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The inability to obtain abundant quantities of purified, functional membrane proteins has 
represented a significant impediment to the goal of obtaining high-resolution structural 
information. In this review, procedures are described which have been developed in this 
laboratory and enable the high-level bacterial expression and subsequent purification of 
functional mitochondrial citrate transport proteins from yeast and rat liver. The data that we 
have obtained using these procedures and related results from other laboratories are discussed. 
Additionally, the general applicability of this approach to most mitochondrial transport proteins 
as well as to other types of membrane proteins is considered. Finally, relevant considerations 
when contemplating the use of this methodology and the likely value of this approach in future 
areas of research are explored. 
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~ T R O D U C T I O N  

Until recently, a major obstacle that has hindered 
progress toward an understanding of the structure and 
function of the mitochondrial inner membrane trans- 
porters at the molecular level has been an inability to 
obtain abundant quantities of either wild-type or site- 
specifically mutated transport proteins. This impedi- 
ment has extended to other eukaryotic integral mem- 
brane proteins as well (for a review see Schertler, 
1992). A breakthrough was achieved when Barnes et  

al. (1991) demonstrated high-level heterologous 
expression of the microsomal integral membrane pro- 
tein 17ot-hydroxylase cytochrome P450 in E. coli .  

They noted that an essential requirement for this 
expression was modification of the first several codons 
of the heterologous cDNA to codons more compatible 
with expression in E. coli.  Fiermonte et  al. (1993) 
subsequently demonstrated abundant expression of the 
mitochondrial inner membrane ct-ketoglutarate carder 
in a bacterial system. Most importantly, they showed 
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that the anionic detergent sarkosyl enabled the extrac- 
tion of the expressed transporter from inclusion bodies 
in a form that could be functionally reconstituted in 
liposomes. This strategy also enabled the high-level 
expression and functional re, constitution of the mito- 
chondrial phosphate carrier (Wohlrab and Briggs, 
1994). 

Recently, utilizing variations and extensions of 
this approach, we have developed procedures enabling 
the expression and purification of high levels of func- 
tional tricarboxylate transporter (i.e., citrate transport 
protein) (CTP) 2 from both yeast (Kaplan et  al., 1995) 
and rat liver (Xu et  al., 1995) mitochondria. This 
review is intended to: (i) outline in detail the methodol- 
ogy that we have utilized to obtain overexpression; 
(ii) summarize our findings; (iii) discuss the general 
applicability of this approach for the high-level expres- 
sion of a variety of other eukaryotic membrane pro- 
teins; and (iv) examine relevant considerations when 

2Abbreviations used: BTC, 1,2,3-benzenetricarboxylate; CTP, 
citrate transport protein; IPTG, isopropyl-I-thio-13-O-galactopyra- 
noside; ORE open reading frame; PAGE, polyacrylamide gel elec- 
trophoresis; PCR, polymerase chain reaction; SDS, sodium 
dodecyl sulfate. 
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contemplating the use of this approach and the likely 
value of this methodology in areas of future research. 

PROCEDURE FOR HIGH-LEVEL 
EXPRESSION OF MITOCHONDRIAL 
CITRATE TRANSPORT PROTEINS 

We now describe the procedures that we have 
used to overexpress the citrate transport protein from 
yeast (Kaplan et al., 1995) and rat liver (Xu et al., 
1995) mitochondria. It is important to note that, at the 
amino acid level, these two transporter sequences are 
substantially different (i.e., 37.7% identity) (Kaplan et 
al., 1993; Holmstrom et al., 1994; Kaplan et al., 1995), 
and thus we suggest that the procedures outlined below 
are likely to prove successful with many other mito- 
chondrial transporters. 

Step 1: Construction of the Expression Plas- 
mid. The open reading frame (ORF) encoding the CTP 
plus additional 3' untranslated sequence is amplified 
by PCR. In these amplification reactions, a forward 
primer is utilized which contains an NdeI site plus 
additional 5' sequence (we typically add I0 bases) in 
order to allow efficient restriction digestion. If neces- 
sary, modifications are introduced into the forward 
primer in order to eliminate existing rare codons at 
the beginning of the ORF which might minimize the 
level of expression in E. coli. For example, with the 
rat liver CTP we substituted CCG for CCC in the 
second codon. However, care must be taken to ensure 
that sequence modifications are not introduced near 
the 3' end of the primer, in order for efficient amplifica- 
tion to proceed unperturbed. If necessary, the primer 
can be extended in the 3' direction. A reverse primer 
is designed which corresponds to sequence following 
the end of the ORF. The location of this primer is 
chosen to correspond to a region of the template that 
is both near the end of the ORF and will allow specific 
priming. The reverse primer contains a BamHI restric- 
tion site plus additional 5' bases (we typically add 10 
bases). Amplifications are performed using standard 
conditions that have been previously described in detail 
(Kaplan et al., 1995). We typically obtain a single 
predominant amplification product of the expected size 
which is then purified using the Geneclean II Kit (Bio 
I 01, Inc.). The purified product is sequentially digested 
with NdeI and BamHI.  Because of its limited stability, 
Ndel  is added in two separate aliquots (10 units/ali- 
quot) at 30-min intervals. The resulting digest is 
extracted and purified with the Geneclean II Kit. We 
then directionally clone the resulting CTPs into either 

the pET-21a(+) plasmid or the pET-28a(+) plasmid. 
These plasmids are first sequentially digested with 
NdeI and BamHI and purified by "genecleaning." (The 
plasmids are obtained from Novagen and their proper- 
ties are described in a later section.) The ligation and 
subsequent transformation of NovaBlue Competent 
Cells (Novagen) are performed essentially according to 
the manufacturer's instructions (Novagen pET System 
Manual, 1995). Transformants are screened for the 
presence of the CTP insert via: (i) direct colony PCR 
(using the same primer combination as above); and 
(ii) restriction analysis of purified plasmid DNA using 
NdeI and BamHI. BL21 (DE3) competent cells (Nova- 
gen), the expression host, are then transformed with 1 
Ixl of a 50-fold dilution of plasmid DNA, purified 
(via the Wizard Minipreps DNA Purification System 
(Promega)) from NovaBlue cells, the storage host. 
Transformants are screened for inserts as described 
above. The cloned CTP fragment is then sequenced 
in its entirety, using plasmid DNA purified from 
BL21(DE3) cells as the template, in order to ensure 
that no mutations have occurred. 

Step 2: Induction of High-Level Expression of 
the CTP. A single colony of E. coli BL21(DE3) cells 
containing the target plasmid was used to inoculate 
LB media (1% bactotryptone, 0.5% yeast extract, 1% 
NaCI, pH 7.5) plus antibiotic (i.e., pET 21a(+) plas- 
mid, 50 la, g of carbenicillin/ml; pET 28a(+) plasmid, 
30 I~g of kanamycin/ml) (Novagen pET System Man- 
ual, 1995). The culture is incubated with shaking (350 
rpm) at 37~ until an absorbance at 600 nm of 0.6-0.8 
is obtained. A 200-ml aliquot is then removed, placed 
on ice for 5 min, and harvested as described below. 
Then 1.0 mM IPTG is added to the remainder of the 
culture in order to induce CTP expression and the 
incubation is continued for an additional 2 h. At this 
time 200-mi aliquots are removed and placed on ice 
for 5 min. 

Step 3: Purification of the Overexpressed CTP. 
Cells are harvested by centrifugation at 5,000 x g for 
5 rain at 4~ The supernatants are discarded and the 
sample pellets are stored on ice until all tubes are 
processed. The pellets are then resuspended in 20 ml 
of Buffer A (50 mM Tris-HC1, 2 mM EDTA, pH 
8.0). Cell lysis is accomplished by incubation of the 
suspension with 100 I~g of lysozyme/ml (freshly pre- 
pared in Buffer A) and 0.1% (v/v) Triton X-100 for 
15 min at 30~ with occasional mixing (Novagen pET 
System Manual, 1995). The cell lysate is then soni- 
cated, in order to shear the DNA, until there is a marked 
decrease in viscosity (i.e., typically 3-7 cycles of 30 
sec sonication on ice followed by 30 sec of cooling/ 
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cycle; 70% duty cycle; output control = 1.6; Branson 
sonifier 250; large tip). The suspension is centrifuged 
at 12,000 • g for 15 min, and the pellet is resuspended 
in 2 ml of Buffer B (10 mM Tris-HCl, 0.1 mM EDTA, 
pH 7.0; 1.0 mM dithioerythritol) and recentrifuged. 
The resulting pellet is resuspended in 2 ml of Buffer 
B and the inclusion body fraction isolated by centrifu- 
gation at 131,000 • g for 4.5 h through a step gradient 
consisting of 12.4 ml of 40% (w/v) sucrose and 18.6 
ml of 53 % sucrose (Fiermonte et al., 1993) (the sucrose 
solutions are prepared in Buffer B). The inclusion body 
pellet is resuspended in 30 ml of Buffer B and centri- 
fuged at 12,000 • g for 15 min. The CTP is then 
extracted by resuspension of the inclusion body pellet 
in 2 ml of 1.2% (w/v) sarkosyl dissolved in Buffer B 
(Fiermonte et al., 1993). Following centrifugation at 
314,000 • g for 30 min, the resulting supernatant 
contains the solubilized CTP. 

Step 4: Functional Reconstitution of the 
Expressed CTP. The purified CTP is reconstituted 
into preformed asolectin vesicles via the freeze-thaw- 
sonication technique. This established technique, 
which has been utilized to reconstitute the function of 
the CTP [from a variety of sources (Kaplan et al., 
1990, 1995; Xu et al., 1995)], as well as the function 
of other mitochondrial anion transporters (Kramer and 
Klingenberg, 1979; Kaplan and Pedersen, 1985; 
Kaplan et al., 1986; Nalecz et al., 1986), is carried 
out as follows. Asolectin vesicles are prepared by bath 
sonication of dried asolectin (233.2 mg, Associated 
Concentrates) in 2.1 ml of Buffer C (120 mM Hepes, 
50 mM NaCI, 1 mM EDTA, pH 7.4). Purified CTP (5 
I~1, 12-15 v,g, yeast CTP; 50 pal, 408--486 Ixg, rat 
liver CTP) is added to a mix consisting of 525 Ixl of 
asolectin, 60 ~1 of Buffer C, Buffer B (200 ILl, yeast 
CTP; 150 Ixl rat liver CTP), 120 ~1 of 400 mM citrate, 
40 ~1 of 10% Triton X-I14, and 1.2% sarkosyl in 
Buffer B (45 ILl, yeast CTP; 50 ILl, rat liver CTP). 
This mixture is briefly vortexed and frozen in liquid 
nitrogen, at which point the CTP is stable. (The rat 
liver CTP is incubated on ice for 90 min immediately 
prior to freezing in liquid nitrogen.) We routinely quan- 
tify CTP function by measuring 1,2,3-benzenetricar- 
boxylate (i.e., BTC)-sensitive [~4C]citrate/citrate 
exchange using methodology that we have previously 
described in detail (Kaplan et al., 1990). 

COMMENTS REGARDING THE pET 
VECTORS 

Our expression studies utilized two of the pET 
plasmids [i.e., pET-21a(+) and pET-28a(+)]. Both 

plasmids contain strong bacteriophage T7 transcription 
and translation signals including a T71ac promoter 
which consists of the lac operator sequence down- 
stream from the T7 promoter sequence (for additional 
detail see Novagen pET System Manual, 1995). In 
addition, they encode the lac repressor ( lad)  which 
results in a reduction of the basal expression (i.e., 
expression in the absence of IPTG) of the target gene, 
so that even toxic gene products are usually not pro- 
duced in sufficient quantities to prevent stable estab- 
lishment of the plasmid. For CTP expression, the 
recombinant plasmid is transformed into BL21(DE3) 
cells which contain a chromosomal copy of the T7 
RNA polymerase gene under the control of the induc- 
ible lacUV5 promoter. Thus, addition of IPTG to a 
growing culture induces the polymerase which then 
transcribes the CTP DNA. 

It is also important to note that we have Used the 
pET-21 a(+) plasmid to direct expression of the native 
yeast CTP beginning with its amino terminal methio- 
nine without the addition of extra residues. In contrast, 
we have employed the pET-28a(+) vector to express 
the mature form of the rat liver CTP plus a 21 amino 
acid N-terminal fusion sequence which contains a 
stretch of 6 His residues that would enable rapid affin- 
ity purification (if needed) of the recombinant CTP. 

QUANTITY AND PURITY OF 
OVEREXPRESSED CITRATE 
TRANSPORT PROTEINS 

We have overexpressed the yeast mitochondrial 
CTP, after directionally cloning the yeast CTP gene 
into the pET-2 la(+) plasmid, as described above. Data 
on the amount and purity of the overexpressed CTP 
are depicted in Table I and Fig. 1. Thus, we typically 
obtain 26 mg of purified CTP per liter ofE. coli culture. 
Based on scanning densitometric analysis, the purity 

Table I. Quantity and Purity of Overexpressed Citrate 
Transport Proteins 

Quantity of 
purified CTP CTP purity 

CTP source/pET vector (mg protein)" (percent) b 

Yeast CTP/pET-21 a(+ ) 26 80 
Rat Liver CTP/pET-28a(+) 91 95 

a Denotes mg of purified CTP obtained per liter of starting E. 
coli culture. 

b Determined by scanning densitometric analysis. 
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Fig. 1. Coomassie-stained SDS-polyacrylamide gradient gel 
depicting expression of the yeast mitochondrial citrate transport 
protein in E. coli. Proteins were separated in a 4.5% polyacrylamide 
stacking gel followed by a 14--20% linear gradient gel employing 
the buffer system ofLaemmli (1970). Lanes I and 8, I ILl of Bio-Rad 
SDS-PAGE low-range molecular weight standards: phosphorylase b 
(97,400), serum albumin (66,200), ovalbumin (45,000), carbonic 
anhydrase (31,000), trypsin inhibitor (21,500), and lysozyme 
(14,400). Lanes 2 and 5, 9.5 p.l of E. coli cells harvested either 2 
h following induction with IPTG (lane 2) or immediately prior to 
the induction (lane 5). Lanes 3 and 6, 4 I~1 of the inclusion body 
fraction originating from cells harvested either 2 following induc- 
tion (lane 3) or immediately prior to induction (lane 6). Lanes 4 
and 7, 4 ts.I of the sarkosyl-solubilized inclusion body fraction 
originating from cells harvested either 2 h following induction (lane 
4) or immediately prior to induction (lane 7). Reproduced with 
permission from J. Biol. Chem. (Kaplan et al., 1995). 

of  this material (i.e., Fig. 1, lane 4) is approximately 
80%. Figure 1 depicts the SDS-PAGE profile of  the 
overexpressed CTP. Lane 2 shows that 2 h following 
the induction of  expression with IPTG, there is a high- 
level expression of  a protein with an apparent molecu- 
lar mass of  30---31 kDa (i.e., the yeast CTP) in the 
whole cell fraction. Scanning densitometry, indicates 
that the CTP represents approximately 18% of total 
cellular protein. Lane 3 indicates that this protein is 
highly abundant in the inclusion body fraction isolated 
from the induced cells and lane 4 demonstrates that 
the CTP is effectively extracted from the inclusion 
bodies with the detergent sarkosyl. Importantly, prior 
to induction with IPTG, negligible amounts of  CTP 
are present in the whole cell (lane 5), the inclusion 
body (lane 6), and the sarkosyl-extracted inclusion 
body (lane 7) fractions. 

The data we have obtained following overexpres- 
sion of  the rat liver CTP in the pET-28a(+)  plasmid 
are depicted in Table I and Fig. 2. As indicated, we 
are able to prepare 91 mg of purified CTP per liter of  E. 

Fig. 2. Coomassie-stained SDS-polyacrylamide gradient gel 
depicting expression of the rat liver mitochondrial citrate transport 
protein in E. coli. SDS-PAGE was carried out as described in the 
legend to Fig. 1. Lanes 1 and 8, 1 ILl of Bio-Rad SDS-PAGE low- 
range molecular weight standards. Lanes 2 and 5, 18 Ixg of E. coli 
cells harvested either 2 h following induction with IPTG (lane 2) 
or immediately prior to the induction (lane 5). Lanes 3 and 6, 8 ILl 
of a 1/10 dilution of the inclusion body fraction originating from 
cells harvested either 2 h following induction (lane 3) or immedi- 
ately prior to induction (lane 6). Lanes 4 and 7, 8 txl of a 1/10 dilution 
of the sarkosyl-solubilized inclusion body fraction originating from 
cells harvested either 2 h following induction (lane 4) or immedi- 
ately prior to induction (lane 7). Reproduced with permission from 
Biochem. Biophys. Res. Commun. (Xu et al., 1995). 

c o l i  culture. Scanning densitometric analysis indicates 
that this material (i.e., Fig. 2, lane 4) is 95% pure. 
Figure 2 depicts the SDS-PAGE profile of  this material. 
Lane 2 demonstrates that 2 h following the addition 
of  IPTG, there is a high-level expression of  a protein 
with an apparent molecular mass of  approximately 34 
kDa (i.e., the rat liver CTP) in the whole cell fraction. 
Scanning densitometry indicates that the CTP repre- 
sents approximately 48% of  total cellular protein. Lane 
3 demonstrates that the CTP is highly abundant in the 
isolated inclusion body fraction and lane 4 shows that 
the CTP is effectively extracted from the inclusion 
bodies with sarkosyl. Prior to induction with IPTG, 
negligible CTP is present in the whole cell (lane 5), 
the inclusion body (lane 6), and the sarkosyl-extracted 
inclusion body (lane 7) fractions. 

F U N C T I O N A L  P R O P E R T I E S  OF 
R E C O N S T I T U T E D  O V E R E X P R E S S E D  
C I T R A T E  T R A N S P O R T  P R O T E I N S  

The functional properties of  the overexpressed 
CTPs have been determined by incorporation of the 
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sarkosyl-solubilized inclusion body fraction (lane 4 of 
Figs. 1 and 2) into phospholipid vesicles and subse- 
quent measurement of BTC-sensitive [14C]citrate/ 
citrate exchange. As depicted in Table II, the overex- 
pressed yeast CTP displays a Km of 0.36 mM which 
is similar to the value reported for this transporter in 
isolated yeast mitochondria (i.e., 0.24 mM) (Sandor 
et al., 1994). Importantly, the overexpressed CTP dis- 
plays a Vmax value of 2.5 i~mol/min/mg protein which 
compares favorably to published values (i.e., 0.4-2.0 
i~mol/min/mg protein) (Claeys and Azzi, 1989; Bisac- 
cia et al., 1990; Kaplan and Mayor, 1993) for CTPs 
that were isolated from a variety of other sources and 
were assayed under similar conditions. It should be 
noted that since the native CTP has not been purified 
from isolated yeast mitochondria, a direct comparison 
of the Vmax of the purified native versus overexpressed 
yeast CTP is not possible. Importantly, reconstitution 
of the sarkosyl-solubilized inclusion body fraction 
obtained from cells harvested prior to induction with 
IPTG did not yield detectable BTC-sensitive citrate 
transport. Finally, as we have previously reported 
(Kaplan et al., 1995), the overexpressed CTP: (i) main- 
tains a strict requirement for intraliposomal substrate 
and thus catalyzes an obligatory exchange reaction; 
and (ii) displays a generally similar substrate specific- 
ity to that observed for this transporter in intact yeast 
mitochondria. In summary, the overexpressed yeast 
CTP exhibits a high degree of functional competence 
and displays characteristics which are quite similar to 
the native transporter. 

The kinetic properties of the overexpressed rat 
liver CTP are also depicted in Table II. Thus, the rat 
liver CTP displays a Km of 0.37 mM which is generally 
similar to values reported for the native transporter 

Table 1I. Kinetic Properties of Reconstituted Overexpressed 
Citrate Transport Proteins ~ 

CTP source/pET vector (mM) (p, mol/mirdmg) 

Yeast CTP/pET-21 a( + ) 0.36 2.5 
Rat liver CTP/pET-28a(+) 0.37 0.1 

a The overexpressed CTP was extracted from inclusion bodies with 
sarkosyl and incorporated into phospholipid vesicles in the pres- 
ence of 0.05 M citrate. Transport reactions were carried out for 
either 10 sec (yeast) or 1 min (rat liver) at 30~ in the presence 
of 0.17-1.50 mM external citrate. Other experimental conditions 
were as previously described (Kaplan et  al..  1995; Xu et  al.,  1995). 
Kinetic parameters were calculated from best-fit lines constructed 
based on linear regression analysis via the method of least squares. 

in both isolated mitochondria (i.e., 0.12-0.25 mM) 
(Robinson et al., 1971; Palmieri et al., 1972) as well 
as after purification (i.e., 0.13 mM) (Bisaccia et al., 
1990; Kaplan and Mayor, 1993). The Vmax for the 
overexpressed transporter is 0.1 ixmol/mirdmg protein. 
While this value is higher than the values obtained for 
the native transporter in isolated mitochondria (i.e., 
4-23 nmol/min/mg protein) (Robinson et al., 1971; 
Palmieri et al., 1972), it is substantially reduced com- 
pared with values reported for the purified native rat 
liver CTP (i.e., 1.6-2.0 i~mol/min/mg protein) (Bisac- 
cia et  al., 1990; Glerum et al., 1990; Kaplan and Mayor, 
1993). The reduced Vmax value is unlikely to be due 
to the presence of the amino terminal fusion sequence 
on the recombinant transporter, since our studies with 
rat liver CTP where expression was directed by the 
pET-21 a(+) plasmid (which adds only a single methio- 
nine residue to the amino terminus of the native trans- 
porter) also indicate a substantially reduced Vm~ value 
(R.S. Kaplan, unpublished results). Instead, we suggest 
that the reduced Vm~x is most likely a consequence of a 
reduction in the proportion of reconstituted transporter 
that is in fact active due to incomplete renaturation 
following disaggregation of the inclusion bodies with 
sarkosyl. Finally, as previously noted (Xu et  al., 1995), 
the overexpressed rat liver CTP: (i) maintains a 
requirement for intraliposomal substrate and thus cata- 
lyzes an obligatory exchange reaction; and (ii) displays 
a substrate specificity that is virtually identical to that 
observed with the native purified transporter. More- 
over, reconstitution of the sarkosyl-solubilized inclu- 
sion body protein obtained from cells harvested prior 
to induction with IPTG did not yield detectable BTC- 
sensitive citrate transport. In combination, the above 
findings establish the functional competence (albeit 
with a reduced Vm~x) of the overexpressed rat liver CTP. 

REFLECTIONS AND PROJECTIONS 

With regard to the results obtained to date, several 
points merit comment. First, the selective packaging 
of both the yeast and the rat liver CTPs into inclusion 
bodies permits a high degree of purification of the 
overexpressed transporters by simply isolating the 
inclusion body fraction. This avoids the time-consum- 
ing step of developing complicated purification proce- 
dures which would tend to decrease yield and possibly 
function of the expressed transporters. Second, it is 
interesting to note that with respect to the rat liver CTP, 
although we expressed recombinant CTP containing a 
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His tag with the idea that this tag would enable addi- 
tional purification of the transporter via nickel chelate 
chromatography, we in fact never needed to utilize this 
methodology since, upon extraction of the protein from 
the inclusion body fraction, the CTP was already 95% 
pure. Nonetheless, with proteins that are less pure the 
His tag is clearly likely to be advantageous. Third, it 
is very important to note that the extent of effectiveness 
of one pET vector versus another in the expression 
of a given protein is unpredictable and can best be 
determined by trial and error. For example, before 
overexpressing the rat liver CTP in the pET-28a(+) 
vector, we attempted overexpression in the pET- 
21a(+). For reasons which are unclear, rat liver CTP 
expression in this vector was considerably reduced. 
For example, we obtained approximately 8 mg of CTP 
per liter of E. coli culture at a purity of 55%. While 
this level of expression and purity are respectable, they 
certainly pale in comparison to the results we obtained 
with the pET-28a(+) vector. Thus, we conclude that 
for a given protein, if insufficient expression is 
obtained with one pET vector, it is certainly worth 
the investment of time to experiment with other pET 
vectors to determine if expression can be improved. 
Related to this, it has been our experience that, from 
start to finish, it takes approximately three weeks to 
determine whether a transporter sequence can be over- 
expressed in functional form using a given pET vector. 
Fourth, in addition to CTP expression described in this 
review, the pET (or related) vectors have also been 
used to overexpress the mitochondrial et-ketoglutarate 
(Fiermonte et al., 1993) and phosphate (Wohlrab and 
Briggs, 1994) carriers. Therefore, we conclude that 
this system is excellently suited for overexpression of 
mitochondrial anion transporters which differ substan- 
tially in sequence. Furthermore, since a similar system 
has enabled the overexpression of cytochrome P450 
17ct-hydroxylase (Barnes et al., 1991), a microsomal 
integral membrane protein, it is tempting to speculate 
that the pET vectors may permit overexpression of 
many different types of membrane proteins. The valid- 
ity of this idea must await further experimentation. 

With respect to the future, we believe that the 
ability to overexpress mitochondrial transporter 
sequences with this system affords several excellent 
opportunities. First, we concur with the suggestion of 
Fiermonte et al. (1993) that the ability to obtain abun- 
dant quantities of highly purified, functional transport 
proteins now permits the initiation of crystallization 
trials. Second, this system enables the expression of 

abundant quantities of site-specifically mutated tran 
porters (Wohlrab and Briggs, 1994; Xu et al., 1996), 
thereby facilitating a comprehensive examination of 
the roles of individual amino acid residues in the trans- 
location mechanism. Finally, as initially suggested by 
Fiermonte et al. (1993) and subsequently demonstrated 
by our laboratory (Kaplan et al., 1995), this system 
will enable overexpression of the increasing number 
of DNA sequences that have recently appeared in Gen- 
Bank and display characteristics that typify mitochon- 
driai transporters. Thus, by overexpression of the 
protein encoded by a given sequence followed by its 
incorporation into phospholipid vesicles (utilizing 
established procedures that have been demonstrated to 
work with many different mitochondrial transporters), 
it should be possible to determine the transport function 
catalyzed by the expressed protein by merely experi- 
menting with various substrate and inhibitor combina- 
tions in the transport assay. Once the function of a 
given transporter has been identified, a detailed struc- 
ture-function characterization will be possible since 
the transport protein will already have been prepared in 
high abundance, and its encoding nucleotide sequence 
will have been identified and cloned into vectors which 
enable efficient mutagenesis. It is the opinion of this 
author that this powerful approach will result in the 
identification of previously undiscovered mitochon- 
drial transporters and will enable characterization, at 
the molecular level, of a number of transporters that 
either have not yet been purified or have been purified 
in amounts insufficient to allow further progress. 
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