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ABSTRACT. Earlier studies on oligomycin sensitivity conferring protein (OSCP) of bovine mitochondrial
ATP synthase () indicated that a deletion mutant form (CD-10), lacking the last 10 amino acid residues
(K181—-L190), was unable to bind to the,Begment, or reconstitute energy-linked reactions in OSCP-
depleted H-, complexes [Joshi et al. (199®iochemistry 3512094-12103]. So far as known, the
K181-L190 region of all mammalian species of OSCP harbors four charged residues at positions 181,
184, 187, and 188, while secondary structure predictions suggest that the-K188 region has a high
propensity to form a helix [Ovchinnikov et al. (198BS Lett. 16619—22; Higuti et al. (1993Biochim.
Biophys. Acta 1172311—314; Grinkevich et al. ( 1994Biol. Membr. 11 310-323; Engelbrecht et al.
(1991)Z. Naturforsch., C: Biochem., Biophys., Biol., Virol,#69-764]. Present studies were undertaken

to clarify the role of individual amino acids in the K181.190 region in OSCP-stimulated energy coupling.

Our data show that simultaneous replacements of all four charged residues by uncharged but polar
glutamines, or of K181 R184 by apolar alanines, had no significant influence either on thedehalix

content of the mutant forms or on the ability of mutant OSCPs to couple energy-linked reactions. However,
a substitution of the K181M186 region by six proline residues led to complete loss in the coupling
activity of the resultant mutant. A detailed analysis of the 6-proline mutant form revealed that the variant
was indistinguishable from WT OSCP with respect to expression characteristics, affinity for S-Sepharose,
and ability to interact with E but was unable to complex with the Begment. These studies suggest
that the global protein structure was not destabilized. The helix potential prediction analyses showed
that the 6-proline OSCP displayed a marked decrease in the helix-forming propensity in the region
corresponding to residues 17590. Quantitative CD analyses to measure helical content demonstrated
that both of the mutant forms 6-proline-OSCP and CD-10 had a somewhatdekdical content compared

to WT protein, while synthetic peptides corresponding in sequence to the H1IB® region displayed

a high propensity to form a helix. Taken together, these results suggest that the C-terminal end of OSCP
encompasses arthelix which is crucial for high-affinity interactions of the C-terminal end of this subunit
with F, in the RF, enzyme.

The RF,typet ATP synthase catalyzes the synthesis of 45 A long and 25-30 A in diameter (Fernandez-Moran,
ATP in response to an electron-transfer-generated proton1964; Gogol et al., 1987;laken et al., 1990). Itis believed
electrochemical gradienf\¢H*) and, in the reverse direc-  that the primary function of the stalk is to coupledhd h
tion, generates an ATP-hydrolysis drivasH™ for use in functions, by propagating energyrlmk_ed conformational
ion and substrate transport processes. It consists of a solubléhanges produced at Fo the catalytic sites at;F Hence,
segment, E that contains the catalytic sites and a membrane- & knowledge of the structure/function relationships of stalk-
integrated segment, (F that contains a transmembrane form|r_1g subunits IS essent.lal for gaining |ns_|ghts on energy
channel for proton transport [for review, see Boyer (1993), coupling mechanisms during ATP synthesis.

Fillingame (1990), Pedersen _and Amzel (1993), Penef,Sky 1 Abbreviations: I, membrane-extrinsic portion of the proton-
and Cross (1991), and Senior (1990)]. Low-resolution translocating ATP synthase; EDTA, ethylenediaminetetraacetic acid:
electron microscopy studies reveal that the #hd R DCCD, N,N'-dicyclohexylcarbodiimide; DTT, dithiothreitol; SDS,

. Lo . sodium dodecyl sulfate;;Pinorganic phosphate; OSCP, oligomycin
segments are linked by a slender stalk which is approxmatelySensmvity confyerring protein; ?Ep’ 1% m,\ﬁ Tri4CI, pH 8.0, % m,%;,

EDTA, and 0.001% PMSF; TFE, 2,2,2-trifluoroethanol; PMSF, phenyl-
methanesulfonyl fluoride; IPTG, isoprop§tp-thiogalactopyranoside;
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PCR, polymerase chain reaction; PAGE, polyacrylamide gel electro-
phoresis; buffer A, 50 mM TriS0O,, pH 8.0, 150 mM KCI, 50 mM
NaCl, 1 mM ATP, 0.5 mM EDTA, and 0.05% Tween 20; WT, wild
type form of recombinant OSCP; EGF,, F1F, from Escherichia coli
CD-10, mutant form of OSCP with deletion of 10 residues from the
C-terminus; K178-L190-GY-15, 15-mer synthetic peptide with the
sequence NHKIQKLSRAMREILGY-COOH; (K178-L190)-GY-28,
28-mer synthetic peptide with the sequence MHQOKLSRAM-
REILKIQKLSRAMREILGY-COOH.
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The oligomycin sensitivity conferring protein (OSCP), a forms. Furthermore, in order to know if in fact the 78
major constituent of the stalk segment of mitochondrial ATP 186 region of OSCP isa-helical to begin with, two
synthase, is presumably located in a “pit” next to a protrusion oligopeptides with sequence corresponding to the-11/39)
at the base of the;fparticle (Abrahams et al., 1993; Kagawa region of OSCP were synthesized. The CD spectroscopy
& Racker, 1966; McLennan & Tzagoloff, 1968; Van de Stadt data on these peptides suggest that the K1730 region
et al., 1972; Dupuis et al., 1985). Depletion/reconstitution of OSCP does display a propensity to formeghelix. The
studies of the ATP synthase show that OSCP can form significance of thisu-helix at the C-terminus of OSCP for
independent complexes with bothy Bnd K segments, facilitating high-affinity interactions of the subunit with the
although it is required neither for f€atalyzed inhibitor- proton translocating segment, fof the RF, enzyme is
insensitive ATP hydrolysis nor for ;Amediated passive  discussed.
proton translocation (Dupuis et al., 1985; Dupuis & Vignais,

1987; Pringle et al., 1990). It is also clear that OSCP is not EXPERIMENTAL PROCEDURES
obligatory for binding of I to F, although it is absolutely . .
essential for reassembly of oligomycin- and DCCD-sensitive DNA modifying enzymes and restriction endonucleases

ATPase and ATP synthesis activities in OSCP-depleteg F Were obtained from New England Biolabs (Beverly, MA)
complexes (Kagawa & Racker, 1966; McLennan & and were used according to manufacturer’s protocols unless

Tzagoloff, 1968: Senior, 1971; Pringle et al., 1990; Joshi & otherwise stated. Klenow fragment of DNA polymerase and
Huang, 1991). Thus, the primary role of OSCP is possibly sequenase version |l were obtained from U. S. Biochemicals
in the transmission of the energy of the proton electrochemi- (Cléveland, OH), and@hermus aquaticubNA polymerase

cal gradient between,Fand F, thereby facilitating the was from Perkin Elmer (Norwa_lk, CT). _The nucleotides
“coupling” of an “uncoupled” F—F, complex. In our efforts were purchased from Pharmacia LKB Blotechno_log_y Inc.
to get a better understanding of the role of OSCP in (Piscataway, NJ),q-**S]deoxyATP and.-[**Smethionine
mitochondrial energy coupling, we initiated a systematic were obtained from New England Nuclear (Boston, MA) and
study to localize domains of OSCP of functional and/ Am.ersham (Arlington Heights, ”.‘)’ respegtlvely, and acryl-
structural importance using nested deletion strategy. Our2Mide gel reagents were from BioRad (Richmond, CA). Al

preliminary studies showed that residues E1B890 atthe ~ °ther chemicals were from Sigma (St. Louis, MO).
C-terminal end of OSCP could be deleted without compro- Nomenclature of OSCP Mutants and Construction of
mising the energy coupling efficiency of this subunit but OSCP Expression Plasmids$n order to obtain a high-level
mutant forms lacking more than three amino acid residues expression of OSCP, the coding sequence corresponding to
from the C-terminus were neither able to bind tg rfor mature OSCP was isolated from the original OSCP expres-
restore ATP Synthesis activity in OSCP_dep|ete£F0F sion plasmld pKOSCP WT and recloned into the pET-based
complexes (Joshi et al., 1992. 1994, 1996). This indicated €xpression vector pMW?7 as described previously (Collinson
that amino acid residues K18R187 (OI’ some of the et al., 1994; Joshi et al., 1996) The resultant construct,
residues in this region) are critical for the coupling function PRKOSCP WT, yielded 5680 mg of purified WT form of

of OSCP. Similar results were reported for yeast mitochon- OSCP per liter of cell culture usirig. coli strain BL21(DE3)
drial OSCP and the homologous subuhibf Escherichia as the host. Amino acid replacements were carried out
coli F1F, (Jounouchi et al., 1992; Hazard & Senior, 1994; according to a PCR protocol (Joshi et al., 1992). The final
Mao & Mueller, 1997). Therefore, it is clear that the Plasmid constructs were characterized by sequencing the
C-terminal end of OSCP or OSCP-type subunits is important €ntire OSCP gene as well as subcloning sites. The mutant
for Coup“ng the energy of proton movements intb the forms were named by Single-letter Symb0|(S) of the rESidUE(S)
synthesis of ATP in E Secondary structure predictions targeted for mutation, followed by its (their) position in the
suggest that there are six consensus helical regions in theProtein primary structure, followed by single-letter symbol(s)
OSCPs of mammalian mitochondriaJfs and in subuni® of the resultant residue(s). Thus, mutant form K181Q refers
of bacterial and chloroplast enzymes; one of these corre-to mutation of a lysine residue at position 181 in the OSCP
sponds to residues 17886 in OSCP (Engelbrecht et al., Sequence to a glutamine; mutant form K181Q; R184Q;
1991). It is interesting that the C-terminal part of yeast R187Q; E188Q represents a simultaneous mutation of amino
mitochondrial OSCP is also predicted toddelical despite  acid residues at positions 181, 184, 187, and 188 to glutamine
the fact that its predicted amino acid sequence is only 35% residues; and mutant form KLSR18184AAAA signifies
conserved with respect to the sequence for bovine OSCPa simultaneous replacement of amino acids in positions-181
(Uh et al., 1990; Mao & Mueller, 1997). From this, it would 184 in the OSCP sequence to four consecutive alanines (see
appear that the secondary structure elements of the C-terminaf able 1 for a list of OSCP mutants and their codons).

end of OSCP and its homologous subuhiare conserved, Transformation of E. coli KP3998 and BL21(DES3)
and presumably highly helical. Furthermore, a multiple Strains, Expression of the OSCP Gene, and isp\Radio-
sequence alignment of mammalian mitochondrial OSCPslabeling and Purification of Recombinant OSCP&SCP
revealed the presence of four charged residues in the K181 expression plasmids were first amplified & coli strain
L190 region, corresponding to positions 181, 184, 187, and KP3998, and transformants were grown overnight atG7
188 (Ovchinnikov et al., 1984; Higuti et al., 1993; Grinkevich in LB agar containing 10@g of ampicillin/mL. To obtain
etal., 1994). In order to investigate whether the inactivation protein expressiork. coli strain BL21(DE3) was transformed

of OSCP following deletion of the last 10 residues at the and expression of recombinant OSCPs initiated according
carboxyl end is due to loss of a putatieehelix and/or to published protocols (Collinson et al., 1994; Joshi et al.,
conserved charged residues, the region corresponding tal996). Harvesting of cells, cell lysis, and solubilization of
residues K18+L190 was studied further by site-directed recombinant OSCPs and their purification by S-Sepharose
mutagenesis to alter its helical character or charge, followed chromatography were carried out as described previously for
by structural and functional characterization of the mutant the WT form of OSCP (Joshi et al., 1996).
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Synthetic PeptidesThe oligopeptides were produced by Briefly, aliquots of UR (50 #g) were incubated at 3TC in
the in-house protein facility of the Boston Biomedical a total volume of 5QL containing k (12.5ug), OSCP (5
Research Institute by solid state synthesis on an HMP resin,ug), and 0.25 M sucrose, 50 mM Tré&cetate, 10 mM DTT,
using Fmoc N-(9-fluorenyl)methoxycarbonyl] chemistry. and 0.02% Tween 20 (pH 7.5 buffer). After 30 min, &0
The synthesized peptides were cleaved from the resinof 20 mM TrisHCI buffer, pH 8.5, was added. The ATPase
according to a trifluoroacetic acid-based protocol. In order activity was measured using a &Q aliquot (Pringle et al.,
to ascertain peptide purity and complete removal of protect- 1990).
ing groups, the peptides after cleavage were analyzed by o the reconstitution oPfPJP—ATP exchange activity,

reversed-phase HPLC using an analytical C-8 colum# [Si »q0,,g aliquots of OSCP- andyflepleted submitochondrial
O—Si—(CH);—CHy] from Phenomenex, as well as by paricles prepared at pH 9.8 (AE-P) were incubated with 40
MALDI-TOF mass spectrometry (PerSeptive Biosystems, ug of Fi-ATPase and 0.2g of recombinant OSCP for 10
Voyager RP). The salts were removed by molecular sieving' i ot 23°¢ in the presence of 50mol of TricineKOH

on a Biogel P-2 (BioRad) column that was prequilibrated buffer (pH 8.0) containing 0.2amol of MgCl,, 0.5 umol

with diSti"ed. water. . . of DTT, and 1.25 mg of bovine serum albumin in a total
The peptide concentrations were determined spectro- e of 0.25 mL. The ¥P]R—ATP exchange activity

photometrically, using an extinction coefficient ef;s = was initiated b i i i
e : ; . : y adding 200L of a solution containing 7.5
1420cm -M~* (Bailey, 1966), or by amino acid analysis mol of ATP, 2.5umol of ADP, and 10umol of MgCl,

(Wate_rs Picotag Syst_err_\). Both methods gave values thatl(lpH 7.5), and 50uL of a solution containing 1Qmol
were in agreement within 10% of error.

Peptide K178L190-GY-15 had its first 13 residues Foaosium phosphate buffer (pH 8.0) and 500 000 cpm of

. ; . ; i [32P]R. Samples were incubated at 3. After 15 min,
corre_spon(_jmg to OSCP amino acid re_5|dues KAIZBI0; 0.25 mL of 20% trichloroacetic acid was added to terminate
the inclusion of atyr at the C-terminus was for the

i 32
convenience of spectrophotometric determination of peptide the exchange activity. yF*PJATP was separated frorP]R

; . as described previously (Joshi et al., 1985).
concentration, and of gly (a helical breaker) upstream of o
thetyr, to minimize the structural effect of the addid on Binding of**S-OSCP to Isolated;for UF, SegmentsThe
the rest of the peptide sequence (Chakrabartty et al., 1991)0inding of **S-OSCP to FATPase was determined by
Peptide (K178-L190)-GY-28 had the same sequence as allowmg mcubaﬂqn of soluble Fwith the |ndlcatgd con-
peptide K178-L190-GY-15 except that the sequence for Centrations of radiolabeled OSCP, and. sepa}ratlng the F
residues 1426 was a repeat of the sequence for residues Pound OSCP from free OSCP by centrifugation through a
1-13. The increase in chain length was to provide additional SPin column filled with the cation exchanger CM Sephadex-
stability to the putativer-helix (Scholtz et al., 1991). C25 (Dupuis et al., 1985). The binding 86-OSCP to UF
Other Methods. All standard DNA manipulations were ~Was performed essentially as described by Dupuis and
carried out according to protocols described elsewhere (JoshiVignais (1987) and Joshi et al. (1996).
et al., 1996). Bovine heart mitochondria (Joshi & Sanadi, Presentation of Data The data shown in various figures
1979), OSCP-depleted submitochondrial particles (AE-P) at and tables are averages of five independent experiments.
pH 9.8 (Fessenden & Racker, 1967), purifiegdffactions
depleted of OSCP (W (Pringle et al., 1990), and soluble RESULTS
Fi-ATPase (Horstman & Racker, 1970) were isolated as
described previously. SDSolyacrylamide gel eletrophore- As pointed out in an earlier section, a mutant form of
sis, electrotransfer, gel staining, Western blotting, and ELISA bovine OSCP lacking the last 10 residues (K38190) from
assays were carried out according to previously publishedthe carboxyl end has been shown to be incompetent in its
protocols (Joshi & Burrows, 1990). ability to couple proton movements in, Rith the catalytic
Circular Dichroism (CD), Secondary Structure, and Helix site events at £in the reconstituted # ATP synthase
Potential Analyses Circular dichroism measurements were preparations (Joshi et al., 1992, 1996). Since this region of
made at 5C in a 0.1 cm path length cell (Hellma 100-QS) OSCP is predicted to have a high propensity to form a helix
on an Aviv Associates (Lakewood, NJ) Model 60 DS and since itis also known to harbor four conserved charged
spectropolarimeter containing a thermoelectric temperatureresidues, selected residues in the Kt8190 region of
controller. All spectra were corrected against the spectrum OSCP were replaced by helix-breaking proline(s) or by
of water alone unless specified otherwise. The helical uncharged but polar glutamine(s) or apolar alanines (see
contents were calculated according to Chen et al. (1972) fromTable 1 for a list of the mutants). The recombinant OSCPs
the relationship:fy = —([©]222 + 2340)/30300, wher§, is were evaluated for structural integrity, by analyzing expres-
the fractional:-helical content and®],,; is the mean molar ~ sion and secondary structure characteristics, and for func-
residue ellipticity in degrees centimeter squared per decimole.tional competence, by testing their ability to reconstitute the
The secondary structures were determined according to Macdterminal step in ATP synthesis in OSCP-depleted complexes.
and Wallace (1984) using the LINEQ program. An average Those mutant forms that retained global structural charac-
helix length of 11 residues was used in the analysis. The teristics but lost energy coupling activity were analyzed
helix potential profile was studied according to SEQ (Teeter further for their ability/inability to reconstitute individual
& Whitlow, 1988) which is strictly based on Chou and steps in the synthesis of ATP that require OSCP. Further-
Fasman’s algorithm (1978). more, to ascertain whether or not the K+18186 region
Reconstitution of Oligomycin-Sens#iATPase ancFiP]P,— of OSCP is involved in the formation of a helix, helical
ATP Exchange Oligomycin-sensitive ATPase complexes contents of recombinant OSCPs as well as of two synthetic
were reconstituted by adding solublg Bnd OSCP to  oligopeptides with sequences corresponding essentially to
fractions of ATP synthase that had been depleted previouslythe K178-L190 region of OSCP were measured by quan-
of F, and OSCP (UF) as described in Pringle et al. (1990). titative CD spectroscopy.
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Table 1: Mutant Codons an@-Helix Content of Resultant OSCPs

OSCP codons (WT/mutant) ¥-helix?
wWT 40.60
CD-10 38.50
K181Q AAG/CAG 40.93
R184Q AGAICAA 41.21
R187Q CGGJ/CAG 40.72
E188Q GAGICAG 41.04
K181Q; R184Q; R187Q; E188Q AAG/CAG;AGA/CAA; CGG/CAG;GAG/CAG 41.10
KLSR181-184AAAA AAGCTGAGCAGA/GCGGCGGCCGCA 40.85
KLSRAM181-186PPPPPP AAGCTGAGCAGAGCAATG/ CCACCTCCACCACCACCT 36.50
1179P ATTICCT 41.14
L182P CTG/CCG 40.65
M186P ATG/CCG 40.89

aHelical contents were estimated from CD spectra according to Chen et al. (1972), as described under Experimental Procedures.

—_
o

— T seen in its far-UV CD spectrum [see also Dupuis et al.
[ ——o— WT Oscp (1983), Engelbrecht et al. (1991), and Joshi et al. (1996)].
- ——e— Mut CD-10 The secondary structure calculations indicated the composi-
——a— Mut KLSRAM181-186PPPPPP tion to be 40.6%.-helix, 22.6%3-sheet, 10.89p-turn, and
25.9% unordered. Most of the mutant forms analyzed turned
out to be very similar to WT OSCP both with respect to the
shape of their CD spectrum as well as with respect to their
o-helical content except for mutant forms KLSRAM181
186PPPPPP and CD-10 (Table 1). Both of these displayed
a drop in theira-helical content, from 40.6 0.5% for the
WT form to 36.5+ 0.5% for the 6-proline mutant form,
L and to 38.5t 0.5% for the deletion mutant CD-10 (Table
200 210 220 230 240 250 1; Figure 1). The experimentally determined decreases in
Wavelength (nm) the helical content corresponded to a value of #.0.5%

Ficure 1: Circular dichroism spectra of mutant forms CD-10 and compared to a predicted value of 4.5% for the 6-proline

KLSRAM181-186PPPPPP show a small decrease in tdielix mutant form, and 2.3 0.5% in comparison to a predicted
content with respect to WT OSCERircular dichroism spectra of  value of 2.5% for the deletion mutant CD-10. These

various OSCPs were measured in 20 mM HiS|, pH 7.5, buffer  decreases, although small, were reproducible as judged by
at 25°C as described under Experimental Procedures. Data wereqqafy| quantitative analyses of CD spectra of six independent
collected at 0.5 nm intervals although only 25% of the data points les f h of the WT. deleti CD-10 d
are shown in the figure for the purposes of enhancing clarity. ~ SamPples for each of the WT, deletion mutant CD-10, an
mutant form KLSRAM181-186PPPPPP OSCPs. The mag-
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(I) Evaluation of Mutant Forms of OSCP for Structural ~ Nitude of the observed drop in the-helix content was
Integrity suggestive of a deletion/disruption of a localized helical
segment.

Expression, Isolation, and Purification of Recombinant  (h) CD Meaurements of Synthetic Peptidda. order to
OSCPs Similar to WT OSCP, all of the mutant forms  find out whether the K178M186 region of OSCP has a
investigated in the present studies could be expressed in  tendency to form a helix, two oligopeptides with sequences
coli, and in each instance, the recombinant subunit ac- Corresponding to the K178.190 region of this protein were
cumulated in the inclusion bOdy fraction. Furthermore, Synthesized, and their propensity to form a helix was
Western blots of total cell homogenates containing recom- examined by CD spectroscopy. In some of the experiments,
binant OSCPs revealed a single band whose staining intensitytrifluoroethanol (TFE), a solvent that is known to stabilize
against a polyclonal anti-OSCP serum and relative mobility synthetic peptide structures in solution, was also included
in SDS-PAGE were comparable to the pattern obtained for (Moroder et al., 1975) (see Experimental Procedures for
the WT form of OSCP (data not presented). This suggestsadditional details).
that every mutant form investigated was of correct molecular  The near-Uv CD spectrum of the smaller peptide K£78
mass, and was indistinguishable from the WT form of the | 190.Gy-15 indicated that the peptide chain had very little
subunit with respect to its subcellular location, yield, and (<504 intrinsic helicity in aqueous solution as measured by
stability in iv0 to host proteases. ., (Figure 2 panel A®). However, the inclusion of

Another common feature observed between the mutantincreasing concentrations of TFE in the peptide suspension
forms studied and WT OSCP was that their protein moiety medium promoted a steady increase in the peptide helical
could be readily solubilized by resuspension of the inclusion content (compare with ®). Similar series of experiments
body pellet in buffers containing 6.0 M guanidine hydro- on the larger peptide (K178.190),-GY-28 showed that it
chloride, and be purified further by S-Sepharose column had a higher intrinsic helicity (13.7%) and clearer negative
chromatography (Collinson et al., 1994; Joshi et al., 1996). minima at 222 and 208 nm, compared to the smaller peptide

Circular Dichroism, Secondary Structure, and Helix (panel B,®); the observed increment in the intrinsic helicity
Potential Analyses of Recombinant OSCPs. (a) CD Meas-of the larger peptide was presumably due to additional
urements of WT and Mutant Forms of OSCPata in Figure stability of the helical structure arising from an increase in
1 show that the WT OSCP has a typicahelical character  the peptide length from 15 to 28 residues. Furthermore,
as judged from two negative minima at 222 and 208 nm similar to the 15-mer peptide, the (K178190),-GY-28
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A K181—M186 by six proline residues resulted in disruption
20 T T T T of a specific helix which is located in the A175190 region
of OSCP.

T

10 - (I Evaluation of Mutant Forms of OSCP for Functional
Competence

Reconstitution of P]P,—ATP Exchange Table 2 pre-
sents data on the ability of WT and various mutant forms of
OSCP to reconstitute;PATP exchange activity in OSCP-
depleted AE-particles. It is clear from data in rows 1 and 2
that the AE particles prepared at pH 9.8 have quite low
exchange activity even upon supplementation with F
ATPase (row 1), but get stimulated by a factor of at least 10
bl T b e n L iad upon addition of OSCP (row 2). This demonstrates that pH

200 210 220 230 240 250 9.8 particles are highly suitable for assaying the biological
Wavelength (nm) activity of OSCP [see also Joshi et al. (1992, 1996)].
The data on replacement of charged residues in the K181
L190 region of OSCP by polar but uncharged glutamines
B indicated that the mutations to eliminate charged character
20 e T o e o IR had no significant influence on the ability of resultant OSCPs

. to reconstitute energy-linked reactions in AE particles (Table
2, compare rows -36 with row 2). In order to inquire if
polar residues are the critical ones for OSCP function,
residues K18+ R184 were replaced simultaneously by apolar
alanines. The rationale for replacing only the first 4 out of
10 residues in the K181K190 region was that residues
A185 and M186 are nonpolar already, and residues E188
L190 are known not to be necessary for energy coupling
activity as established previously (Joshi et al., 1994, 1996).
The results clearly indicated that similar to mutant form
K181Q;R184Q;R187Q;E188Q, the 4-alanine mutant form
also experienced no negative impact in its ability to promote

200 210 220 230 240 250 energy coupling (compare row 7 with row 2 in Table 2).

Wavelength (nm) These data show that neither charged residues nor residues
Ficure 2: Circular dichroism spectra of synthetic peptides corre- with uncharggq side chams In the KI81190 region of
sponding to the K181L.190 region of OSCP reveal a propensity OSCP are critical to mitochondrial energy coupling. The
to form ana-helical structure. Samples of peptides for measuring replacement of residues K18M186 by six proline residues,
circular dichroism were diluted to 50M concentration in 5 mM however, led to a substantial inactivation of the coupling
potassium phosphate buffer, pH 7.2; where indicated, TFE was 4 jyity of OSCP (row 8 in Table 2). The inability of mutant
included in the dilution buffer. Data were collected at 0.5 nm
intervals although only 25% of the data points are shown in the form KLSRAM181-186 PPPPPP to enhance energy cou-
figure for the purposes of enhancing clarity. Panel A, peptide pllng was found to be coincident with the predlcted decrease
K178—L190-GY-15; panel B, peptide (K179.190),-GY-28. in the potential of the mutant subunit to form a specific helix
in the A175-L190 region (see also previous section).

peptide also displayed consistent increases in helicity with Subsequent experiments designed to identify specific resi-
increasing concentrations of TFE. These data demonstratedue(s) that might be critical for the helical conformation of
that the peptide sequence KIQKLSRAMREIL (or some part the 175-190 region of OSCP showed that the replacement
of it) does have an inherent propensity to fold into a helix; of residues 1179, L182, or M186 by a proline caused no
TFE when included simply provides a stabilization to significant impact on the predicted helix potential profile of
preformed secondary structures that are innate to the peptidehe single proline mutant forms, and resulted in only & 15
amino acid sequence [for further information on the mode 20% reduction in the ability of mutant OSCPs to stimulate
of action of TFE, see Lu et al. (1984), Jimenez et al. (1987), P—ATP exchange activity (Table 2, rows—41). This,
Dyson et al. (1988), Pena et al. (1989), and Sonnichsen ethowever, was not surprising since it has been reported
al. (1992)]. previously that single proline residues may only cause a kink

(c) Helix Potential Analyses of WT and Mutant Forms of in the helix and the mutant protein may still fold and behave
OSCP. Studies based on helix potential prediction algo- essentially normally (Schulz et al., 1974). Infact, it has been
rithms indicated that none of the OSCP mutant forms with shown that a single proline can be substituted at several
replacement of residues in the K1811190 region displayed  positions including the center of a helix, with none or only
any change in its potential to form helices except for mutant modest affects in the catalytic activity, indicating that protein
form KLSRAM181-186PPPPPP. This particular mutant structures are adaptable and can compensate for amino acid
showed a pronounced drop in its helix-forming propensity; substitutions at many sites (Suh et al., 1996). In essence,
the decrease in helix potentail was in one specific region our functional analysis of targeted mutagenesis studies
corresponding to residues A175190; no change was encompassing residues K181190 of OSCP, in conjunction
evident in the rest of the protein sequence (data not with an analysis of predicted helix potential profiles of the
presented). This suggests that the substitution of residuegesultant mutants, shows that the energy coupling function
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Table 2: Amino Acid Substitutions in the K181.190 Region of OSCP Affect the Ability of Resultant Mutants to Reconstitute AFP
Exchange Activity in OSCP-Depleted CompleXes

P—ATP exchange
[nmol min~t (mg of AE-P) Y]

AE-P+F; 13
AE-P+ F; + WT OSCP 160
AE-P + F;+ mutant OSCP K181Q 144
AE-P + F; + mutant OSCP R184Q 168
AE-P + F;+ mutant OSCP R187Q 190
AE-P + F; + mutant OSCP K181Q; R184Q; R187Q; E188Q 159
AE-P + F;+ mutant OSCP (KLSR181184AAAA) 164
AE-P + F; + mutant OSCP (KLSRAM181186PPPPPP) 15
AE-P + F;+ mutant OSCP 1179P 141
AE-P + F; + mutant OSCP L182P 130
AE-P + F; + mutant OSCP M186P 135

aThe reconstitution of depleted submitochondrial particles withATPase and the WT and various mutant OSCPs and the measurement of
P—ATP exchange activity in the reconstituted complexes were performed as described under Experimental ProdéduResATP exchange
activity of AE particles supplemented with-FATPase and the mutant form of OSCP with deletion of residues K1890 was 16+ 4 nmol min
(mg of AE-P)%.

120 T contrast, mutant form KLSRAM181186PPPPPP could only
provide a partial enhancement of the oligomycin sensitivity

effective in enhancing the energy-linked activity of OSCP-
depleted complexes (compare line 8 with line 1 in Table
2) despite their ability to confer nearly 50% inhibitor
T sensitivity to reconstituted ATPase. Evidently, the com-
0 5 10 15 20 25 plexes so formed are not well coupled; presumably the
nmol OSCP/ mg UF, secondary structure elements that get deleted or disrupted
FicURE 3 Site-directed mutation of OSCP residues Ki84186 are critical for interactions of this subunit with one or both

by prolines leads to a decreased oligomycin sensitivity of recon- segments of the enzyme.
stituted ATPaseSamples containing 509 of UF, and 12.5ug of Binding of Mutant Form KLSRAM181186PPPPPP to

F. were incubated for 30 min at 30C with the indicated (PR _
concentrations of WT or mutant forms of OSCP in a&0volume Soluble | and Reconstiiution of Cold-Stable ATPase

of a buffer consisting of 50 mM TrisiCl, pH 7.5, 250 mM sucrose, order to investigate whether the inabi_lity _Of .mutant fqrm
10 mM DTT, and 0.02% Tween 20. Aliquots (5,0L) of KLSRAM181—-186PPPPPP to restore high inhibitor sensitiv-
reconstitution mixture were assayed for ATPase activity in the ity to the reconstituted ATPase is related to defects in the
absence or presence of Q/§ of oligomycin as described under  gpjlity of the altered subunit to bind to the Fegment, the
Experimental Procedures. binding characteristics of the mutant form to solubjavere
compared with the ones for WT OSCP. The titration curves
obtained for binding of these OSCPs tp displayed very
similar saturation plateaus; the values corresponded to the
binding of 0.85+ 0.04 mol of OSCP/mol of Hor the mutant

—@—— WT OSCP
~&— Mut CD-10
—a—— Mut KLSRAM181-186PPPPPP -

> 100:— -] to reconstituted ATPase complexes)( Increasing the

;é s b amount of mutant subunit or oligomycin up to a factor of
g 8op ] 10 did not improve the inhibitor sensitivity any further.
2 i Essentially similar results were obtained when mutant form
3 60 - . CD-10, with deletion of residues K181.190, was usedd).

g 40 E _ It is curious that neither of these two mutant forms was
% I ]

R

20 |

provided by this subunit has no specific requirements for
basic or acidic residues, or residues with uncharged side
chains, but may involve am-helix; breaking of this putative
o-helix and consequent inactivation of the subunit coupling
function require insertion of more than one proline. In order for7r2 KleR'?"\élsaé;/l%rPrP?P’ \(/:\c/)_lrp[ggeéjptoda value of
to assess if such a mutant retains any of the partial reactions™* mol o mol o _F or ( ata not
of ATP synthesis normally ascribed to OSCP, the mutant presented). To further test if the loss of coupling function
form KLSRAM181—186PPPPPP was subjected to the fol- in the 6-proline mutant form was associated with defects in
lowing analyses, and the results were compared with thoseitsf ability to confer cold stability.to thel_l‘—OSCP complex,
obtained for the WT and the deletion mutant form CD-10. 2liquots of soluble Fwere combined with the mutant form,
Reconstitution of Oligomycin-SensitiATPase.In order and the mixture was_lncubated for 17 h &®prior to assay.
to test the ability of mutant form KLSRAM181186PPPPPP  1Ne ATPase analysis data on these samples showed that the
to confer oligomycin sensitivity to membrane-bound ATPase, Catalytic activity of soluble Fwas reduced to<30% as
aliquots of an OSCP depleted membrane fraction % F expected, vv_hlle samples of Eontalmr_\g_ e|ther_o_f the two
(UF.) were reconstituted with soluble Bnd the mutant form OSCPs retained nearly 70% of the original activity (data not
of OSCP, and assayed for ATP hydrolytic activity in the presented). Therefore, positive data on the reconstitution of
presence of 0.&g of inhibitor. Data presented in Figure 3 cold-stable [—OSCP complex by mutant form
demonstrate that the ATPase activity of such complexes in KLSRAM181—186PPPPPP indicate that the mutations in-
the absence of added OSCP was only marginatigQ%) Froduce_d did not cause perturbations in proper OSEP
sensitive to oligomycin (see the first data point), although ntéractions.
the inhibitor sensitivity could be restored t®0% by adding Binding of Mutant Form KLSRAM181186PPPPPP to
approximately 5.0 nmol of WT subunit/mg of Jk@®). In OSCP-Depleted Membrane Segment JUFEXperiments to
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Ficure 4: Site-directed mutation of OSCP residues K181186
by prolines results in decreased binding of the subunit tg. UF
Aliquots of UR, (0.5 mg/mL) were incubated fd. h at 30°C with
the indicated concentrations &iS-labeled WT, or mutant forms
KLSRAM181-186PPPPP or CD-10 OSCP in a 10D volume
of a buffer consisting of 50 mM Tri§Q,, pH 8.0, 150 mM KClI,
50 mM NaCl, 1 mM ATP, 0.5 mM EDTA, and 0.05% Tween 20
as described in Joshi et al. (1996). FFé8-OSCP was separated
from UF,-bound3>S-OSCP by centrifugation, and suitable aliquots

0 100

Joshi et al.

(a) Structural and Functional Studies on Mutant Forms
of OSCP Are Suggest of the Presence of an a-Helix at
the C-Terminal End of the SubunifThe data on structural
and functional characterization of mutant forms of OSCP,
arising from mutagenesis targeted to the K+8190 region,
demonstrate that none of the mutant forms, except for
KLSRAM181—-186PPPPPP, was functionally or structurally
different from WT OSCP (Tables 1, 2; Figure 1). Similar
results were previously obtained for deletion mutant CD-10
(Joshi et al., 1992, 1996). The functional analysis of mutant
OSCP with six proline residues revealed that the mutant
subunit was unable to bind with high affinity to the
membranous fraction of the#, enzyme (Figure 4) or
reconstitute high inhibitor sensitivity (Figure 3) or fATP
exchange activity in OSCP-depleted complexes (Table 2),
although it retained the ablitity to maintain normal interac-
tions with the soluble segment;.F Regarding structural
characterization, the 6-proline mutant form was indistin-
guishable from WT OSCP with respect to general charac-
teristics relating its overexpressionk coli (viz., subcellular

of supernatant and resuspended sediments were counted as describggcation, molecular mass in SB®AGE, yield, stability in

under Experimental Procedures.

measure the binding of mutant form KLSRAM181
186PPPPPP to the,Begment indicate that there was a

the host to proteases), gross secondary structure character-
istics as judged by CD spectroscopy and helix-forming
propensity, and three-dimensional structure as judged by
affinity to S-Sepharose. However, quantitative CD analyses

concentration-dependent increase in the binding of the mutant ¢ .. "1\ tant forms CD-10 and KLSRAM181.86PPPPPP

to the membranous segment of thé&fenzyme. However,
the total binding of the mutant subunit as well as its binding
affinity was substantially reduced (Figureal) as compared

to the corresponding values for the WT form of OSCP
(Figure 4,@). Essentially similar results were obtained for
the deletion mutant form CD-10 (Figure @). These data
suggest that the replacement of residues Ki8186 by
prolines, similar to the deletion of residues K181190, does
cause a disruption in high-affinity interactions of the subunit
with the R, segment [see also Joshi et al. (1996)].

DISCUSSION

Subunit OSCP of mitochondrial;F, and subunitd of

demonstrated a distinct decrease in thdéelical content
whose magnitude was consistent with deletion/disruption of
a localized helical segment (Figure 1). Parallel CD studies
on the synthetic peptide K178190-GY, displaying a
propensity to form ano-helix, provided support for the
hypothesis that the observed drop in the helical content of
mutant forms CD-10 and KLSRAM181186PPPPPPP is due
to the deletion/disruption of a specific helical segment
encompassing residues Kt7B190 (Figure 2). The pre-
dicted helix potential analyses of various OSCPs also
indicated that only mutant form KLSRAM181186 PPPPPP
displayed a drop in its helix potential profile, and this drop
was observed only in one specific region corresponding to
residues A175L190. Thus, the data presented strongly

ECFRF, and CRF, enzymes are considered to be equivalent suggest that there is am-helix at the C-terminal end of
since all three are thought to be necessary for coupling protonOSCP. These findings are consistent with previously

translocation in Fto the catalytic site events infand since
all three have been reported to be highinelical. Accord-

reported secondary structure analyses of OSCPs from bovine
and yeast mitochondria, and homologous subdiioit ECF,

ing to secondary structure prediction algorithms, there areand Ch enzymes, which indicated the possibility of a
six consensus helical segments in the sequences of bovineonsensus helical segment at the C-terminal end of these

OSCP as well as subunit which correspond to residues
14-24, 26-51, 61-71, 100-113, 125-140, and 178186

subunits. Therefore, the inability of six-proline-mutant form
to interact with the proton-pumping segmeny, lor to

in bovine OSCP (Engelbrecht et al., 1991). The last segmentreconstitute the terminal step in ATP synthesis in the present

corresponding to positions 17886 in bovine OSCP and
positions 176-178 inE. coli ¢ is of interest in the context
of oxidative phosphorylation since mutant forms harboring

a deletion of this particular segment were found to be K178—M186 region.

impaired with respect to their energy coupling function

(Jounouchi et al., 1992; Joshi et al., 1992, 1996). In addition,

experiments, does not appear to be primarily due to a global
effect, arising from gross structural destabilization, but to a
local effect from loss of a consensus helical element in the
Based on the data presented, we
suggest that (i) the K181L190 region at the C-terminal end

of OSCP encompasses arhelix or part of an-helix, and

multiple sequence alignment of OSCP from various sources (i) interactions between the C-terminal end of OSCP and
revealed that there are four charged residues within thesubunit(s) of k in the R-F, enzyme do not specifically

K181—L190 region which correspond to positions 181, 184,
187, and 188 in all sequences.

require acidic or basic residues, or residues with uncharged

In order to assess if theside chain, but do involve an-helix.

conserved charged character and/or predicted helical nature (b) High-Affinity OSCP-F, Interactions May Imolve
of the C-terminal residues of OSCP was critical for energy Subunit b of k. Several laboratories have reported that

coupling, mutations were targeted to the K¥81.90 region

OSCP interacts with suburbtof F,. These reports are based

of recombinant OSCP and mutant forms analyzed for their on evidence derived from experiments involviirg vitro

structural integrity and functional competence.

reconstitution of the stalk segment from isolated subunits of
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FiFo, as well as cross-linking of intact;R, enzyme using
cross-linking reagents of different chemical reactivities and
effective distances (012 A) (Archinard et al., 1986; Joshi
& Burrows, 1990; Belogrudov et al., 1995). Beckers et al.
(1992) showed formation of a cross-link between a basic
amino acid residue of GF and an acidic residue at the
C-terminal end of CFb. Cox et al. (1984) proposed that
the ECF subunitb interacts with the C-terminal part of ECF

0 which is an extended:i-helix. So far no evidence has
emerged to indicate any interactions of OSCP or suhbnit
of ECF or CF, with any other subunit of fexcepth. Itis

Biochemistry, Vol. 36, No. 36, 199710943

Grinkevich, V. A., Belogrudov, G. I., Zaystev, V. G., Pavlov, P.
F., lljina, E. F., & Nazinov, I. V. (1994Biol. Membr. 11 310~

Hazard, A. L., & Senior, A. E. (1994). Biol. Chem. 269418—

Higuti, T., Kuroiwa, K., Kawamura, Y., Morimoto, K., & Tsujita,
H. (1993)Biochim. Biophys. Acta 117311-314.

Horstman, L. L., & Racker, E. (197Q). Biol. Chem245 1336—
1344.

Jimenez, M. A., Nieto, J. L., Herranz, J., Rico, M., & Santoro, J.
(1987)FEBS Lett. 221320-324.

Joshi, S., & Sanadi, D. R. (1978)ethods Enzymob5, 384-391.

of interest to add that interactions between helical segments;,qhi . & Burrows, R. (1990) Biol. Chem. 26514518-14525.

of subunitd of ECFR, and hydrophilic, helical projections
of subunitb of ECF,, have been implicated in the formation
of the stalk that connects the &nd K segments of theF,
enzyme (Hazard & Senior, 1994). Therefore, in light of

Joshi, S., & Huang, Y. (199Biochim. Biophys. Acta 106255~
258.

Joshi, S., Hughes, J. B., Torok, K., & Sanadi, D. R. (1988mbr.
Biochem 5, 309-325.

available evidence and our present data, we propose that thgoshi, s., Javed, A. A., & Gibbs, L. C. (1992)Biol. Chem. 267
region corresponding to residues Kt81190 of OSCP 12860-12867.

constitutes a site or part of a site for interactions with subunit joshi, S., Cao, G.-J., Nath, C., & Shah, J. (1958th International
b of F,, although this suggestion should be treated as tentative Congress of Biochemistry and Molecular Bioloypl. 2, p 313,

until OSCP binding sites on.Fare completely mapped.
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