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Analysis of the Secondary Structure of the Cys-Less Yeast
Mitochondrial Citrate Transport Protein and Four
Single-Cys Variants by Circular Dichroism
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Utilizing cysteine scanning mutagenesis, with functional Cys-less citrate transport protein (CTP)
serving as the starting template, we previously demonstrated that four single-Cys mutants located in
transmembrane domains III and I'V, rendered the CTP nonfunctional. The present investigations assess
and quantify the secondary structure of the Cys-less CTP and the four single-Cys mutants, both in
the absence and presence of citrate, via circular dichroism (CD) spectroscopy. In detergent micelles,
highly purified Cys-less CTP contained ~50% «-helix and ~20% B-sheet. The CD spectra of the
G119C, E122C, R181C, and R189C mutants in detergent micelles were virtually superimposable
with that of the functional Cys-less CTP, thereby suggesting that the wild-type residues, rather than
affecting structure, may assume important mechanistic roles. Exogenously added citrate caused a
significant change in the CD spectra of all solubilized CTP samples. Analyses of the spectra of
the Cys-less CTP indicated an ~10% increase in its a-helical content in the presence of citrate.
The conformational changes effected by the addition of substrate were less pronounced with the
single-Cys mutants. Studies of the Cys-less CTP reconstituted in liposomes indicated that while the
CD spectra was red-shifted, the net secondary structure of the reconstituted carrier is approximately
equivalent to that of the transporter in detergent micelles, and displayed a response to added citrate.
In combination, the above studies indicate that purified Cys-less CTP in either sarkosyl micelles or in
liposomes, and the four inactive single-Cys mutants in sarkosyl micelles, retain native-like structure,
and thus represent ideal material for detailed structural characterization.

KEY WORDS: Citrate transporter; mitochondria; circular dichroism; secondary structure; liposomes; membrane
proteins.

enolpyruvate (Palmieri et al., 1972). Citrate then pas-
sively diffuses across the outer membrane through the

The mitochondrial citrate transport protein (CTP)
carries out an obligatory exchange of anions across the
mitochondrial inner membrane. In higher eukaryotes the
CTP catalyzes the outward movement of citrate plus a
proton across the inner membrane in exchange for either
another tricarboxylate-H™, a dicarboxylate, or phospho-
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voltage-dependent anion selective channel into the cy-
toplasm where it serves as the prime carbon source fu-
eling both fatty acid and lipid biosyntheses, and gen-
erates NAD™ for use in glycolysis (Brunengraber and
Lowenstein, 1973; Conover, 1987; Endemann et al.,
1982; Watson and Lowenstein, 1970). Because of the
prominence of the CTP in eukaryotic cell intermediary
metabolism, as well as its participation in the aberrant
metabolism that characterizes certain diseases (Kaplan

Key to abbreviations: CD, circular dichroism; CTP, citrate transport
protein; MTS, methanethiosulfonate; NRMSD, normalized root mean
standard deviation; sarkosyl, sodium N -lauroylsarcosinate; SE, stan-
dard error of the mean; and TMD, transmembrane domain.
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et al., 1982, 1990b), the transporter has been extensively
studied. Thus, the CTP has been purified in reconstitu-
tively active form (Bisaccia et al., 1989; Kaplan et al.,
1990a), kinetically characterized (Bisaccia et al., 1990),
its sequence determined (Kaplan et al., 1993), and ex-
pressed in high abundance in E. coli (Xu et al., 1995).

More recently, our studies have focused on the yeast
homologue of the higher eukaryotic protein, since follow-
ing its overexpression, purification, and incorporation into
liposomal vesicles, the yeast mitochondrial CTP displays
a high specific transport activity (Kaplan et al., 1995; Xu
etal.,2000). Thus, the yeast CTP represents ideal material
with which to conduct a rigorous structure/function analy-
sis. As part of this effort, we have previously demonstrated
that the transporter exists as a homodimer in detergent mi-
celles (Kotaria et al., 1999) and we have begun to iden-
tify those residues in transmembrane domains that form
the citrate translocation pathway (Kaplan et al., 2000a;
Ma et al., 2004). Furthermore, cysteine scanning mutage-
nesis coupled with MTS-labeling studies and functional
assay have indicated that at least two of the transmem-
brane domains have periodicities consistent with «-helical
structures.

The objective of the present study was to further our
understanding of the secondary structure of the CTP, as
well as the conformation of the previously observed in-
activating Cys mutations. Accordingly we have analyzed
the highly functional Cys-less CTP and four single-Cys
mutants in TMDIII and TMDIV that are inactive, via cir-
cular dichroism (CD) spectroscopy in order to assign sec-
ondary structure and assess the responsiveness of different
CTP variants to added citrate. CD spectroscopy is a use-
ful tool for examining the structure of proteins since it is
extremely sensitive to small changes in the folding of the
peptide backbone and provides quantitative information
on the net secondary structure (Johnson, 1988). We sought
to address three questions: (i) Do the four single-Cys CTP
mutations in TMDs III and IV which completely inacti-
vate CTP function maintain a secondary structure similar
to that of the Cys-less CTP; (ii) Does the Cys-less CTP
in sarkosyl display a similar secondary structure to trans-
porter incorporated into liposomal vesicles; and (iii) Does
the presence of citrate, its natural substrate, cause signif-
icant conformational changes in the Cys-less CTP either
in vesicles or in solution.

EXPERIMENTAL PROCEDURES
Overexpression and Purification of CTP Variants
The Cys-less CTP and the four single-Cys mutants

were overexpressed in E. coli and the inclusion body frac-
tion was isolated as previously described (Kaplan et al.,
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1995; Xu et al., 1995). CTP was solubilized from the
inclusion bodies by incubation with 1.2% sarkosyl and
following ultracentrifugation was stored at —80°C. Each
CTP variant was purified by sequential chromatography
on MonoQ and Sephacryl S-300 exactly as previously
detailed (Kaplan et al., 2000b) with the exception that
1 mM DTE was included in all buffers. In the present
studies an additional chromatographic step was conducted
on a Sephacryl S-300 Hi Prep (16/60) column that had
been equilibrated with 10 mM Tris—HCI, pH 7.6, 150
mM NaCl, 1 mM DTE, 0.09% (w/v) sarkosyl in order
to reduce the quantity of free sarkosyl in the final pu-
rified material. The CTP eluted as a single symmetrical
peak at approx. 62 mL. The CTP was then concentrated
in a Millipore centrifugal filter and stored at —80°C until
assay.

Incorporation of CTP Variants Into Phospholipid
Vesicles for CD Analysis

The purified, concentrated CTP was desalted on
Micro Biospin Columns (BioRad) in order to remove DTE
and was incorporated into pre-formed asolectin vesicles
via the freeze-thaw-sonication technique as previously de-
scribed (Kaplan et al., 1990a, 1995). The resulting prote-
oliposomes were diluted and centrifuged at 314,000 x g
(max) for 45 min at 6°C in order to remove unincorpo-
rated protein. The pellet was rinsed and then resuspended
onice in 120 mM Hepes, S0 mM NaCl, 1 mM EDTA, pH
7.4. Protein quantitation was performed via the method
of Kaplan and Pedersen (1985). The concentration of free
sarkosyl was determined by thin layer chromatography
combined with laser densitometry via a procedure recently
described in detail (Eriks et al., 2003). Since HEPES is an
inappropriate buffer for CD studies due to its strong ab-
sorption, immediately prior to the CD analysis, proteolipo-
somes were diluted in excess 10 mM KP; buffer (pH 7.4)
and pelleted by ultracentrifugation for 1 h at 150,000 x g.
The pelleted proteoliposomes were then washed, and gen-
tly resuspended in 10 mM KPi buffer (pH 7.4) to provide
a final protein concentration of approx. 0.1 mg/mL.

Circular Dichroism Studies

Purified Cys-less CTP and single-Cys variants had
a wide range of protein and free sarkosyl concentrations.
Samples were diluted such that the final buffer conditions
were 5 mM Tris—HCI, pH 7.6, 75 mM NaCl, 0.5 mM
DTE, and 0.05% (w/v) sarkosyl (with a final protein con-
centration of approx. 0.1 mg/mL). All measurements were
made using an Aviv 62DS spectropolarimeter and were
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taken over the wavelength range from 280 to as low as
198 nm, with a 1 nm step size, at room temperature using
a 0.1 cm pathlength quartz cell (Hellma). The presence of
sarkosyl, lipids, and salts (and CTP) precluded measure-
ment of CD signals in the lower UV region due to elevated
absorbance of the sample. All samples and blanks were
also measured in the presence of 10 mM citrate. At least
10 reproducible spectra were collected for each prepa-
ration, averaged, and smoothed using a Savitzky-Golay
filter (Savitzky and Golay, 1964). All reported spectra
were baseline corrected (by subtraction of similarly col-
lected, averaged, and smoothed baselines of appropriate
micelles or vesicles identically prepared, except without
purified protein). Blank vesicles without protein were pre-
pared in an identical manner to proteoliposomes, except
that detergent-containing buffer was added in place of
the CTP. The protein-free liposomes were treated equiv-
alently for use as blanks. Given that the determination of
protein concentration for membrane proteins has an as-
sociated error of approx. 10%, the magnitude of the CD
spectra of CTP variants in the absence of citrate were nor-
malized relative to the averaged minimum mean residue
ellipticity of all spectra. Unless otherwise noted, the re-
ported spectra are the average of two independently pre-
pared protein purifications. To ensure that the effects of
citrate were not due to altered protein concentration or
protein degradation over time, aliquots of a 400 mM cit-
rate stock were diluted 40-fold by direct addition to the
cuvette immediately after scanning of the matched sample
in the absence of citrate, mixed thoroughly, and an addi-
tional data set collected. CD signals were appropriately
scaled to reflect the slight (~2.5%) dilution of protein
concentration.

The CD spectra of the protein in the near UV region
were analyzed using DICHROWEB (Lobley et al., 2002),
an interactive website for the analyses of protein secondary
structure. Given the constraints in the data range of our col-
lected spectra, analyses of the detergent-solubilized CTP
samples were limited to the neural network program K2D
(Andrade et al., 1993). For all secondary structure de-
terminations, a normalized root mean standard deviation
(NRMSD) value was provided as a measure of the fit of
the calculated curve to the experimental data (Mao et al.,
1982).

RESULTS

Purification and Characterization of the Cys-Less
CTP and the Single-Cys Mutants

In previous studies (Xu et al., 2000), we demon-
strated that the Cys-less CTP catalyzes a high magnitude
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inhibitor-sensitive [!*C]citrate/citrate exchange when in-
corporated into liposomal vesicles. Moreover, we showed
that of the 50 single-Cys CTP variants that we con-
structed by mutating residues in transmembrane domains
IIT and IV, one at a time to cysteine, all but four demon-
strated significant function upon incorporation into lipo-
somes (Kaplan er al., 2000a; Ma et al., 2004). Many
displayed near normal reconstituted specific transport
activity values. However, four of the single-Cys mutants
(i.e., G119C, E122C, R181C, and R189C) displayed little
or no transport function (i.e., <0.1% residual function).
One question we sought to address via CD analysis was
whether the lack of function catalyzed by these four mu-
tants arose as a consequence of a profound alteration in
their secondary structure.

With this goal in mind, for the present investigations,
the overexpressed Cys-less CTP, as well as the four inac-
tive single-Cys CTP variants were further purified via a
combination of ion exchange and gel filtration chromatog-
raphy (see “Experimental Procedures”). As depicted in
Fig. 1, CTP variants prepared via this method are quite
pure (i.e., approx. 96 £ 1% purity; mean £ SE; based on
laser densitometric analysis). Thus, we are able to state
with confidence that the CD analyses described below do
in fact characterize the secondary structural elements of
the CTP rather than of a contaminant protein(s).
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Fig. 1. Coomassie-stained SDS-polyacrylamide gel depicting the purity
of the Cys-less CTP and the four single-Cys CTP mutants following
purification. Proteins were separated on a precast 14% polyacrylamide
gel (Invitrogen) in Tris—glycine buffer. Lane S, SuL Bio-Rad prestained
SDS-PAGE standards: phosphorylase B (108,000), bovine serum albu-
min (90,000), ovalbumin (50,700), carbonic anhydrase (35,500), soy-
bean trypsin inhibitor (28,600), and lysozyme (21,200). Lanes 1-5, 2
nL (i.e., 5-10 pg protein) of Cys-less CTP, and the R181C, R189C,
G119C, and E122C mutants, respectively. Each CTP was purified as
described under “Experimental Procedures.”
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Fig. 2. Comparison of the CD spectra of Cys-less CTP and single-Cys mutants in detergent micelles. Detergent and
buffer conditions of purified protein samples were matched by dilution as described in Experimental Procedures and
measured over the 280-200 nm range. The spectra of Cys-less CTP (black), G119C (red), E122C (green), R181C
(blue), and R189C (gray) in detergent micelles are qualitatively similar and suggest that the net secondary structures
of these variants are essentially equivalent, thus indicating that the single-Cys mutations do not appreciably affect

the conformation of the CTP.

CD Analysis of the Cys-Less CTP and the Single-Cys
CTP Variants in Detergent Solution

In sarkosyl micelles, the Cys-less CTP, as well as
the G119C, E122C, R181C, and R189C mutants all dis-
played qualitatively similar CD spectra (Fig. 2) strongly
suggesting they all share a common native-like fold. Spec-
tral deconvolution indicated that these samples contained
43-50% o-helix (Table I). These measurements represent

Table I. Calculated Secondary Structures of Cys-Less CTP and Single-
Cys CTP Mutants in Sarkosyl Micelles

Sample a-helix  B-sheet Random NRMSD
Cys-less CTP 49 18 33 0.096
G119C 50 17 33 0.097
E122C 46 23 31 0.117
R181C 43 20 34 0.090
R189C 46 18 36 0.090
Cys-less CTP + citrate 58 8 34 0.145
G119C +- citrate 45 23 31 0.100
E122C + citrate 45 23 31 0.131
R181 C + citrate 46 23 31 0.114
R189C + citrate 43 22 35 0.111

the first information regarding the secondary structure of
the CTP in micelles and indicate that the four inactive
single-Cys mutants do not display substantive alterations
in secondary structure.

The Effect of Added Citrate on the CD Spectra
of CTP in Detergent Micelles

We next examined the effect of the addition of sub-
strate (i.e., citrate) to the Cys-less CTP, as well as to the in-
active single-Cys mutants, on transporter secondary struc-
ture via CD analysis. As depicted in Fig. 3, exogenously
added citrate significantly changed the net spectra of the
Cys-less CTP. The spectra showed a substantial reduc-
tion in the shoulder at ~210 nm (primarily due to a 7
to ™ peptide transition) relative to a more pronounced
minima at ~222 nm (the n to 7* peptide transition) that
was slightly red-shifted relative to the minima observed
in the absence of citrate. These changes corresponded to
an~10% increase in the calculated a-helical content of
the Cys-less CTP (Table I).

As depicted in Figs. 4 and 5, each of the inactivat-
ing single-Cys mutations (i.e., G119C, E122C, R181C,
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Fig. 3. Effects of added substrate on the CD spectra of Cys-less CTP in detergent micelles. The addition of
10 mM citrate to the Cys-less CTP in sarkosyl micelles (gray) resulted in significant changes compared to the
spectra of the protein in the absence of citrate (black), suggesting that interaction of substrate with the CTP
results in a change in the net secondary structure of the transporter.
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Fig. 4. Effect of added substrate on the CD spectra of the R181C CTP mutant in detergent micelles. Com-
parison of the CD spectra of the R181C single-Cys CTP mutant in sarkosyl micelles in the presence (gray)
and absence (black) of added 10 mM citrate indicates that the interaction of substrate with this CTP variant
results in a change in the transporter’s net secondary structure. Given the small variations in spectral response
upon the addition of citrate amongst the Cys mutants and between preparations of any given mutant, the
representative spectra shown are the baseline corrected average spectra from a single preparation.
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Fig. 5. Effects of substrate on the CD spectra of the Cys-less CTP and single-Cys CTP mutants in detergent
micelles. In the presence of 10 mM citrate, the spectra of G119C (red), E122C (green), R181C (blue), and R189C
(gray) in detergent micelles were qualitatively similar, but did not show the pronounced effects observed upon the
addition of citrate to the Cys-less CTP (black) (as shown in Fig. 3).

R189C) also showed small, but significant, changes in
the spectra upon the addition of citrate suggesting that
citrate either binds to the CTP in solution and/or occupies
the transport pathway. Similar to the changes observed in
the spectra of Cys-less CTP (Fig. 3), in the presence of 10
mM citrate the spectra of the single-Cys mutants showed
a reduction of the minima of the peptide absorption cen-
tered around ~210 nm (relative to the minima at 222 nm),
such that the minima which had a pronounced bilobed
characteristic in the absence of citrate (Fig. 2), appears to
consist of a single minima with a reduced shoulder at the
lower wavelength in the presence of citrate (for clarity, a
representative spectrum of R181C CTP = citrate from a
single preparation is shown in Fig. 4). It is noteworthy, that
upon the addition of citrate there was a less pronounced
change in the magnitude of the minima at 222 nm with the
single-Cys mutants compared with the Cys-less CTP (e.g.,
see Figs. 3 and 4), suggesting that the helical content of the
mutant forms of CTP remained relatively unchanged (see
Table I for calculated secondary structures). Thus, while
the significant change in the CD spectra upon addition of
citrate suggests that these Cys mutants do interact with
citrate with a concomitant change in their structure, the
effects of citrate binding on the net secondary structure of
the transporter appears to be reduced relative to the effects
calculated for the Cys-less CTP.

CD Spectral Analysis of Cys-Less CTP in Liposomes
and the Effect of External Citrate

In order to examine whether a native-like structure
is retained when the CTP is solubilized, the averaged CD
spectra of the Cys-less CTP incorporated into liposomes
was compared to that of the Cys-less CTP in detergent
micelles. As depicted in Fig. 6, the spectra of the Cys-less
CTP in liposomes is qualitatively similar to that of the
protein in sarkosyl micelles except that it appears to be
relatively red-shifted. This red-shifting is consistent with
the difference in the dielectric constants of the protein’s
microenvironment in liposomes as compared to micelles,
since similar effects have been observed with other pep-
tides and proteins where the different absorption peaks
giving rise to the CD spectra (the n to * transition, as well
as the parallel and perpendicular r to 7 * transitions of the
peptide bond) are shifted to differential degrees (Cascio
and Wallace, 1995). In the absence of red-shifting, it ap-
pears that the two spectra are similar, if not identical. Given
that the Cys-less CTP is fully functional in liposomes, the
data suggest that the net secondary structure of the protein
in both liposomes, as well as in sarkosyl micelles, exists
in a native-like conformation. Unfortunately, the increased
absorbance of the proteoliposome samples prevented mea-
surement of the CD signal below 205 nm. This limitation
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Fig. 6. Comparison of the CD spectra of the Cys-less CTP in detergent micelles and reconstituted in proteolipo-
somes. Comparison of the spectra of the Cys-less CTP in sarkosyl micelles (black) and reconstituted in liposomes

(gray).

in the data range precluded accurate quantitation of the net
secondary structure in liposomes by available algorithms.

Similar to the spectra in micelles, in liposomes a
bilobed minima is observed at ~215 and 222 nm in the
absence of citrate (Fig. 6). The effects of the addition of ex-
ternal citrate to the proteoliposomes are depicted in Fig. 7.
Similar to the effects observed upon citrate addition to
CTP variants in micelles, upon addition of citrate to the
proteoliposomes containing the Cys-less CTP there is are-
duction in the minima at the lower wavelength, resulting
in a spectra that has a similar waveform as that of the CTP
with added citrate in micelles. However, in the presence of
citrate there was also a reduction in the magnitude of the
minima centered ~222 nm for the transporter in liposomes
(in contrast to the effects observed with the Cys-less CTP
in detergent micelles; see Fig. 3). While these pronounced
changes upon addition of citrate to the proteoliposomes
are easily observed in the spectra, as mentioned above we
cannot quantitate the associated changes in the net sec-
ondary structure due to the reduced wavelength range of
these studies. However these changes suggest a decrease
in the a-helical content upon interaction of citrate with
the Cys-less CTP in liposomes (i.e., via substrate bind-
ing and/or occupancy of the transport pathway). Finally, it
should be noted that even if the collected data range could
be expanded, it remains uncertain whether the changes ef-

fected by citrate binding could be accurately quantitated
since the reference databases typically used in the anal-
yses of CD data are often inappropriate for determining
the structures of membrane proteins in vesicles (Wallace
etal.,2003).

DISCUSSION

The present investigations have resulted in the first
comprehensive analysis of the secondary structure of the
mitochondrial citrate transport protein from any source.
These studies were conducted with highly purified Cys-
less CTP, and four single-Cys CTP mutants, enabling us
to conclude with a high degree of confidence that the sec-
ondary structural information obtained is not influenced
by the presence of contaminant protein. Several important
conclusions arise from our data which we now discuss in
detail.

First, as expected the «-helix is clearly the dominant
secondary structural element in the mitochondrial CTP.
Thus with the Cys-less CTP we observe 49% «-helix in
detergent solution. This value increased to 58% when the
substrate, citrate, is added. On the basis of initial topogra-
phy predictions of six «-helical TMDs, assuming an aver-
age length of approx. 24 residues per TMD (Foster et al.,
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Fig. 7. Effect of added substrate on the CD spectra of the Cys-less CTP in liposomes. Comparison of the CD
spectra of Cys-less CTP reconstituted in liposomes in the presence (gray) and absence (black) of added 10 mM

citrate.

1983; Fu and Maloney, 1997) leads to a predicted a-helical
content of 144/299 residues or approx. 48%. Recently, we
have developed a homology modeled structure of the wild-
type CTP (Walters and Kaplan, 2004) based on the high
resolution X-ray structure of the mitochondrial ADP/ATP
carrier (Pebay-Peyroula er al., 2003). This analysis pre-
dicts an -helical content of 69% for the CTP arising from
the presence of 6-TMDs, some of which are longer than the
average of 24 residues/TMD plus the existence of several
a-helical domains within the hydrophilic loops. Clearly
the «-helical content observed in the present study resides
within the range defined by these two predictions.

In the present analysis, the CTP secondary structural
properties were obtained by comparison of the CTP spec-
trum with a CD reference spectrum obtained from a set of
well-studied globular proteins. While there is still some
debate regarding the accuracy of this comparison with
membrane proteins (Fu and Maloney, 1997), as recently
pointed out by Douette et al. (2004), the ¢-helical content
estimated by CD analysis of several membrane proteins
has been quite similar to the values ultimately obtained
when their structures were solved.

Along these lines, it is of interest to compare the
CTP «a-helical content with that of other membrane trans-
porters. Thus with two other mitochondrial carriers that
have been well-studied, values of 68% and 66% were re-
ported for the uncoupling protein (Douette et al., 2004)

and the ADP/ATP carrier (Douette et al., 2004; Pebay-
Peyroula et al., 2003), respectively. With transporters from
other superfamilies, values of 60—70% have been reported
for the oxalate transporter from Oxalobacter formigenes
(Fu and Maloney, 1997), 82% for the human erythro-
cyte glucose transporter (in proteoliposomes) (Chin et al.,
1987), and 85% for the lac permease from the cytoplasmic
membrane of E. coli (Foster et al., 1983). Thus, as with
the CTP, the «-helix is clearly the dominant secondary
structural element in a variety of membrane transporters.

It is noteworthy, that the four single-Cys mutants
which render the CTP nonfunctional, display secondary
structural properties that are nearly identical to that of the
Cys-less CTP. Thus we hypothesize that the corresponding
wild-type residues, rather than affecting structure, likely
assume important mechanistic roles, possibly including a
facilitation of the CTP conformational changes required
for transport. This interpretation is supported by our find-
ing that while the Cys-less CTP significantly changes con-
formation in response to the addition of citrate (i.e., the
a-helical content increases by approx. 10%), the magni-
tude of the response of the single-Cys mutants to citrate
is reduced. Importantly, the similar secondary structure
and the likely reduction in conformational change of the
mutants in response to substrate, suggest the suitability of
these mutants for crystallization trials since their confor-
mational heterogeneity is likely to be reduced.
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Comparison of the spectra of the Cys-less CTP in-
corporated into liposomes versus the transporter in sarko-
syl micelles (i.e., Fig. 6) reveals a very similar net sec-
ondary structure with the caveat that the spectrum with
the vesicles was red-shifted as is often seen when pro-
teins are placed in a low dielectric environment such as a
lipid bilayer (Cascio and Wallace, 1994, 1995). Moreover,
some similar qualitative responses to the addition of cit-
rate were observed. Since our transport assays indicate that
the Cys-less CTP displays a high specific transport activity
in proteoliposomes, one can conclude that the transporter
maintains a native-like structure in both the liposomes, as
well as in the sarkosyl micelles, and the latter therefore
represents an ideal system for subsequent structural char-
acterization. Interestingly, other transporters and channels
that have been studied in both detergent solution as well
as in reconstituted proteoliposomes [e.g., the lac permease
(Foster et al., 1983) and the CHIP28 water channel (Van
Hoek et al., 1993)] have also displayed similar secondary
structure in both environments, thereby lending credence
to the conclusion that data obtained in detergent solution is
likely representative of the structure assumed in the native
membrane.

Future studies are planned to supplement the current
investigation and provide quantitation of the secondary
structure of the CTP in liposomes. More appropriate
spectral databases that will provide for more accurate
determination of secondary structure of membrane pro-
teins are not currently available, but are under devel-
opment (Wallace et al., 2004). The utilization of these
databases, when coupled with enhanced data collection
(via empirically optimized sample conditions) will aid
in elucidating the mechanism of citrate transport by the
CTP.

In conclusion, the similarity in secondary structure
between the CTP in sarkosyl micelles compared with the
CTP in proteoliposomes, combined with the transporter’s
responsiveness to substrate in both conditions, suggests
that the solubilized CTP retains native-like properties and
thus represents an ideal system with which to conduct a
detailed structural analysis. Furthermore, the observation
that the four inactive single-Cys mutants display native-
like structure in detergent solution, as well as reduced con-
formational change in response to substrate, suggest that
they may be locked in a conformation(s) that represents a
discrete step(s) in the transport cycle. With these ideas in
mind, extensive crystallization trials are currently under-
way with both the purified Cys-less CTP, as well as with
the inactive single-Cys mutants, with the aim of extend-
ing our understanding of the structure-based mechanism
of this metabolically important transporter to the atomic
level.
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