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Experiments have been conducted to determine the oligomeric state of the mitochondrial citrate
transport protein (CTP) from the yeast Saccharomyces cerevisiae. Both wild-type and cysteine-
less (Cys-less) CTPs were overexpressed in E. coli and solubilized with sarkosyl. The purity of
the solubilized material isapproximately 75%. Upon incorporation into phospholipid vesicles, a
high specific transport activity is obtained with both the wild-type and Cys-less CTPs, thereby
demonstrating the structural and functional integrity of the preparations. Two independent
approaches were utilized to determine native molecular weight. First, CTP molecular weight
was determined via nondenaturing size-exclusion chromatography. With this methodology we
obtained molecular weight values of 70,961 and 70,118 for the wild-type and Cys-less CTPs,
respectively. Second, charge-shift native gel electrophoresis was carried out utilizing a low
concentration of the negatively charged detergent sarkosyl, which served to both impart a
charge shift to the CTP and the protein standards, as well as to promote protein solubility.
Via the second method, we obtained molecular weight values of 69,122 and 74,911 for
the wild-type and Cys-less CTPs, respectively. Both methods clearly indicate that following
solubilization, the wild-type and the Cys-less CTPs exist exclusively as dimers. Furthermore,
disulfide bonds are not required for either dimer formation or stabilization. The dimeric
state of the CTP has important implications for the structural basis underlying the CTP

translocation mechanism.
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INTRODUCTION

The mitochondrial citrate transport protein (i.e.,
CTP) from higher eukaryotes catalyzes an obligatory
exchange of citrate plus a proton across the mitochon-
drial inner membrane for either another tricarboxylate
+ H*, adicarboxylate, or phosphoenolpyruvate (Palm-
ieri et al., 1972). Following the efflux of citrate from
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acrylamide gel electrophoresis; R,,, relative mobility; TMD, trans-
membrane domain; Y,, relative free electrophoretic mobility.
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the mitochondrial matrix, and the subsequent diffusion
of this metabolite through the outer membrane via the
voltage-dependent anion channel, the resulting cyto-
plasmic citrate can then function as a carbon source
for fatty acid and sterol biosyntheses, and can aso
generate NAD* for use in glycolysis (Watson and
Lowenstein, 1970; Brunengraber and Lowenstein,
1973; Endemann et al., 1982; Conover, 1987). Thus,
in higher eukaryotes, the CTP plays an essential role
inintermediary metabolism. Because of itsimportance,
the CTP has been extensively characterized. Accord-
ingly, it has been purified in reconstitutively active
form (Kaplan et al., 1990; Bisacciaet al., 1989), kinet-
ically characterized (Bisaccia et al., 1990), cloned
(Kaplan et al., 1993), and overexpressed (Xu et al.,
1995). Recently, the mitochondrial CTP from the yeast
Saccharomyces cerevisiae has been identified viaover-
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expression followed by functional reconstitution of the
purified protein product (Kaplan et al., 1995).

An important issue, with respect to the CTP trando-
cation mechanism, concerns the oligomeric state of this
carrier. Hydropathy anayss of the CTP, as well as other
mitochondria anion carriers, predicts Six putative a-heli-
ca membrane-spanning domains (for review see Kaplan,
1996). However, mogt transporters from other membra-
nous sources are somewhat larger than the mitochondrial
anion carriers and are thought to contain 10-12 mem-
brane-spanning domains (Maoney, 1990; Marger and
Saier, 1993). This hasled to the suggestion that the mito-
chondria transporters exist as functiona dimers. In fact,
there is some evidence to support this view. The most
well-studied case is the mitochondrial ADP/ATP trando-
case, where acombination of inhibitor-binding stoichiom-
elry (Riccio et al., 1975), anayticd ultracentrifugation
(Hackenberg and Klingenberg, 1980), and cross-linking
(Maima et al., 1995) sudies all point to the solubilized
transporter as existing as a homodimer. In an eegant
study (Schroers et al., 1998) in which the detergent-
solubilized monomers of the phosphate carrier were dif-
ferentidly tagged, it has been shown that the phosphate
carrier exigs as astable homodimer. Findly, cross-linking
studies carried out with the uncoupling protein (Klingenb-
eg and Appel, 1989) and the o-ketoglutarate carrier
(Bisaccia et al., 1996) also suggest a dimeric date.

To date, there has been no published information on
the oligomeric state of the mitochondrial CTPR. Accord-
ingly we have carried out investigations in which we
utilized two independent methods, namely size-exclusion
chromatography and charge-shift native polyacrylamide
gel dectrophoress to determine the oligomeric dtate of
the yeast mitochondrid CTP. Both methods show that
upon overexpression and subsequent solubilization, the
wild-typeyeest CTP, aswdll as aste-gpecifically mutated
CyslessCTR exigt inadimeric state. Upon incorporation
into phosphalipid vesicles, both preparations catalyzed
BTC-sendtivecitrate/citrate exchange with ahigh specific
activity. We conclude that the functiond unit of the CTP
isahomodimer and that dimer formation and stabilization
do not require the presence of disulfide bonds.

EXPERIMENTAL PROCEDURES

Overexpression, Solubilization, and
M easurement of Citrate Transport

The wild-type and Cys-less CTPs were overex-
pressed in E. coli exactly as previously detailed
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(Kaplanet al., 1995; Xu et al., 1995). Following isola-
tion of the inclusion-body fraction, the CTP was solu-
bilized with 1.2% sarkosyl followed by centrifugation
at 314,000 X g (max) for 30 min. The resulting super-
natant contained the solubilized CTP. Solubilized
transporter was incorporated into preformed phospho-
lipid vesiclesviathe freeze—thaw-soni cation technique
exactly as previoudy detailed (Kaplan et al., 1990,
1995). BTC-sensitive[**C] citrate/citrate exchange was
measured utilizing 10- to 30-sec transport incubations
as previoudly described (Kaplan et al., 1995).

Size-Exclusion Chromatography

Solubilized CTP preparations (2.0 ml) were
applied to a Sephacryl S-300 (26/60) column. The
column had been equilibrated in Buffer A [10 mM Tris-
HCl, pH 7.6; 150 mM NaCl, 0.3% sarkosyl (Fluka)].
Protein elution was carried out in the same buffer.
For al experiments, the flow rate was 1.3 ml/min.
Standards were dissolved in Buffer A (2.0 ml) and are
listed in Table | as well as the legend to Fig. 1. The
Ka Was calculated according to the formula: K, = Vg
— V,/Vi-V, where V, isthe el ution volume of the sample
of interest, \, is the void volume (i.e., the elution
volume of Blue Dextran 2000), and V, is the total
volume of the packed bed (i.e, 320 ml).

Char ge-Shift Native Gel Electrophoresis

Protein standards (see Table | and the legend to
Fig. 2), aswell as preparations of the CTP, were elec-
trophoresed on precast Tris—glycine gels, which were
purchased from Novex. Native sample and running
buffers were utilized as formulated by Novex (essen-
tially the Laemmli system (Laemmli, 1970) without
SDS), except that 0.1% sarkosyl was added to all buff-
ers. Acrylamide concentrations ranging from 8 to 18%
(total acrylamide) were utilized and the ratio of total
acrylamide to bis-acrylamide was approximately 38.5
to 1. Proteins were fixed and stained with Coomassie
as previousy described (Kaplan et al., 1986). The
R, (i.e, the relative mobility) was calculated as the
distance migrated by a given protein/distance migrated
by the dye bromophenol blue. Other calculations are
described in the text.
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Tablel. Protein Calibration Standards Used in the Gel Filtration and/or the Native PAGE Studies®

Approximate
Protein Source molecular weight
Myoglobin Horse skeletal muscle (Sigma M-0630) 17,800
Trypsin inhibitor Soybean (Sigma T-9003) 22,100
Carbonic anhydrase Bovine erythrocyte (Sigma C-7025; C-5024) 29,000
Peroxidase Horse radish (Sigma P-6782) 40,000
Ovabumin Chicken egg (Sigma A-8529) 45,000
Albumin (monomer) Bovine serum (Pharmacia 17-0442A) 67,000
apo-Transferrin Human (Sigma T-2252) 81,000
Albumin (dimer) Bovine serum (Pharmacia 17-0442A) 134,000
Alcohol dehydrogenase Yeast (Sigma A-8656) 150,000
Aldolase Rabbit Muscle (Pharmacia 17-0441A) 158,000

aMolecular weights were obtained from either the manufacturer or from Harlan et al., 1995.

Miscellaneous Procedures

Site-specific mutagenesis of the CTP to generate
the Cys-less CTP was carried out utilizing a PCR site-
directed mutagenesis system (Gibco BRL) as pre-
viously detailed (Xu et al., 1999). The sequence of the
final Cys-less CTP was confirmed by double-stranded
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Fig. 1. Molecular mass calibration curve for the size-exclusion
Sephacryl S-300 column. The standards used for this calibration
curve were: carbonic anhydrase, ovabumin (Sigma, A-5503; MW =
43,000), peroxidase, bovine serum albumin (monomer and dimer),
and apo-transferrin. The equilibration and eluent media consisted
of 10 mM Tris-HCl, pH 7.6; 150 mM NaCl, 0.3% (w/v) sarkosyl.
The flow rate was 1.3 ml/min. Data represent means of at least
duplicate chromatographic runs. A best-fit line was constructed
based on linear regression analysis viathe methods of |east squares.
The slope and the Y-axis intercept of the best-fit line were —0.649
and 3.393, respectively. The correlation coefficient was 0.955.

automated sequencing. The protein content of the solu-
bilized CTP fractions was determined as previously
described (Kaplan and Pedersen, 1985).

RESULTS AND DISCUSSION

High Level Expression, Solubilization, and
Purification of the Wild-Type and Site-
Specifically Generated Cys-less CTPs

To determine the CTP oligomeric state we pur-
sued the following strategy. First, the wild-type and a
cysteine-less CTP (which we generated by mutating
the four endogenous Cys to either Ser or Val; i.e,
C28S/C73V/C1925/C256S) were overexpressed in E.
coli and solubilized from an isolated inclusion-body
fraction with the detergent sarkosyl. The solubilized
proteinisabundant (i.e., 30—60 mg/L of E. coli culture)
and is approximately 75% pure at this stage. Further-
more, we have previously shown (Kaplan et al., 1995;
Xu et al., 1999) that upon incorporation into liposomal
vesicles, both the wild-type and Cys-less CTPs are
highly functional (i.e., Vi Valuesof 2.7 and 1.7 wmol/
min/mg for the wild-type and Cys-less CTPs, respec-
tively). Moreover, they catalyze BTC-sensitive citrate/
citrate exchange with essentially native kinetic proper-
ties, substrate specificity, and requirement for intralipo-
somal substrate. Second, we determined the molecular
weight of the solubilized CTPs via two independent
methods, namely size-exclusion chromatography and
charge-shift native gel electrophoresis.
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Fig. 2. Linear relationship between the log(—Kg) and the log
molecular weight with protein standards following charge-shift
native polyacrylamide gel electrophoresis. The standards used for
this calibration curve were: myoglobin, trypsin inhibitor, carbonic
anhydrase, chicken egg albumin, bovine serum abumin (Sigma,
A-8654; mol. wt. 66,000), apo-transferrin, alcohol dehydrogenase,
and aldolase. Each standard was electrophoresed through four to
five different polyacrylamide gel concentrations in the range of 8
to 16% (total acrylamide). The relative mobility (i.e, R,) was
determined at each gel concentration and the parameter 100 log(R,,
X 100) was plotted against the acrylamide concentration (i.e., Fer-
guson plot). A best-fit line was constructed based on linear regres-
sion anaysis via the methods of least squares. The slope of the
line (i.e., Kg) obtained for each standard was then plotted as
log(—KGg) versus log molecular weight in the present figure. The
slope and Y-axis intercept of the fina best-fit line were 0.294 and
—0.813, respectively. The correlation coefficient was 0.806.

Determination of Molecular Weight Via Size-
Exclusion Chromatography

Our first approach to determine the molecular
weight of the wild-type and Cys-less CTPs involved
the use of size-exclusion chromatography (Sephacryl
S-300). An advantage afforded by this approach is that
it is independent of the native charge of either the
standards or the protein of interest and isstrictly related
to molecular size. Our first goal was to determine
whether, using conditionsin which the solubilized CTP
was stable (i.e., 0.3% sarkosyl), one could obtain a
linear relationship between the K, and the log molecu-
lar weight for aseriesof standardsin the desired molec-
ular weight range. Figure 1 depicts the standard curve
that we obtained employing six protein standards in
the molecular weight range of 29,000 to 133,000 Da.
A straight lineis obtained with a correlation coefficient
of 0.955. Having demonstrated thislinear relationship,
we then determined the elution volume and calculated
the K, for the wild-type and the Cys-less CTPs. It
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should be noted that in these experiments, after the
size-exclusion chromatography the resulting CTP €elu-
ate fractions are quite pure (i.e., > 90%). Based on
five independent experiments with each CTP form, we
obtained molecular weight determinations of 70,961 *
829 and 70,118 + 939 (mean £ S.D.) for the wild-
type and Cys-less CTPs, respectively. One should note
that the actual calculated molecular weight (based on
their known amino acid sequences) of the wild-type
and Cys-less CTP homodimers are 64,448 and 64,344,
respectively. Thus, our results strongly support the
postulate that the solubilized CTP exists as a dimer.
Moreover, our results with the Cys-less CTP indicate
that dimer formation and stabilization do not require
the presence of disulfide bonds.

Determination of Molecular Weight Via Charge-
Shift Native Gel Electrophoresis

Charge-shift native gel electrophoresis has been
utilized as a second, independent approach to deter-
mine the native molecular weight of the wild-type and
the Cys-less CTP preparations. In this method, a low
concentration of the negatively charged detergent sar-
kosyl (i.e., 0.1%) was added to the running and sample
buffers. The sarkosyl served two functions. First, it
induced a charge shift on the protein of interest so that
al the standards and the CTP migrate in the same
direction (i.e., toward the anode). Second, it rendered
the CTP soluble and prevented aggregation. Thus pro-
tein separation via this methodology is based on a
combination of both the net charge and the mass of
the protein—sarkosyl complex. Information regarding
each of these parametersis obtained by Ferguson anal-
ysis (see below). Variations of this general approach
have been reported by numerous|aboratories (Helenius
and Simons, 1977; Newby and Chrambach, 1979;
Schagger and von Jagow, 1991). Findly, it isimportant
to note that sarkosyl does not denature the CTP, as
judged by the fact that upon reconstitution in phospho-
lipid vesicles the CTP catalyzes BTC-sensitive citrate/
citrate exchange with high specific activity.

We carried out the following experiments. First,
a series of standards were electrophoresed at four to
five different gel concentrations and their relative
mohilities (R, were determined. With each standard
we then plotted the parameter 100 log(R,, X 100)
versus the polyacrylamide concentration (i.e., a Fer-
guson plot) (Ferguson, 1964; Hedrick and Smith, 1968;
Bryan, 1977) and in every case a straight line was
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obtained, with correlation coefficientstypically greater
than 0.98 (data not shown). The slope of these plots
(i.e., theretardation coefficient, Kg) isameasure of the
extent of molecular sieving that occurs and is directly
related to protein molecular size (Ferguson, 1964;
Hedrick and Smith, 1968; Chrambach and Rodbard,
1971; Bryan, 1977). The log(—Kg) versus the log
molecular weight was then plotted and the resulting
standard curve is depicted in Fig 2. Utilizing eight
standard proteins, which range in molecular weight
from 17,800 to 158,000, a straight line was obtained,
thereby confirming the linear relationship between
log(—Kg) and log molecular weight under the charge-
shift gel electrophoretic conditions. This standard
curve was then utilized to determine the molecular
weight of the CTP preparations as follows.

With the solubilized wild-type and the Cys-less
CTPs, a Ferguson analysis was carried out. Accord-
ingly, electrophoresis was performed at five different
gel concentrations and the relative mobility (R,) of
the CTP was measured with each gel concentration.
Figure 3 depicts Ferguson plots for both the wild-type
and Cys-less CTPs. Linear plots were obtained with
acorrelation coefficient of 0.993 for both CTP forms.
It should be noted that two important parameters are
obtained from these plots (Ferguson, 1964; Hedrick
and Smith, 1968; Chrambach and Rodbard, 1971;
Bryan, 1977). The slope (i.e, the Kg) isdirectly related
to CTP molecular size and enables a determination
of CTP molecular weight via interpolation using the

100Log(Ry, x 100)
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Tablell. Summary of Molecular Weight Determinations for
the Wild-Type and Cys-less CTPs?

Molecular weight determination

Size-exclusion Calculated value
CTP variant chromatography Native PAGE for dimer
Wild-type 70,961 = 829 69,122 = 6494 64,448
Cys-less 70,118 = 939 74,911 = 8952 64,344

a@Molecular weight determination by size-exclusion chromatogra-
phy was accomplished via use of the calibration curve (Fig. 1) as
described in the text. The native PAGE vaue was obtained by
Ferguson plot analysis (Fig. 3) and comparison of the resulting
slopes with the caibration curve (Fig. 2) as described in the text.
Data are presented as means = SD, which were obtained from
at least five separate determinations. The molecular weight of the
wild-type and Cys-less CTP dimers were calculated using the
Genetics Computer Group “peptidesort” program.

calibration curve depicted in Fig. 2. We aobtained
molecular weight values of 69,122 + 6494 and 74,911 =
8952 for the wild-type and Cys-less CTPs, respectively
(see Table I1). The Y-axis intercept (Yy), a measure of
aprotein’s relative mobility at zero gel concentration,
isstrictly related to molecular net charge. As expected,
extrapolation of the data presented in Fig. 3 to the Y-
axis intercept gave essentialy identical values for the
chargedensities of thewild-typeand the Cys-lessCTPs
(i.e, Yo values of 230.7 £ 25 and 231.3 = 2.5,

respectively).
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Fig. 3. Ferguson plots obtained with the wild-type and cys-less CTPs. The solubilized wild-type (panel A) and Cys-less (panel B) CTPs
were electrophoresed at five different acrylamide concentrations ranging from 8 to 16%. Data were obtained from at least six independent
observations at each point and are represented as means = SD. Best-fit lines were constructed based on linear regression anaysis via the
methods of least squares. The resulting lines displayed the following parameters: Wild-type: slope = —4.09 + 0.20; Y-axis intercept =
230.7 £ 2.5; correlation coefficient = 0.993; Cys-less: slope = —4.18 = 0.20; Y-axisintercept = 231.3 = 2.5; correlation coefficient = 0.993.
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The datafrom both the size-exclusion chromatog-
raphy and the charge-shift native gel electrophoresis
are summarized in Table Il. Our results clearly show
that the solubilized wild-type and Cys-less CTPs dis-
play molecular weights which are quite close to the
caculated value for the homodimer. We, therefore,
conclude that upon solubilization the CTP exists as a
homodimer. Moreover, these homodimers are func-
tional upon incorporation into phospholipid vesicles.
The most straightforward interpretation of these find-
ings is that the homodimeric form of the CTP com-
prises a complete functional unit. This has important
implications for the structural basis underlying the
citrate transl ocation mechanism. For example, molecu-
lar modeling of the putative citrate translocation path-
way(s) through the CTP must accommodate 12 rather
than 6 membrane-spanning a-helical domains. Based
on the above findings, we have recently initiated
molecular modeling studies of the CTP. We generated
helical wheel representations for all six TMDs and,
for each helix, used hydropathy analysis to identify

TMD II
% .
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the most hydrophilic face. We modeled each TMD
as a standard a-helix, with energy minimization to
adjust for such factors as proline-induced bends. We
have examined several possible ways in which a
dimer might form. One such arrangement, which dis-
plays particularly favorable helix packing interactions,
is illustrated in Fig. 4, in which the twelve TMDs
form two seven-helix translocation channels. This
model can be viewed interactively at the following
web site:  http://www.finchcms.edu/biochem/kaplan/
ctp__model.html. The testing and refinement of such
CTP models will be the focus of our future studies.
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WTMD II

Fig. 4. Stick figure model of the CTP dimer arranged clockwise to form two 7-helix pores. Only a-carbons, polar residues, and charged
residues are shown, for clarity. View is from the top (outside) looking down through the CTP into the inner membrane as it projects towards
the matrix (inside). Green denotes carbon atoms, white denotes hydrogen, blue denotes nitrogen, red denotes oxygen. A molecule of citrate
(to scale; shaded in yellow) and isocitrate (cyan) are placed in each translocation pathway.
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