synthase on STEPR of spin-labeled Chain of bacteria or mitochondria and have never detected
cytochromecaas. Increasing amounts of,Fy-synthase were added ~ evidence for a “supercomplex” containing an alkaliphile

to a constant amount of spin-labeled cytochraaa. The solutions respiratory chain complex and the ATP synthase during
were incubated for 60 min at 4C before being embedded in  djyerse purification efforts. On the basis of the results shown

phospholipid vesicles. 1.5 mg of phospholipid/mg of protein was )
used in all cases.'l[lL was calculated from the saturation transfer here, we conclude that cytochromeas; and RFe-ATP

EPR spectra of each sample. Instrument settings are given undeSynthase from alkaliphilicB. pseudofirmusOF4 could
Experimental Procedures. The data shown in error bars are averagephysically interact in the membrane. These are most likely
of three assays conducted on two independent preparations.  via dynamic interactions that do not form a supercomplex
but make the OXPHOS model distinct from that of freely
synthase orr, of spin-labeled cytochrome oxidase from  diffusible electron transfer complexes that was derived from
bovine mitochondriaX®) has been reported from this group. membrane fusing 48) and fluorescence recovery after
It is conceivable that at least part of the observed effect photobleaching (FRAP) measuremerts)(
resulted from a change in the fluidity of the membrane by | the alkaliphile context, the specific interaction of the
inclusion of protein complexes other than the spin-labeled cytochrome oxidase and the ATP synthase observed here in
complex. To ensure that the observedincrease upon g3 reconstituted system is relevant to models of the proton
mixing alkaliphile RFo-synthase with spin-labeled cyto- path during OXPHOS that posit direct proteiprotein
chromecag; is indeed due to an interaction between these interactions. The alkaliphile system can now be used to
two complexes, and not due to the change of protein dissect the elements involved in the interactions using
concentration or self-aggregation upon addition @FoF  mutants whose effects upon OXPHOS in vivo can also be
synthase, a titration of spin-labeled cytochronses with determined. This will make it possible to test whether one
FiFo-synthase was carried out. If a specific interaction or more of the alkaliphile-specific features of the ATP
between these two complexes exists, it is expected that asynthase and cytochromeaa; facilitate the interactions
maximum<z, will be obtained. As shown in Figure 4, the  ghserved here and/or apparent proton sequestration in bioen-
break point int; was obtained when the ratio of alkaliphile  ergetic experiments. A candidate in the alkaliphile ATP

FiFo-synthase to cytochromeaa approached 1, which is  synthase would be the unusually polar loop on the external
in consistent with the number obtained from the DSC data. side of the asubunit, near the putative proton uptake

We note that the rotational correlation time obtained from pathway’ that was shown to be required for Optimai OX-
STEPR is only an approximate value; it is based on the pHOS at high pH but not critically involved in the proton-
calibration curve derived from the isotropic motion of the gating function {5). A candidate of interest in the cyto-
Spin label. The values obtained, however, agree with thosechromecaa3 is the unusua"y acidic patch that was noted
obtained by other methods, such as flash photoy3®. (  when the operon encoding the complex was first cloned and
Moreover, aIthough our main interest in this StUdy was the Sequenced]_(?)_ This acidic domain is predicted to be near
relative 7z of spin-labeled cytochromeag; in the absence  the region of subunit Il just above where the pumped protons
and presence of theif-synthase from alkaliphilicB. are modeled to emergb( 51). Additional respiratory chain
pseudofirmu®©F4, ther, values obtained were in agreement components might also be considered as possible interme-
with the DSC data (i.e., the titration curve of tngvalues  diaries in proton transfer in alkaliphiles. Goto et a2
shows the same value of 1 for the saturation as that Obtainedsuggest that Cytochrorr[emay support rapid proton trans-
from the DSC data). location in conjunction with cytochrome oxidase and ATP
There are a growing number of reports of “supercom- synthase in the alkaliphile membrane.
plexes”, i.e., putative specific supermolecular structures OXPHOS in alkaliphilicBacillus faces special energetic
containing more than one respiratory chain complex, in challenges at high pH because of the lawp and the
organisms ranging from bacteri83—37), the yeastSac- requirement for greater energy input for catalysis itself at
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high pH. This has presumably provided the adaptive pressure 10.
for special features of the participating complexes to function
synthetically at high pH, as so far demonstrated for the ATP
synthase. In addition, alkaliphilBacillusspecies have higher
membrane concentrations of respiratory chain complexes
than most bacteria as well as unusually high membrane
cardiolipin content; cardiolipin content, like key respiratory
complexes, is elevated during growth at pH0 than at near
neutral pH (1, 17). The high cardiolipin content and
respiratory chain content are properties shared by alkaliphilic
Bacillusand mitochondria. This makes it especially notable
that a stoichiometric interaction betweejiF-ATP synthase
and cytochromec oxidase (anaas type) of beef heart
mitochondria has been observed that is comparable to the
physical interaction found here for tige pseudofirmu®F4

ATP synthase and cytochronmag oxidase 17). These
observations could reflect a more general commonality in
which OXPHOS in mitochondria from higher (aerobic)
eukaryotes and alkaliphiliBacillusare particularly subject

to selection for the efficacy of energy conservation via
OXPHOS. As a result, both might use a sequestered path of 17-
protons, as has been hypothesized by othdrs8). By
contrast, the efficacy of OXPHOS is probably not a central
limiting factor for growth of facultatively anaerobic eukary-
otes, most bacteria, or even alkaliphiles at lower pH. The
high cardiolipin and respiratory chain content of higher
eukaryotic mitochondria and alkaliphiliacillus could be
pieces of a common strategy, as could specific adaptation
of these complexes, though this latter possibility cannot yet
be evaluated. None of the alkaliphile-specific features of the 5,
membrane-embedded-BTP synthase has yet been experi-
mentally shown to play such a role. If such an element is 21.
identified and more structural information about thedTP
synthase segments becomes available, it may become pos-
sible to assess whether a comparable adaptation exists in the22.
alkaliphile and eukaryotic segments.
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