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ABSTRACT. Secondary active transport of substrate across the cell membrane is crucial to many cellular
and physiological processes. The crystal structure of one member of the secondary active transporter
family, thesnglycerol-3-phosphate (G3P) transporter (GIpT) of the inner membraBsaiferichia colj
suggests a mechanism for substrate translocation across the membrane that involves a rocker-switch-type
movement of the protein. This rocker-switch mechanism makes two specific predictions with respect to
kinetic behavior: the transport rate increases with the temperature, whereas the binding affinity of the
transporter to a substrate is temperature-independent. In this work, we directly tested these two predictions
by transport kinetics and substrate-binding experiments, integrating the data on this single system into a
coherent set of observations. The transport kinetics of the physiologically relevaripgB8gphate antiport
reaction were characterized at different temperatures usingghaibli whole cells and GlpT reconstituted

into proteoliposomes. Substrate-binding affinity of the transporter was measured using tryptophan
fluorescence quenching in detergent solution. Indeed, the substrate transport velocity of GlpT increased
dramatically with temperature. In contrast, neither the apparent Michaelis constamtqr the apparent
substrate-binding dissociation constalkg)(showed temperature dependence. Moreover, GlpT-catalyzed
G3P translocation exhibited a completely linear Arrhenius function with an activation energy of 35.2 kJ
mol~1 for the transporter reconstituted into proteoliposomes, suggesting that the substrate-loaded transporter
is delicately poised between the inward- and outward-facing conformations. When these results are taken
together, they are in agreement with a rocker-switch mechanism for GlpT.

Secondary active membrane transporter proteins use arsn-glycerol-3-phosphate (G3P) transporter (GIpT) in the
electrochemical gradient generated across the membrane by¥scherichia coliinner membrane, transports G3P into the
primary active transport as the driving force for substrate cell via an antiport mechanism that is energized by an
translocation 1, 2). Over 100 families of secondary active inorganic phosphate (Ryradient (2). The crystal structure
membrane transporters have been identified to date, theof GIpT (8) shows that it functions as a monomer composed
largest of which is the major facilitator superfamily (MFS),  of N- and C-terminal domains, each consisting of a compact
with over 5000 known member8+45). The MFS, members 6 a-helical bundle and joined by a long, central, cytoplasmic
of which are ubiquitous in all three kingdoms of life, includes |oop region. The substrate translocation pore is located
many medically and pharmaceutically important transporters, petween the N- and C-terminal domains (Figure 1A). This
such as the efflux pumps that confer resistance to antibioticsstructural information, in combination with an opus of
in bacteria and chemotherapeutic drugs in hum&ng)( previous biochemical, thermodynamic, and kinetic studies

Over the years, extensive efforts have been made toon both GIpT and LacYX2—17), and the closely relatefl.
understand the molecular mechanisms of these transporterggl; organic phosphate/inorganic phosphate antiporter, UhpT
by using an array of genetic, biochemical, and biophysical (18 19), have allowed us to construct a model for substrate
techniques. The advent of crystal structures of S(_averal MFStranslocation by GIpT§, 20) (parts B and C of Figure 1).
transporters§—11) has now placed functional studies of this - Thjs single-binding site, alternating-access mechanism, which
flavor of transporter on a much firmer footing and allowed jholves a rocker-switch-type movement of the N- and
for a more rigorous analysis. One of these transporters, thec_terminal domains of the protein, is dependent upon

binding-site reorientation between an inward;)(@nd

5 TNTC\i/S) v%)]rk Wai Sfulgpé):\t/led in part byt I\(lj“; (IS\IYI%HEDKE(ESFZ?L?lgg outward (G) facing conformation. The model allows the
.-N.W.). The work of P.C.M. was supported by ran - . ; _ ; ;
* To whom correspondence should be addressed. Telephone: (212 mechanism of GlpT-mediated antiport to be broken down

263-8634. Fax: (212) 263-8951. E-mail: wang@saturn.med.nyu.edu. iNto six discrete stages, with three stages dedicated to the
*New York University School of Medicine. binding, translocation, and release of one substrate (in this

§ Johns Hopkins School of Medicine. i i
1 Abbreviations: GIpT, glycerol-3-phosphate transporter; G3P, glycerol- case, G3P), and the remaining three stages describing the

3-phosphate; Pinorganic phosphate; MFS, major facilitator super- transport of the countersubstrate,(Pigure 1B). Initially,
family; E,, activation energy; DDMN-dodecyl-p-maltoside. the transporter exists in an unloaded, low-energyc@n-
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(Figure 1C). The third stage of the transport process
T3 represents the release of the substrate to the cytoplasmic side
€ ‘;'n C-terminal of the membrane, thereby allowing access of the binding
t'}\ domain site to the countersubstrate. The process is then simply

) reversed for the translocation of countersubstrate from the
| cytoplasm to the periplasm. The whole process is enabled
o o8 ' "p Crtoplasm by the R gradient, because the cellular concentration jof P
A \ is much greater than that in the extracellular environment

- (22).

The rocker-switch model of the GIpT transporter im-
mediately suggests two experimentally testable predictions
with which its kinetic behavior should comply. (i) The
activation energy barrier for its interconversion from the
C,—S to the G-S state is surmounted by the input of thermal
energy from the environment via Brownian motion. The
actual interconversion is rate-limiting, and specifically, its

A

Periplasm

N-terminal
domain

i —eeen Vmax is temperature-dependent. (i) The substrate-binding
3|+ « affinity, Kg, in contrast, is independent of the temperature.
Cytoplasm In the present work, we investigated the viability of the

P, gradient —»
—

rocker-switch mechanism of the GIpT function by directly

ChTY G (eGP testing the above two predictions. We report on transport
Pi asF kinetics studies using. coli whole cells and GIpT recon-
c stituted into proteoliposomes, in combination with substrate-
Energy barrier binding affinity studies of the transporter in detergent
. it solution.
ATransltnon state

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmid&or whole-cell transport
assayskE. coli strain SH1200 (glpT phoR ugpA704::Tn10)
(obtained from W. Boos, University of Konstanz, Germany)

- , - served as the host to the plasmids used in this part of the
Collective reaction coordinate study (16). Strain SH1200 fails to transport G3P because of
Ficure 1. Crystal structure of GIpT and the rocker-switch defects in GlpT and UgpT, the ATP-dependent G3P trans-

mechanism. (A) Ribbon diagram of GIpT viewed parallel to the horter. Plasmid pQ31 was constructed by introducing into
membrane. The molecule consists of 12 transmemluainelices. E (Oi Valencia. CA) BarHI—Hindlll f t
The N-terminal domain is colored green, and the C-terminal domain PQE (Qiagen, Valencia, ) Ba In ragmen

is colored pink. (B) Schematic diagram of the single-binding site, that encodes GIpT with a N-terminal polyhistidine (His6)
alternating the access mechanism with a rocker-switch type of extension (HisGIpT), placing GIpT expression under the
movement for the GlpT-mediated G3P, exchange reaction. The  ¢ontrol of thetac promoter and in the presence of acThe

diagram describes the proposed conformational changes that th ; ; ; ;
transporter undergoes during the reaction cyclerepresents the . coli straln_and p'asf“'d. used fof the Overexpression of
protein in the outward-facing conformation, andrepresents the ~ GIPT for use in reconstitution experiments and in substrate-

inward-facing one. The G3P substrate is represented by a smallbinding affinity assays are described by Auer et &b)(
O e 3, 1, G JranSPort Assoys Lising E- coll Whle Coor whole
different conformatiogr%/s ongIpT that occ%r during %Ke transport cell transp_ort assayE: coli stram_SHlZOO_ cells were grown
reaction cycle under physiological conditions. In the absence of OVernightin Mé3 minimum mediun2@) with 0.2% glucose
substrate binding, the energy barrier (represented by a dotted line)as the carbon source, along with antibiotics and amino acids
prevents the conformational interconversion between thar@ (each 50ug/mL) (16). After overnight growth, cells were
bCi states ?f‘;ctigﬁtl”at%sgﬂg@r-B?gxiﬁgembgggw%('%Nteors dﬁ‘v‘z?ﬂgrgydiluted 100-fold into the same medium and cultured at
cg;]rflgrrmsautional in)t/erconversion. S denotes the substrate. 35°Cto an OQGO of 0.4-0.8. After the cells were harvested
by centrifugation, they were washed once with assay buffer
(50 mM MOPS/K and 100 mM potassium chloride at pH
formation, with the binding site accessible to the periplasmic 7.0) and then resuspended in the same buffer to ag oD
side of the membrane. The first stage of the mechanism 1.4. For kinetics experiments, after equilibration of the whole
involves actual binding of substrate to yield the—G cells to the desired temperature, substrate transport was
complex. This complex is only slightly higher in energy than initiated by the addition of fC]G3P (Sigma, St. Louis, MO),
the unloaded carrier, and its formation is paid for by intrinsic ranging from 6.25 to 40@M in a final reaction volume of
binding energy. From the£ S state, the complex can move 110uL (104.5uL of cells and 5.5L of [**C]G3P). After 2
through the high-energy transition state and switch or flip min, 100uL was removed for filtration using Millipore filters
into the G—S state (Figure 1C). During transition, the protein (0.45um pore size); filters were washed twice with 5 mL
undergoes gross conformational change in which the N- andof assay buffer. Assays were performed at temperatures of
C-terminal domains participate in a rocker-switch type of 8, 16, 26, and 33C. Triplicate measurements were made
movement that functions to translocate the bound substratefor each substrate concentration tested, and data shown are
across the membran8, 20). Such global structural changes mean values from three independent experiments.
require considerable energy input, represented by the high Purification of GIpT.GlpT was cloned and overexpressed
transition-state energy level of the unloaded transporteras described by Auer et all%). The protein used in

Free energy
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fluorescence binding assays was purified according to the (Pierce). The surfaces of the proteoliposome pellets were
same protocol. His-tagged GIpT for reconstitution into washed twice in ice-cold transport assay buffer (100 mM

proteoliposomes was purified using modifications of the K,SQO,and 50 MM MOPS/K at pH 7.0) prior to resuspension

methods described by Auer et al5f and Fann et al.1). in the same buffer to a protein concentration ofi@BmL.

In this case, cells were resuspended in 100 mM potassiumThe proteoliposomes were kept on ice until use in transport
phosphate at pH 7.0 containing 1 mM phenylmethanesulfonyl assays.

fluoride (PMSF) and protease inhibitor cocktail (Sigma) and Transport Assays Using ProteoliposomBsnsport assays
broken by passage through a French pressure cell. Afterwere performed at four different temperatures (10, 18, 28,
centrifugation to remove unbroken cells and large cell debris, gnd 37°C). A total of 10uL of freshly prepared, phosphate-
the cell membrane was harvested by ultracentrifugation at|paded proteoliposomes were diluted 10-fold with assay
10000@ for 2.5 h. The membrane pellet was solubilized in  pyffer and allowed to equilibrate to the assay temperature
a buffer consisting of 100 mM potassium phosphate at pH in a thermostatically controlled water bath. The transport was
7.0, 400 mM NacCl, 10 mM G3P, 10 mM imidazole, 20% jnitiated by the addition ofH]G3P (American Radiolabeled
(v/v) glycerol, 0.2% (w/V)E. colitotal lipid extract, and 1.5%  Chemicals, St. Louis, MO), to concentrations covering a
(w/v) N-dodecylg-p-maltoside (DDM) (Anatrace, Maumee, range from 5 to 400uM (see the Results for exact
OH). After centrifugation to remove any unsolubilized concentrations used). The reaction was allowed to proceed
material, the His-tagged GIpT was purified by nickel  for 60 s before it was terminated by harvesting the proteo-
nitrilotriacetic acid (Ni-NTA) affinity chromatography as  |iposomes on nitrocellulose filters (0.22n, Millipore GSWP
described in the published methdib], except that 100 MM 02500) mounted on a Hoeffer vacuum manifold and washing
potassium phosphate, 10 mM G3P, 0.2% (v&v)coli total with two 5 mL aliquots of ice-cold assay buffer. The filters
lipid extract, and 1.5% (w/v) DDM was included in the wash were placed in vials and incubated overnight in liquid
and elution buffers. Purified protein was analyzed by sodium scintillant (ScintiLene, Fisher Scientific) prior to measuring
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS  the incorporated radioactivity with a Wallac 1450 Microbeta
PAGE) and quantitated using a Micro BCA Protein Assay p|ys liquid scintillation counter. All experiments were
Kit (Pierce, Rockford, IL). performed in triplicate. After correction for background
Reconstitution of GlpT.Reconstitution of GIpT into radiation, apparent kinetic constanks,(and Vi) for G3P
proteoliposomes was performed using modifications of the uptake were determined by fitting the data to the Michaelis
methods described by Rigaud et @&3)(and Knol et al. 24). Menten equationy(= Vima{S)/(Km + [S])) using a nonlinear
E. coli total lipid extract (Avanti Polar Lipids, Alabaster, regression analysis available in the Enzyme Kinetics Module
AL) and egg yolkL-a-phosphatidylcholine (Sigma) were  of SigmaPlot 10 (Systat, Richmond, CA).

mixed i_n a ratio of 3:.1 (w/w), dissolved in ch[oroform, and Tryptophan Fluorescence-Quenching and Binding Studies.
then dried d_oyvn on ice under a stream of nitrogen. TraceSTryptophan fluorescence-quenching experiments were per-
of_any_remammg solvent were removeq undervacqum. The t5rmed according to the published procedut®)( except
dried lipid (20 mg) was resuspended in 1 mL of ice-cold 5 the emission wavelength was set to 334 nm and the GlpT
reconstitution loading buffer (100 mM potassium phogphate protein was titrated with 0215 M snrglycerol 3-phosphate

at pH 7.0) and vortexed vigorously to ensure that it was piq(cyclohexylammonium) salt (G3P) (Sigma). Experiments
completely dissolved. Unilamellar vesicles were formed by | are performed in triplicate at temperatures of 10, 18, 28,

sonication of the lipid sample on ice followed by seven o, 37°c_ After correction for dilution, the data underwent
r(_)un_ds Qf freezmg and thawing. To ensure a_unlform SiZ€ honlinear regression analysis using the formyla Buac
distribution, the liposomes were extruded 13 times through [G3P)/(Kq + [G3P]).

a 400 nm polycarbonate filter using a mini-extruder apparatus
(Avanti Polar Lipids). The liposomes were then diluted to 4 ResSULTS
mg of lipid/mL with loading buffer and destabilized by the

addition of DDM to 4.4 mM. The destabilized liposomes
were incubated, with gentle rocking,rf@ h at 4°C and
then mixed with freshly purified His-tagged GIpT at a lipid/

Transport Actiity in Whole CellsTo gain a preliminary
overview of GlpT-mediated transport kinetics under physi-
ological conditions, we first performed transport assays in

protein ratio of 100:1 (w/w). The protein was allowed to E. coli whole cells. The initial rate of G3P uptake ino
incorporate into the liposomes by incubation for 30 min at coli was measured over a temperature range-6838°C.

room temperature, followed by a further hour at@, with The transport rate showed a clear temperature dependence,
nutation. Detergent removal was performed by the addition with the rate increasing incrementally with the temperature
of Bio-Beads SM-2 (Bio-Rad, Richmond, CA), at a wet (Figure 2A). The maximal transport velocitymay, at 8°C
weight of 80 mg/mL of liposome suspension. After an initial was 11.14 3.5 nmol mir! (mg of whole-cell membrane

30 min of incubation at room temperature, the sample was protein) . The Viax increased to 82.3 6.4 nmol minr?
incubated for a furthe2 h at 4°C. The Bio-Beads were  (mg of whole-cell membrane protei)at 33°C (Table 1).
removed by filtration through glass silk, and a fresh 80 mg This represents a78-fold increase in the transport rate over
aliquot of beads was added to the sample, followed by anthe temperature range studied. In contrast, the apparent
overnight incubation at 4C. After another addition of fresh  Michaelis constant{,) showed no temperature dependence,
Bio-Beads and a fifa2 h of incubation at 4°C, the with values maintained between 424 17.5 and 50.7+
proteoliposomes were isolated by centrifugation Toh at 3.1uM in the temperature range of-83 °C (Table 1). The
18000@. The protein content of the proteoliposomes was temperature dependence of the rate of the G3P transport was
estimated by quantitating the amount of protein remaining further analyzed using the Arrhenius plot (Figure 2B). The
in the supernatant using a Micro BCA Protein Assay Kit slope of the regression line (sArr) was used to calculate the
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A is dictated by the driving gradient and not the orientation of
100 the protein. Interestingly, activity was present only when the
A 33°C protein was purified in the presence of 100 mM;KED mM
sof| ¥ 24 G3P, and 0.2% (W/VE. coli lipid extract. Protein that had

® gC been stored at-20 or —80 °C, even briefly, showed a

significant decrease in the transport activity compared to that
of freshly prepared protein. Additionally, GIpT stored at

r 4 °C for more than 72 h also showed a lower activity (results
not shown). Hence, all of our experiments were performed

Initial Rate (nmol/min/mg)
8

% g with freshly purified protein. The efficiency of GlpT
0 . . . incorporation into liposomes was estimated by the quanti-
° 100 200 300 400 tation of protein remaining in the supernatant after the
[G3P] 1M proteoliposomes were collected by ultracentrifugation. The
B efficiency of incorporation was about 60%, equivalent to
50 about 0.25:g of GIpT for each individual transport assay
: measurement.
45 . Transport Actiity of GIpT in Proteoliposome$IpT was
£ 40 reconstituted into liposomes preloaded with saturating con-
% ’ centrations of the physiological countersubstrate;, KRis
335 N allowed for the measurement of the heterologous G3P
E 30 antiport reaction driven by the Bradient and mediated via
> o GIpT, i.e., the uptake of labeled G3P, mimicking the
T 25 . physiological role of the transporter. Control experiments
20 confirmed that the proteoliposomes were tight and that no

0.00320  0.00330  0.00340  0.00350  0.00360 G3P was entering them via simple diffusion. To determine
1/T(1/K) that G3P was indeed transported into the lumen of the

Ficure 2: Kinetic measurements of the G3P transport by GIpT in prot.e.oliposomes and not 'T‘ere'y associated with the surface,
whole cells. (A) Effect of temperature on the kinetic properties of additional control experiments were performed using
the GlpT-mediated G3P transport in whole cells. The data representliposomes without any GIpT incorporated. Only back-

the meant standard error (SE) of three separate measurements.ground radioactivity was associated with them (results not
Curves were fitted with the Michaelidvienten equation and used shown)

to calculate theK,, and Vpnax values at each temperature studied. o ) ]
(B) Arrhenius plot of the rate of the G3P transport into whole cells  Initial rates of GlpT-mediated G3P transport (1 min) were
of E. coli at various temperatures. The plot was constructed using plotted as a function of the external concentration3sf]{

the natural log of th& .« values obtained for the rates of the G3P ; ;

transport presented in Table 1. The filled circles represent the meansGBP for each temperaturg Stl.jd'ed (Figure 3A). The rates
of three individual measurements. clearly show saturation kinetics, as well as temperature

dependence (Figure 3A), mirroring the trend observed in
Table 1: Kinetic Properties of the GIpT-Catalyzed G3P Transport whole cells (Figure 2A). At the lowest temperature, °10)

into E. coli Whole Cells the Vmax was 2.66umol min™t (mg GIlpT) . The Vimax
. increased as the temperature was increased. The transport
emperature Vmax Km 3T —0973 | L f
C) [nmol min-t (mg of protein)] (M) rate we}s greatest at 3T [Vinax = 9.73umol min™ (mg o
8 111535 1241175 GlpT)™ Y], equivalent to a turnover number of about 8.6 mol
16 17.6+ 2.3 342+ 0.8 of G3P (mol of GlpT)! st (Table 2). This represents a 3.5-
24 31.1+17 39.5+ 15.4 fold increase in transport velocity over the temperature range
3 82.1+64 S0.7£3.1 studied, about 50% of the increase that was observed in
activation energyH.) using the equatiof. = —SArr x R, whole cells over a similar temperature range. Whilgy

whereR = 8.314 J mot! KL, E,was determined to be 55.4 Was clearly influenced by the temperature, #g again
kJ molL. Such activation energy corresponds to a temper- pr_oved to be_mdependent of the temperatures employed in
ature coefficient Q.o value) over the temperature range this study, with a mean value of about 20M (Table 2).
studied of 2.2, indicating the involvement of a large-scale  An Arrhenius plot of the data again demonstrates the
conformational change in the transporter at some point duringtemperature dependence of the G3P transport (Figure 3B).
the reaction cycle. The data are in general agreement with those calculated from
Reconstitution of GIpTTo further investigate the effect whole-cell data and show no bi- or multiphasic behavior over
of the temperature on the kinetics of GlpT-mediated G3P the temperature range studied. Using this plot, an activation
uptake, we decided to study a system that was free ofenergy of 35.2 kJ mol was calculated and @, value of
interference from other protein. To this end, we reconstituted 1.6 was obtained for the temperature range between 10 and
GIpT into proteoliposomes. Successful results were achieved37 °C. Although these activation energy aQg, values are
using DDM-mediated reconstitution of partially purified about 37 and 27% lower, respectively, than those observed
(about 85-90% pure according to SDSPAGE analysis) for GlpT-catalyzed G3P translocation in whole cells, they
His-tagged GIpT into liposomes consisting of Elcolitotal do exhibit a temperature dependence that concurs with active
lipid/phosphatidylcholine. The presence of a His tag does transport, rather than simple diffusio@4 < 1.0) or flux
not affect the activity of the transported). Previous through a channell;p < 1.5). These data lend credence to
experiments have demonstrated that GIpT reconstitutes intoour model of secondary active transport, in which a tem-
liposomes in a random orientatiod5). It is important to perature-dependent conformational change is associated with
realize in this case, however, that the direction of transport the GlpT-mediated G3PP, antiport reaction. To test if
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g g 0.8
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g & 06 a 3rc
= 2 v 28°C
g 3 0.4 O 18°C
5 5 02 ® 10°C
= s
E r 00
0 2 4 6 8 10 12 14
o 100 200 300 400 (G3P] pM
[G3P] uM FIGURE 4: Measurement of G3P binding to GlpT at various
B temperatures using intrinsic tryptophan fluorescence quenching.
G3P was titrated until fluorescence quenching was saturated (about
24 15 uM). The dissociation constant of G3P binding was found to
22 be about 0.7%M, and substrate binding did not show temperature
. dependence. Data points represent the me&t of three separate
g 20 measurements.
E 1.8
3 1.6 )
€ s by temperature (Figure 4). Between 10 and°87 the K4
> remained between 0.7% 0.09 and 0.80+ 0.17 uM,
g 1.2 -
= respectively (Table 2).
1.0
0.8 DISCUSSION
0.0032 00033 00034 00035  0.0036
1/T (1/K) The results of our transport and binding experiments with

Ficure 3: Kinetic measurements of the G3P transport by GIpT in  E. coli whole cells and with GIpT in proteoliposomes and
reconstituted proteoliposomes. (A) Effect of temperature on the in solution are in accordance with a rocker-switch-type
kinetic properties of the G3P transport mediated by GIpT recon- transport mechanism for GlpT. The GlpT-mediated transport

stituted into proteoliposomes. The data represent the neSk - -
of three separate measurements. Curves were fitted with theate not only displays substrate saturation, but also/the

Michaelis-Menten equation and used to calculate KigandViax increases markedly with the temperature. In complete
values at each temperature studied. The data clearly show thecontrast, both the apparekt, and the apparent substrate
temperature dependence of the transport rate. (B) Arrhenius plotpinding dissociation constarity, are temperature-indepen-
of the rate of the G3P transport into proteoliposomes between 10 dent

and 37°C. The plot was generated using the natural log of the
Vimax Values presented in Table 2. The temperature dependence of the GIpT transport process

was reflected in the temperature coefficient and activation
energy values obtained from Arrhenius plots of the d@ta.

Table 2: Kinetic Properties of the G3P Transport into andE;, values can be used to gain a mechanistic insight of
Proteoliposomes at Various Temperatures the transport process. Data from whole-cell transport assays
Voo revealed &Qio of 2.2 (B, of 55.4 kJ mot?) over the range
temperature  [umol min~1 Km Kq of temperature investigated, and Qe derived from assays
(°C) (mg of protein)] (uM) (uM) performed with GIpT reconstituted into proteoliposomes was
10 2.66+ 0.36 219.7H60.28 0.71+ 0.09 1.6 (B4 of 35.2 kJ mot?). PublishedQ,o values for active
%g g.?gi 8.% %Zgggi gzll.gg 8.2% g.ig transporters range from 1.5 to over Ab{27). Moreover,
e 9755 111 1638654418 0.BOLOLT both Arrhenius plots are completely linear, suggesting that

any conformational change is unaffected by the transition
state of the lipid environment, as observed previously for
substrate binding was equally affected by the temperature,equilibrium exchange catalyzed by a lactose permease mutant
an intrinsic tryptophan fluorescence-quenching assay was(28) and transport of glucose i&. coli (29). Although the

performed. calculated activation energy of 35.2 kJ mblfor GlpT
Binding Affinity to G3P at Various TemperatureBhe reconstituted into proteoliposomes is very similar to that of
kinetic analysis described above only allois andVmax to the E325A lactose permease mutant that catalyzes lactose

be measured. These values, however, do not permit atransport without proton translocatiof9), significantly, it
distinction to be made between transport- or dissociation- is only marginally greater than that observed for flow through
limited models. Therefore, we determined the apparent membrane channels. The differences betweeilaadQ,o
dissociation constanik() values of G3P binding to GIpT in  values calculated from whole-cell and proteoliposome data
detergent solution at each temperature under study bycould be attributed to one or both of the following: (i)
measuring the quenching of the protein intrinsic tryptophan differences in the composition and asymmetry of the lipid
fluorescence upon substrate binding5) To minimize environment experienced by the transporter [it has been
potential interference from contaminating protein, the GIpT shown previously that, for the LacY transporter, lipid
used for fluorescence-quenching studies was purified to composition affects coupling between lactose and proton
homogeneity using size-exclusion chromatography as de-symport 0)] and (ii) by the fact that in whole cells the
scribed previously X5). Indeed, the dissociation constants transporter exists in a unique orientation within the mem-
for G3P binding to GIpT at neutral pH were not influenced brane, whereas in proteoliposomes, it is distributed evenly
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between two different orientationd9). In the latter case,  dependent, with an enthalpic contribution actually driving
even though the ;Ryradient provides the net driving force the interconversion from one conformation to the other via
and sets the vectorial nature of the transport reaction, theBrownian motion (Figure 1C). Therefore, GlpT-mediated
two different orientations of the transporter with respect to translocation of the substrate across the membrane is, in
the gradient may exhibit subtly different kinetics constants. essence, a catalytic mechanism that serves to increase the
Although such a kinetic bias has been reported for the rate of an otherwise improbable event. The final stage
Streptococcus thermophilusacS @4) and E. coli PutP iy olves the release of bound substrate into the cytoplasmic
transporters31), the two orientations of thE. coli glucose compartment and presentation of the binding site to the
6-phosphate transporter (UhpT), a close homologue of GIPT, ¢ ntersubstrate to allow for the antiport reaction to proceed.

exhibit functional symmetry and kinetics with respect to Under physiological conditions, such a mechanism would

physiologically relevant substrate33j. . . . . .
_ L . avoid excessively high- or low-energy intermediates along
Taken at face value, the relatively low activation energies ha reaction pathway, because the former would present a

calculated for G3P transport in both whole cells and p5qier to biologically relevant turnover rates and the latter
proteoliposomes would appear to argue against a substratg, |4 effectively “lock” the transporter in an energy well,

translocation mechanism that involves large, global confor- The t . di i
mational changes in the transporter. However, a relatively e transport rates measured in proteoliposomes are over

low activation energy for a substrate translocation event 2 orders_ of magnltudg larger than those measured in whole
involving large conformational changes can be rationalized C€lIS- This apparent discrepancy can be addressed by the fact
if the transporter exists in a delicately balanced or “poised” that the latter rates were measured on the basitowi

state when the substrate is bound, requiring only a small Mémbrane protein and not on the actual amouraaive
additional energy input to effect the conformational change GIpT present in the whole-cell membrane. Because GlpT
and substrate translocation (Figure 1C). Thus, under condi-Makes only a small contribution to the total membrane
tions of substrate saturation, the transporter is available toProtein, the transport rates are vastly underestimated. The

cycle between inward- and outward-facing conformations, differences observed between the measutgdzalues for
binding and releasing the substrate on opposite sides of theSIpT-catalyzed transport in whole cells and proteoliposomes
membrane Z8). (about 50 and 20@M, respectively) can probably also be

Because conventional kinetic analysis alone (calculation attributed to the intrinsic differences between the two systems

of K andVimax values) cannot differentiate between a model under §tudy. .
in which conformational change is the rate-limiting step for  Previous results for the GlpT-mediated transport of G3P
transport and a model in which the dissociation of the in proteoliposomes published by our laboratdt§)(reported
substrate is rate-limiting, the ability to make a distinction transport rates that were 3-fold higher than those presented
between these models is crucial to Verify the mechanism. here. This inCOﬂSiStency is prObably due to the fact that the
To allow this distinction to be made, we measured the Previous experiments used a commercially available assay
binding affinity of GIpT for its substrate, G3P. Although kit (EnzChek, Invitrogen) that provides a spectrophotometric
changing the temperature altered thig. of the GlpT- ~ method for the quantitation of {A34). It was found
mediated transport in both whole cells and proteoliposomes, subsequently that, in addition to inorganic phosphate, the
it did not affect either th&, or the apparent affinityq, of kit also detected organic phosphates, such as G3P. This led
GIpT for G3P. Ourky value also shows binding to be much to an overestimation, both of the amount ef&eased and,
tighter than predicted by th&., (32). The fact that our  therefore, of the GIpT-mediated transport rate. Furthermore,
calculatedK,, differs from the measureldy by over 2 orders  the affinity for G3P binding in the present work{ of 0.7
of magnitude (about 200 versus QM) is consistent with ~ «M) is 5-fold greater than that previously publishég}; of
an interconversion from the,€S to the G-S state thatis ~ 3.54uM) (15). In the current experiments, binding measure-
rate-limiting. In the absence of the substrate or even at ments were performed immediately using freshly purified
nonsaturating concentrations, the transporter exists as a stablgrotein, whereas the previous measurements were performed
and segregated; 6r C, state. The experimental corroboration With protein that had been stored in detergent solution for
of the two predictions made from the rocker-switch model several days, which may have led to a partial loss of the
of the GIpT transport mechanism allow us to further refine integrity of the transporter.
our model of the GIpT transport mechanism. Temperature dependence of transport reaction rates has
Similar to other antiporters, GIpT operates via a kinetic been observed before for other transporter protet6s29,
mechanism that breaks down the complete antiport cycle into34), although the significance in many cases was not
six discrete stages (Figure 1B). G3P binds to the unloadedexplained in terms of the transport mechanism. Electrophysi-
transporter in the Cstate, thereby decreasing entropy and ology measurements of the voltage dependence of the
enabling intrinsic binding energy to lower the energy barrier L-asparagine transporter in endoderm cells fienopusalso
for substrate translocation. Formation of the-S complex showed thaVnaxincreased with temperature but tg value
is not temperature-sensitive, because neither substrate bindingemained unaltered2p). The yeast mitochondrial citrate
nor K, are influenced by temperature. The next stage of the transporter, CTP, also showed a temperature dependence of
mechanism represents the conformational interconversion oftransport rates3b). However, in contrast to our observations,
the protein from the gto the G state, which is accompanied the latter system also showed th&t, was temperature-
by the simultaneous translocation of substrate across thedependent. Unlike GIpT, CTP functions as a dimer, and this
membrane (Figure 1B). This interconversion is the rate- may explain the apparent temperature sensitivityKaf
limiting step of the whole transport process, as proposed for values. Similarly, the independence of the substrate-binding
UhpT 33). Crucially, the transport step is temperature- affinity to temperature has also been observed beforehand
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in thermodynamic studies of the LacY transporteEotoli 11
(36).

When these data are taken together, they are completely ;-
consistent with the rocker-switch mechanism for GIpT-
mediated transport. This mechanism probably involves large,
global conformational changes in the transporter during the
reaction cycle. Our results are also consistent with the
viewpoint that membrane transporters are, essentially, vecto-
rial enzymes&7—39). Because the classical view of enzyme
catalysis is based on a transition-state destabilization of the
substrate 40), the transition state is therefore the essential
step of the transport process, linking structural changes in
the protein to the translocation eveB8(41). In the transport
mechanism we propose, destabilization occurs as a global 14
conformational change in the transporter, driven by both
substrate binding (the entropic contribution, of which lowers
the energy barrier) and Brownian motion (the enthalpic
contribution, of which drives the conformational change).
The transport event is also the rate-limiting step, because
the magnitude of the protein movement is the major
determinant for the rate. It must also be noted that the

conformational changes that accompany translocation do not 19.

represent random free movements in a floppy structure but
rather a series of programmed and precise events, probably
involving mutual shifts of amino acid side chains, along with
rotation, bending, and changes in inclination of transmem-
brane helicesg, 20). The rocker-switch mechanism that we
describe here is probably applicable to substrate translocation ,,
by other antiporters of the MFS.
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