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ABSTRACT. The glycerol-3-phosphate (G3P) transporter, GIpT, fiescherichia colimediates G3P and
inorganic phosphate exchange across the bacterial inner membrane. It possesses 12 transméeiimesie

and is a member of the Major Facilitator Superfamily. Here we report overexpression, purification, and
characterization of GIpT. Extensive optimization applied to the DNA construct and cell culture has led to

a protocol yielding~1.8 mg of the transporter protein per liter Bf coli culture. After purification, this

protein binds substrates in detergent solution, as measured by tryptophan fluorescence quenching, and its
dissociation constants for G3P, glycerol-2-phosphate, and inorganic phosphate at neutral pH are 3.64,
0.34, and 9.1&M, respectively. It also shows transport activity upon reconstitution into proteoliposomes.
The phosphate efflux rate of the transporter in the presence of G3P is measured taiinel28in~*

mg* at pH 7.0 and 37C, corresponding to 24 mol of phosphaté émol of protein) ™. In addition, the
glycerol-3-phosphate transporter is monomeric and stable over a wide pH range and in the presence of a
variety of detergents. This preparation of GlpT provides ideal material for biochemical, biophysical, and
structural studies of the glycerol-3-phosphate transporter.

The snglycerol-3-phosphate transporter frof. coli Categorized as a subfamily of the MFS family, the sugar
mediates G3Pto inorganic phosphate exchange across the phosphate/anion antiporterd1lf mediate the uptake of
inner membranel(-3). Widely distributed in all phyla4, structurally dissimilar anions, such as hexose phosphates,

5), GIpT is a member of the Major Facilitator Superfamily hexuronates, and glycerol-3-phosphate. Such anion exchange
(MFS) (@, 6, 7, the largest secondary transporter family across the membrane constitutes a significant portion of all
known in the genomes sequenced to ddte5). In the cell transport processes in the cell. Yet, with the exception of
membrane, these proteins are responsible for the transporthe human erythrocyte anion exchanger (Bandi®) (L3,

of a wide range of solutes, including sugars, amino acids, these transporters have not received as much attention as
neurotransmitters, ions, and toxirs 7). Medically relevant  proton- or sodium-driven transport systems. This is due
members of the family include the bacterial efflux pumps presumably to their low occurrence in natural sources. Of
associated with antibiotic resistan@ @), and the glucose  the bacterial anion-exchange systems, the inorganic phos-
transporter Glut4 in muscle which is linked to diabet&g) ( phate (P-linked examples, such as tie coli G3P trans-

porter, are among the best characterizZgdld).
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(G2P), arsenate, and phosphonomyd@g)( The transport Membrane Preparatiori-resh cell pellet was taken up in
activities of GIpT have been studied in detail by Ambudkar TBS buffer (50 mM Tris, pH 8.0, and 400 mM NacCl)
and co-workers3, 11, 14, 1J. From liposomes reconstituted  containing 0.5 mM phenylmethanesulfonyl fluoride (PMSF)
with detergent-extractet. coli inner membrane proteins, and protease inhibitor cocktail (Sigma, St. Louis, MO), and
the G3P-mediated;Refflux rate has been determined to subjected to 3 cycles of French Press at 18000 psi. The
be 130 nmol min! (mg of protein). The stoichiometry  suspension was centrifuged at 156@6r 20 min to remove
of the substrate exchange by GlpT and its oligomeric large cellular debris and any remaining unbroken cells,
state during transport, however, have not been determinedfollowed by an ultracentrifugation step at 1009d06r 2.5 h
3. to harvest the membrane. The membrane pellet was stored
The molecular mechanism for substrate transport by GlpT at —20 °C until future usage.
is unclear due to the lack of structural information. In fact,  Solubilization of Membrane Proteirithe membrane pellet
detailed three-dimensional structural information on any was solubilized in TBS, 10 mM imidazole, 0.5 mM PMSF,
member of the entire MFS family is absent. This is due to 20% glycerol, and 1% dodecylmaltoside (DDM) (Anatrace,
difficulties encountered in obtaining high expression of such Maumee, OH) for 30 min at 4C with stirring, at a ratio of
mu|ti3pan integra| membrane proteins, purifying them to 10 ml of buffer per gram of membrane. The insoluble pOI’tiOﬂ
homogeneity, and maintaining their stability once removed Was removed by an ultracentrifugation step at 10@0@®
from the natural lipid environmen®@). Large amounts of 30 min.
pure detergent-solubilized protein are required for biochemi- ~ Ni#*-NTA Affinity Purification and Thrombin Digestion.
cal and biophysical characterization. Indeed, even larger Solubilized protein was incubated with ¥iNTA agarose
quantities are needed when attempting structural analysisbeads (QIAGEN) fo 3 h at 4°C, with 0.5 ml of resin per
using nuclear magnetic resonance spectroscopy, electrorgram of membrane. Two washes (20 times the column
cryo-microscopy, and X-ray crystallography. volume each) were performed with TBS buffer, containing
Here we report the overexpression, purification, and 10 and 15 mM imidazole, respectively. The protein was
characterization of th&. coli glycerol-3-phosphate trans- €luted in 3 steps with 2 times the column volume of the
porter. The protocol we established includes: the refinement 1BS buffer containing 50, 250, and 500 mM imidazole,
of DNA constructs, optimization of cell culturing conditions, "€SPectively. The His-tagged protein was detected by Coo-
membrane solubilization, protein purification as well as the Massie Blue stained SB$AGE and, when necessary,
introduction of a controlled thrombin protease digestion. The Western-blot analysis using India HisProbe-HRP (Pierce,
protein is monomeric in detergent solution, and remains Rockford, IL). Eluates at 50 and 250 mM imidazole,
active in detergent and following reconstitution into proteo- containing approximately 90% of the total purified GIpT,
liposomes. The Pefflux rates mediated by the substrates Were combined for subsequent thrombin digestion, which
and their dissociation constants to the transporter have beer{V@s carried out overnight at 2C, using 4 NIH units of
determined. We have also assessed the stability of the proteirf?rombin (ICN, Costa Mesa, CA) per milligram of protein.
over a wide pH range and in a variety of detergents. This Size-Exclusion Chromatographjdter the glycerol con-
preparation may be used for various biophysical and centration was lowered to 5% by dialysis, the thrombin-
biochemical studies of the transporter protein, including digested sample was concentrated-26-fold to a volume

crystallization trials. of ~0.5 ml. The sample was subjected to a preparative size-
exclusion Superdex200 column on FPLC (Amersham-Pharm-
EXPERIMENTAL PROCEDURES acia, Piscataway, NJ), in the presence of 50 mM imidazole,

pH 7.0, 100 mM NaCl, 0.5 mM EDTA, 20% glycerol, and
Overexpression of His-Tagged GIpT: Cloning and Cell 0.075% DDM. The protein concentration was determined
Culture.The GIpT gene was amplified by PCR usiigcoli using the Micro-BCA assay (Pierce, Rockford, IL).
DHb5a strain as the template, with forward and reverse  MALDI-TOF Mass Spectrometrfhe molecular mass of
primers designed according to the published DNA sequencepurified GIpT protein was measured by matrix-assisted laser
of the protein {5). G3P transporter was expressed in the desorption/ionization time-of-flight (MALDI-TOF) mass
LMG194 strain ofE. coliusing the pBAD expression system  spectrometry 28), done in the laboratories of B. Chait in

containing aC-terminal mycepitope and a Histag (Invit- Rockefeller University and of T. Neubert at the Skirball

rogen, Carlsbad, CA)2¢), following standard molecular  |nstitute. To avoid interference caused by detergent or lipid,

biology protocols 25). the sample preparation was optimized according29).(
Limited proteolysis in combination with mass spectroscopy Internal calibrants were used to obtain the accurate molecular

was employed to aid expression construct deskf) 27). weight.

Conditions for E. coli cell culture were optimized for Tryptophan Fluorescence Quenching upon Substrate Bind-

overexpression with the final GIpT construct, containing ing. Tryptophan fluorescence quenching of GIpT upon
amino acids 1448, followed by a thrombin-specific pro-  substrate binding was measured from thrombin-digested, SE-
teolytic cleavage motif and thmycHis-tags. In the opti-  column-purified protein, following the published procedure
mized protocal 6 L of LB medium was inoculated with  (30—32). Fluorescence quenching experiments were per-
overnight culture and grown fo3 h in the presence of  formed at excitation and emission wavelengths of 283 and
ampicillin, starting at 37°C. Thirty minutes prior to 335 nm, respectively, using a FluoroMax-2 fluorometer
induction, the culture temperature was gradually lowered to (Jobin-Yvon-Horiba, Edison, NJ). After establishing the
25 °C, followed by induction at an Ofg, of 1.0 with 0.1% baseline (buffer only) and reference points (protein at 0.01
arabinose. Cells were harvested 90 min after induction, at mg/ml without ligand), the protein solution was titrated with
an ODypo of 1.5-1.8. 0.2—320uM ligand. The effect of dilution (less than 2% of
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the total volume) was compensated for at the data processing
stage. Changes in fluorescence versus ligand concentration
were plotted 19, 20. The binding of the following three
substrates was measured: G3P (di-monocyclohexyammo-
nium salt), G2P (sodium salt), o, Rl from Sigma.
Reconstitution and Transport AssaReconstitution of
GIpT into proteoliposomes was carried out according to a
modified procedurel(7, 33, and the phosphate efflux rate
for G3P/R or G2P/RPexchange was measured by monitoring
the absorbance changes due to purine phosphorylation by
exported inorganic phospha®4. Liposomes were prepared
by solubilizing 2 mg ofE. coli total lipid and egg yolk
phosphatidylcholine (ratio 7:1) in the reconstitution buffer
(20 mM MOPS, pH 7.0, 5 mM MgS© 1 mM DTT, 1%
octylglucoside, and 100 mM KiPQy), followed by detergent
removal upon dialysis. Purified GIpT (1 mg/mL), as well as
0.1% DDM, was added to the liposome suspension until a
lipid-to-protein ratio of 200:1 (w/w) was reached. After molecular mass was 53 013 Da. We measured the molecular mass
removal of DDM with 10 mg of Bio-Beads SM2 (Bio-Rad, of the expressed protein by MALDI-TOF mass spectroscopy. From
Hercules, CA), the proteoliposomes were subjected to two the mass of quadruply charged species of 13 254.3 Da, which is
freeze-thaw cycles, followed by filtration (0.2«m) to between two internal calibrants indicated by a **', the true molecular

L 7 . . mass was found to be 53017 Da. Indeed, the calculated and
eliminate precipitates. The formation and homogeneity of ¢, herimentally obtained values agree within 4 Da. Limited pro-

the v_esicles were checked b){ _electron microscopy of teolysis, in combination with mass spectroscopy, was used to
negatively stained samples (Philips Electron Instruments, identify the rigid core of GIpT protein and to help in designing the

Eindhoven, The Netherlands). Subsequently, the reconstitutecexpression construct.
proteoliposomes were transferred to assay buffer (20 mM RESULTS

MOPS, pH 7.0, 75 mM KSQ,, 5 mM MgSQ, and 1 mM
Development of an overexpression system and a purifica-

DTT) using a 10 ml Sephadex G-50 desalting column
(Amersham-Pharmacia). Aliquots (1@0 of the R-loaded tion protocol to produce stable, homogene&usoli G3P
proteoliposomes were mixed with EnzChek phosphate assaytransporter protein required extensive optimization at three
(Molecular Probes, Eugene, OR) to a final volume of 1 ml. different levels. First, a thrombin cleavage site was intro-
The sample was loaded onto a Hewlett-Packard diode arrayduced in the DNA construct, resulting in a protein core that
spectrophotometer (model 8453) equipped with a thermostat.was resistant to further limited proteolysis. Second, a number
After the system reached equilibrium at 32, confirmation of parameters were refined at the cell culture stage to
of absence of leakage was done by monitoring the absorptioneliminate contaminating proteins, which otherwise could not
at 360 nm; 10 mM each of G3P, G2P, or glycerol was then be separated from GIpT by column chromatography. Third,
added, and data were collected at 15 s intervals and adjustedve screened detergent for protein stability and developed a
for background. The transport rate was calculated with data purification protocol consisting of Ri-NTA affinity chro-
collected in the first 60 s after substrate addition, from the matography, thrombin digestion, and size-exclusion FPLC.
linear part of the curve, using the value determined by SDS  Such a procedure allowed us to produce homogeneous GlpT
PAGE and densitometry for the total amount of the GIpT protein in milligram quantities, which was able to bind
protein incorporated into proteoliposomes. substrates in detergent solution and was active after recon-
Determination of Oligomeric State and Monodispersity of stitution into proteoliposomes.
GIpT. The oligomeric state and monodispersity of the GIpT ~ Cloning and Construct DesigriMass spectroscopy and
protein in various detergent solutions at different pHs were trypsin digestion were used to optimize the GIpT expression
determined by analytical size-exclusion chromatography construct, as has been done for the KscA ¢hannel by
HPLC, following a modified protocol in the literatur8Z, Doyle et al. 7). Initially, the G3P transporter was expressed
35—37). A 10-fold excess of the buffer was added to the in the construct GIpT452, where all 452 amino acids of its
protein solution in order to examine the stability of the wild-type sequence were included, followed byngcepitope
protein at various pHs. To study the effects of various and a Hig-tag. In the process of cloning and purification,
detergents on the stability of GIpT, the detergent of interest two mutations were detected biyterminal peptide and DNA
was added to the protein solution (containing 0.075% DDM) sequencing: a posttranslationally cleavdderminal me-
until a final concentration of 0.2% above its critical micellar thionine (Metl), as often found with proteins expressed in
concentration (CMC) was reached. Afte h of incubation E. coli (29); and a Leu2— Gly2 mutation that was designed
at 25°C, the sample was analyzed using a Shodex SW804for PCR cloning. The actual molecular mass of the expressed
size-exclusion chromatography column on HPLC (Waters, protein, therefore, was 53 013 Da. This was confirmed by
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FIGURE 1: Mass spectroscopy d&. coli GIpT protein. MALDI-
TOF mass spectroscopy was used to help design constructs for
expression of GIpT protein i&. coli. Initially, the G3P transporter
was expressed in a construct containing all 452 amino acids of its
wild-type sequence, followed by mycepitope and a Histag.
Taking two mutations at thi-terminus into account, the expected

Milford, MA) in buffer containing 50 mM Tris, pH 8.0, 200
mM NaSO,, 0.05% DDM, and 3 mM Nail The Stokes
radius of the GlpFDDM complex was determined using
five soluble proteins with known Stokes radii as standards
(36, 38, 39: ferritin (63 A), amylase (51 A), aldolase (46
A), albumin (35 A), and ovalbumin (28 A).

MALDI-TOF mass spectroscopy measurements, which yielded
a value of 53017 Da (Figure 1). The expected and
experimentally measured molecular masses agreed within 4
Da, an error of only 0.07%.

To identify a compact core for later crystallization experi-
ments, Ni*-NTA-purified GlpT452 sample was subjected
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Ficure 2: Optimization of theE. coli cell culture for GIpT
overexpression. The GIpT448 (amino acids448) expressed in
pBAD vector appeared at a molecular mass of 45 kDa on-SDS
PAGE, as indicated by the letter ‘blLane 1: When theE. coli
cells were cultured fo3 h at 37°C and induced with 0.2%
arabinose, an additioh& h post-induction growth at 37C
produced a number of contamination bands that could not be
separated from GIpT by Rii-NTA or size-exclusion columns. TWo  Figure 3: Overexpression and purification of th& coli G3P
unidentified proteins at 58 and 32 kDa are labeled by the letters transporter. (A) SDSPAGE and (B) Western-blot at various stages
‘a’ and ‘d’. The protein bands indicated by the letter ‘c’ consisted of expression and purification. Overexpression of GIpEircoli

of proteolyzed GIpT and a broad ‘shadow band’, appearii 2 strain LMG194, with the pBAD vector, was controlled by arabinose.
kDa below the GIpT protein. Lane 2: Reducing the arabinose Detergent-solubilized membranes before and after induction with
concentration for induction from 0.2 to 0.1% and lowering the arabinose showed the overexpression of the GIpT protein at a level
temperature after induction to 2& minimized the expression of  of 1.8 mg per liter of culture. The expressed GIpT protein was
the 58 and 32 kDa proteins. Shortening the post-induction period purified using N?"-NTA affinity chromatography. Following
from 2 to 1.5 h eliminated the proteolysis problem. Lane 3: The gvernight treatment of thrombin at 2@, the tags were removed,
shadow band was a modified version of GIpT which shifted and the sample was subjected to size-exclusion chromatography.
downward by the same distance as GIpT following thrombin The Western-blot with anti-His probe showed the removal of the
digestion. Lane 4: Following a gradual reduction in temperature tags upon thrombin digestion.

from 37 to 25°C half an hour prior to induction, the shadow band
disappeared. Samples seen in all lanes were purified ByNTA
affinity chromatography prior to SDSPAGE.

o>

. m-n H ][ induced

thrombin digestion, both GlpT and the shadow band shifted
by the same distance (Figure 2, lane 3). This suggested that
to trypsin treatment at different enzyme-to-protein ratios for the shadow band was either a posttranslational modification
various periods of time. Three digestion products ending with or anN-terminal truncation of GIpT.

residue Arg449, Lys453, and Lys459, respectively, were To eliminate the above-mentioned contaminants, we varied
identified by SDS-PAGE followed by MALDI-TOF mass  several parameters at the cell culture stage, namely, duration
spectroscopy. Thus, we engineered a DNA construct contain-of cell culture, arabinose concentration, and the temperature
ing residues +448, followed by a thrombin-specific pro-  profile before and after arabinose induction. Reducing the
teolytic site andnycHis-tags. Following thrombin digestion  arabinose concentration for induction from 0.2 to 0.1% and
of the protein, this GIpT448 construct proved to be resistant lowering the temperature after induction to Z5 minimized

to further limited proteolytic treatment by trypsin, chymot- the expression of the 58 and 32 kDa proteins (Figure 2, lane
rypsin, elastase, and thermolysin. Therefore, we concentrated?). Reducing the post-induction period from 2 to 1.5 h

on this GIpT448 construct in later experiments.
Expression and Cell Cultur&rowth curves indicated that

the middle point of the log phase of cell growth was reached

after 3 h at 37°C. Initially, cells were grown for an additional

2 h following induction with 0.2% arabinose, leading to an

eliminated the proteolysis problem (Figure 2, lane 2). Finally,
lowering the temperature from 37 to 28 a half hour prior
to induction resulted in the complete disappearance of the
shadow band (Figure 2, lane 4).

Solubilization and PurificationCell fractionation was

ODggo 0f 2.0. The GIpT protein yield obtained was high, at carried out by subjecting. coli cells to 3 cycles of French
4—8 mg/l of culture. However, cell culture conditions had Press, resulting in a breakage of approximately 90% of the
to be modified to reduce the amounts of contaminating cells. Expressed GIpT protein was found in the cell mem-
proteins that could not be separated from GIpT using a two- brane (Figure 3A), as opposed to forming inclusion bodies.
column chromatography protocol. Further introduction of a A DDM concentration of 1% proved optimal for solubilizing
third column resulted in protein aggregation, perhaps a resultGlpT from the cell membrane.

of complete delipidation of GIpT.

Samples purified using Ri-NTA affinity chromatography
were loaded onto SDSPAGE to assess the quality of GIpT
expression and to guide cell culture optimization (Figure 2).
GlpT448 ran at 45 kDa, as indicated by the letter ‘b’. Two
unidentified proteins at 58 kDa, ‘a’, and 32 kDa, ‘d’, bound
weakly to the Ni"-NTA resin and could not be separated

Optimization of N¥"-NTA affinity purification was achieved
by refining the incubation time and defining the optimal
protein-to-resin ratio. The protein was bound by incubating
the solubilized membrane at 0.5 ml of resinrge g of
membrane for 3 h. Imidazole at 10 mM was required in the
solubilization buffer to reduce unspecific binding. Cumulative
optimization of the DNA construct and the cell culture

from GIpT by a subsequent size-exclusion or ion-exchange conditions led to~90% pure GIpT, free of proteolysis
column either. In addition, several sharp bands as well as afragments, in the Ni-NTA affinity chromatography step

broad ‘shadow band’ appeared-2 kDa below GIpT (Figure

(Figure 3A). Incubation of the purified GIpT sample with 4

2, lane 2, labeled as ‘c’). Because the sharp bands resembledNIH units of thrombin per milligram of protein overnight at

those of purified GIpT after controlled trypsin digestion, we
concluded that they were GIpT proteolysis products. Upon

20 °C resulted in complete removal of theycHis-tags, as
shown by SDSPAGE and Western-blot (Figure 3A,B).
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FiGUre 4: Tryptophan fluorescence quenching of GIpT protein
upon substrate binding. The substrate was titrated until the .
fluorescence quenching was saturated, and the fluorescence was 0 1'0 2'0 30
measured at excitation and emission wavelengths of 283 and 335 .
nm, respectively. The binding of three substrates, G3P (squares), Time (min)
G2P (triangles), and;Rircles), was measured, and their dissocia- Figure5: Phosphate transport mediated by GIpT protein. Inorganic
tion constants were found to be 3.64, 0.34, and 98, ~ phosphate efflux in absorbance units was measured-inaBed
respectively. The details of the data at low substrate concentrationsand GlpT-reconstituted proteoliposomes upon the addition of
are shown in the inset. substrate to the assay solution. An electron micrograph of the

proteoliposomes is shown in the inset (scale bar in the insE20

A size-exclusion chromatography step was used to separatém). R efflux against substrate was measured via the absorbance
the cleaved tags, thrombin protease, and other contaminants%r?’l%onfl‘m t?)t d3e7tngc't ?é ;sagé”g’}:“e’gtli fI) ngﬁggtgymavr‘]’ﬁg;ﬁgr']tgﬁg
For good. separation during size-exclusion FPLC_’ the protein min after the addition of G3Py (squares), G2P (triangles), or glycerol
was applied to the column at15 mg/ml concentration. GIpT  (circles). Error bars represent the standard error from measurements
fractions were collected from the size-exclusion FPLC performed in triplicate (G3P) or duplicate (G2P). Theflux rate
column at a protein concentration of3 mg/ml. The protein ~ Was found to be 2@mol min~* mg~* for G3P, and 8.gxmol min~*
purity was estimated at 998%. MALDI-TOF mass spec- mg~! for G2P. Glycerol did not initiate phosphate transport.

troscopy showed the preparation to be a sharp, single peakgg nm. As indicated in Figure 5, Bid not leak from the

with the expected molecular weight (data not shown), yrqteclinosomes. Only after the addition of G3P or G2P was
indicating the absence of proteolysis. In summ&YyofE. jnorganic phosphate detected outside of the liposomes. The
poll cell culture typically produced _16 g_of cells, resgltlng G3P-mediated fefflux rate was found to be 28mol min

in 5 g of membrane after cell fractionation. From this, 10 (mg of protein) at 37°C, equivalent to a turnover rate of

mg of GlpT could be eluted from a Ki-NTA _affmlty 24 mol of Rs~1 (mol of GIpT)L. The P efflux rate for G2P/
column, and 3 mg of pure, stab[e and monomeric GIpT was P exchange was 8.Zmol min-! mg?, corresponding to
recovered from the size-exclusion column. 7.4 mol of R st (mol of GIpT)%. Glycerol, as a control,
Tryptophan Fluorescence Quenchifig assay the integ-  did not initiate phosphate transport.
rity of the GIpT protein in detergent solution, its tryptophan  Characterization of Oligomeric State and Stability of
fluorescence quenching upon substrate binding was mea-Purified GIpT.The oligomeric state and stability of detergent-
sured. The affinity of GIpT in solution was determined for solubilized GIpT were characterized by analytical size-
the substrates G3P, G2P, and (Figure 4), and their  exclusion HLPC 82, 35-37). Judged from its retention time
dissociation constants at neutral pH were found to be 3.64, on the size-exclusion column, GlpT was monomeric in DDM
0.34, and 9.18&M, respectively. Scatchard plot analysis of detergent solution (Figure 6A). The Stokes radius of the
these data indicated one binding site per GIpT molecule for GlpT—DDM complex was 46t 5 A, using soluble proteins
all three substrates (data not shown). as standards. Comparing with two other membrane trans-
Reconstitution into Vesicles and Transport As$gcon- porter proteins with both a similar molecular mass and
stitution of GIpT into vesicles was achieved by mixing number of transmembramehelices, 75 A for dimeric Band
preformed lipid vesicles and solubilized GIpT in the presence 3 membrane domain in DDM (X 53 kDa and 2x 14
of detergent. This was followed by the removal of the helices) 85) and 50 A for monomeric erythrocyte glucose
detergent using Bio-Beads. The GIpT proteoliposomes transporter in DM (54 kDa and 12 helices3?f, we
containing phosphate buffer were round, uniform, and concluded that the GIpT protein in DDM solution was a
unilamellar with a diameter of 268400 nm, as visualized = monomer.
by electron microscopy (Figure 5, inset). We measured the The effects of pH and detergent on the stability and
transport of phosphate across the lipid membrane of recon-oligomeric state of the protein were also monitored by size-
stituted proteoliposomes, using a commercially available exclusion HPLC. As seen in Figure 6B, GIpT was mono-
enzymatic assayd@). Circumventing the use of any radioac- meric across a range of pH from 4.5 to 8.5; in contrast, at
tive substrate, the efflux of inorganic phosphate leads to pH 3.5 and 9.5, aggregation occurred. We also tested 15
enzymatically catalyzed phosphorylation of a reporter sub- different detergents at neutral pH and have found that GIpT
strate, which subsequently absorbs light at a wavelength ofwas either monomeric or aggregated, depending on the
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A closely followed by dodecylmaltoside, Cymal-6, Cymal-5,
and decylmaltoside. Comparable results have been obtained
with the three glucoside-based detergents tested, i.e., decyl-
glucoside, nonylglucoside, and octylglucoside. Other deter-
gents able to keep the protein monodisperse were Triton-
X100, GEs, and HEGA 10, whereas MEGA 9, LDAO,
FOS-Choline 10, and FOS-Choline 12 led to aggregation.
In addition, GIpT in DDM stayed monodisperse for over 4
J weeks at £C, and more than 10 days at 26. The protein
was able to tolerate several cycles of freezing and thawing.

TYYYYY
B 12345 DISCUSSION
We have successfully overexpressed Ehecoli sugar-
’\ “ phosphate transporter GIpT, a member of the Major Facilita-
_/‘L/ \ . tor Superfamily 4). By changing various parameters during
Control pH 3.5 pH 4.5 pH55 cell culture, we have minimized the expression of proteolytic
products, posttranslationally modified GlpT, and other
’\ ‘\ h contaminants. The protein after purification appears active
_A.__ upon reconstitution into liposomes, as shown by a nonra-
pH 65 pH7.5 pH 8.5 pH 9.5 dioactive transport assay, and is also capable of binding
substrates in its detergent-solubilized state, as demonstrated
C by fluorescence quenching. Therefore, the protein does not

undergo substantial structural changes during solubilization

and purification, providing ideal material for biophysical and
’l biochemical characterization, including 3D crystallization.
_JL..—-. ,—L-_ _L
NG DG

Measured by fluorescence quenching, the dissociation

Control oG constants of GlpT for G3P, G2P, angdd neutral pH, are
3.64, 0.34, and 9.18M, respectively (Figure 4), indicating
‘A A A its affinity is highest for G2P and lowest for Bmong the
three substrates tested. These results complement rather well
oM ubMm DDM Cymal-5 with those obtained by the transporter assay of reconstituted

proteoliposomes (Figure 5). The G3P-mediateeffux rate
“ “ ,‘ ’\ A of the GIpT protein measured from proteoliposomesy2@|
min~! (mg of proteiny?, or 24 mol of Ps* (mol of GlpT) ™1,
Cymal-6 TX-100 C12E8 HEGA-10 is consistent with the rate of other secondary transporters
(40, 4. The R efflux rate in the presence of G2P, &ihol
min~—t mg, is significantly lower than the rate for G3R/P
antiport. This is expected since the GlpT protein shows a
MEGA-9 LDAO Fos-Chaline 10 Fos-Choline 12 higher affinity for G2P than for G3P (Figure 4). Furthermore,
Ficure 6: Oligomeric state and monodispersity of GIpT protein the saturation of transport observed for G2P and G3P in
under different conditions. (A) GIpT is a monomer in solution. Figure 5 was due, presumably, to equilibrium of the
Analytical size-exclusion chromatography demonstrated that GIpT substrates inside and outside the proteoliposomes. A substrate
protein purified in DDM detergent as monomer. The GHIDM with a higher affinity will bind to the protein at a lower

complex was found to have a Stokes radius of 4& A. Five . T . L
soluble proteins of known Stokes radius were used for calibration: internal concentration in the proteoliposomes, resulting in

(1) ferritin (63 A); (2) amylase (51 A): (3) aldolase (46 A): (4) competitive binding11). Therefore, compared to G3P, G2P

albumin (35 A); (5) ovalbumin (28 A). (B) Stability of GIpT protein ~ saturates GIpT earlier in the efflux assay, resulting in a lower
at different pHs. The protein stayed monodisperse over a wide pH external Pconcentration at saturation (Figure 4). The G3P-
range: pH 4.58.5. (C) Stability of GIpT protein in different  mnagiated Pefflux rate reported here, however, is 2 orders

detergents. The protein remained as a monomer in a number of .
detergents: decylglucoside (DG), decylmaltoside (DM), undecyl- of magnitude greater than that reported by Ambudker et al.

maltoside (UDM), dodecylmaltoside (DDM), Cymal-5, Cymal-6, (3)- Their value is estimated indirectly froi, determined
Triton-100, G,Eg, and HEGA-10. The controls were kept at@. from reconstituted whole cell membrane, while ours is

All other samples were prepared by incubation at the desired pH measured directly from proteoliposomes reconstituted from
for (B), or in the presence of the detergent for (CY, 20h before purified G3P transporter.

HPLC measurement.

Another interesting point is the stoichiometry for substrate
detergent added (Figure 6C). The purpose of this study wasexchange. In addition to mediating G3P#ntiport across
to identify detergents capable of maintaining the protein in the cell membrane, GIpT has been shown to exchange P
a monodisperse state for later crystallization experiments.for P, (3). Since this transporter is not electrogenic, the
The following results were observed: All five maltoside- stoichiometry for the substrate exchange of GlpT is therefore
based detergents of different aliphatic chain length were likely to be 1:1, although it has not been unambiguously
capable of keeping GIpT monodisperse. More specifically, determined. There is evidence that the stoichiometry for the
GIpT in undecylmaltoside showed the narrowest peak, system responsible for hexose-6-phosphatexehange in




6634 Biochemistry, Vol. 40, No. 22, 2001 Auer et al.

Streptococcus lactvaries between 1:1 and 1:2 in a pH- fication, as often occurs when overexpressing membrane
dependent manner. The reconstitution protocol using purified transporter proteins49, 50). We hope that the protocaol,
GIpT, as reported here, provides an excellent system towhich has allowed us to obtain pure, homogeneous, stable
clarify this question in the future. G3P transporter protein, will stimulate and enable other in-
The monomeric GIpT in detergent solution is likely to vestigators to overcome the problems one usually encounters
represent the basic functional unit of the protein in the cell when working with this particularly difficult class of proteins.
membrane, as in the case of the Lac permedd® ¢nd
human erythrocyte glucose transpor#2)( two of the best- ~ ACKNOWLEDGMENT

characterized members of the Major Facilitator Superfamily.  \y/e thank Martine Cadene. Yun Lu. and Thomas Neubert

However, our result is in discordance with a previous report, ¢, MALDI-TOF mass spectroscopy measurements, Mathieu
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