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ABSTRACT. Glul26 and Arg144 in the lactose permease are indispensable for substrate binding and probably
form a charge-pair [Venkatesan, P., and Kaback, H. R. (18883. Natl. Acad. SciU.S.A. 95, 9802-

9807]. Mutants with Glu126-Ala or Argl44—Ala do not bind ligand or catalyze lactose accumulation,
efflux, exchange, downhill lactose translocation, or lactose-inducedhftux. In contrast, mutants with
conservative mutations (Glul26Asp or Argl44—Lys) exhibit drastically different phenotypes. Argt44ys
permease accumulates lactose slowly to low levels, but does not bind ligand or catalyze equilibrium
exchange, efflux, or lactose-induced khflux. In contrast, Glul26-Asp permease catalyzes lactose
accumulation and lactose-induced Hflux to wild-type levels, but at significantly lower rates. Surprisingly,
however, no significant exchange or efflux activity is observed. Glti28p permease exhibits about a
6-fold increase in thé&, for active transport relative to wild-type permease with a comparshlg

Direct binding assays using flow dialysis demonstrate that mutant GtaA2¢ bindsp-nitrophenyl-
a,D-galactopyranoside. Indirect binding assays utilizing substrate protection ag#idt{ethylmaleimide
labeling of single-Cys148 permease reveal an appdgtff 3—5 mM for lactose and 1520 uM for
f,p-galactopyranosyl-1-thi;p-galactopyranoside (TDG). The affinity of Glul2&\sp/Cys148 permease

for lactose is markedly decreasd¢y (> 80 mM), while TDG affinity is altered to a much lesser extent

(Kq ca. 80uM). The results extend the conclusion that a carboxylate at position 126 and a guanidinium
group at position 144 are irreplaceable for substrate binding and support the idea that Argl144 plays a
major role in substrate specificity.

The lactose permease (lac permehséfscherichia coli resonance, thiol cross-linking, and identification of discon-
is representative of secondary active transport proteins thattinuous monoclonal antibody epitopes has led to the formula-
transduce free energy stored in electrochemical ion gradientstion of a tertiary structure model of the protein (reviewed in
into work in the form of a concentration gradient (reviewed 5-7). In addition, experimental observations from structural
in 1, 2). This polytopic membrane protein catalyzes the and extensive mutational analysis have led to a proposed
coupled stoichiometric translocation Gfgalactosides and  mechanism for energy coupling between sugar and H
H*. Thelac Y gene which encodes the permease has beentransport , 8).

cloned and sequenced, and the product ofléweY gene Site-directed and Cys-scanning mutagenesis of each
has been solubilized, purified, reconstituted into proteolipo- (esidue in the permease (reviewed7nreveals that only
somes (reviewed iB), and shown to be solely responsible  gjy residues are irreplaceable with respect to active trans-

for _ﬁ-galactpside transport as a monomer (she A”_ ort: Glul26 (helix IV) and Argl44 (helix V), which are
available evidence indicates that the permease Consists ofqispensable for substrate binding; and Glu269 (helix VIII),
12 hydrophobic, membrane-spanning helices connected byArgBOZ (helix 1X), His322, and Glu325 (helix X), which

hydrophilic loops with both the N and C termini on the ;¢ inyolved in H translocation and coupling with substrate
cytoplasmic face of the membrane. Although the permeasey.ansiocation. In addition, Cys148 (helix V), which is

has not been g:rystallizgd, application of a b{:\ttery of site- Iprotected by substrate against alkylatiom\bgthylmaleimide
directed techniques which include second-site suppresso (NEM), interacts weakly and hydrophobically with the

gf‘j;.ys's' ixmmer: flu_orelsclence, eng|r|1eetred divalent mef[algalactosyl moiety of the substra® (0), and Met145, which
Inding sites, chemical cleavage, electron paramagneliCis o, the same face of helix V as Cys148, interacts even

T This work was supported in part by NIH Grant DK51131 to H.R.K. more weakly with the gluco_syl_ moiet (). )
J.I.C. is the recipient of an HFSPO long-term fellowship. Recently, the substrate binding properties of Glu126 and
* To whom correspondence should be addressed at HHMI/UCLA, - Arg144 mutants were studied by site-directed NEM labeling
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CA 900951662, Telephone: (310) 206-5053. Telefax: (310) 206-8623, O Cys148 L1). Replacement of either Glu126 or Argl44

E-mail: RonaldK@HHMI.UCLA.edu. with Ala markedly decreases Cys148 reactivity, while
! Abbreviations: lac permease, lactose permease; Thggalac- interchanging the residues, double-Ala replacement, or
topyranosyl-1-thigs,p-galactopyranoside; DMy-dodecylf,o-malto- replacement of Argl44 with Lys or His does not alter

pyranoside; NPGp-nitrophenyle,p-galactopyranoside; NEMY-eth- g - T
yimaleimide; KPR, potassium phosphate; MIANS, 2-(4-maleimido- F€@ctivity, providing a strong indication that Glu126 and
anilino)naphthalene-6-sulfonic acid. Argl44 are charge-paired. Importantly, although alkylation
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of Cys148 is blocked by ligand in wild-type permease, no suspended in 100 mM potassium phosphate;(KR 7.5)/
protection is observed with any of the Glul126 or Argl44 10 mM MgSQ at a protein concentration of 15 mg/
mutants. Further evidence for the essential role of Glu126 mL, frozen in liquid N, and stored at-80 °C until use.
and Argl44 in substrate binding was obtained from site- Lactose Transport AssayEor active transportk. coli
directed fluorescence studies with 2-(4-maleimidoanilino)- T184 was washed once with 100 mM K{pH 7.5)/10 mM
naphthalene-6-sulfonic acid (MIANS) in mutant Val33Cys. MgSO, and adjusted to an optical density of 10.0 at 600 nm
In marked contrast to V331C permease, ligand does not alter(0.7 mg of protein/mL). Transport was initiated by addition
MIANS reactivity in mutant E126A/V331C, R144A/N331C, of [1-1“C]lactose (5 mCi/mmol specific activity, 0.4 or 2.0
or R144K/V331C and does not cause either quenching or amM final concentration), and samples were quenched at
shift in the emission maximum of the MIANS-labeled given times with 100 mM KP(pH 5.5)/100 mM LiCl and
mutants. These and other results demonstrate that Glul2@ssayed by rapid filtration. Efflux and equilibrium exchange
and Argl44 are irreplaceable for both high- and low-affinity were carried out with RSO vesicles as describé8).(
substrate binding and indicate that alterations in the substratevesicles were washed with 100 mM K&t a given pH, and
translocation pathway at the interface between helices IV resuspended in the same buffer at a protein concentration of
and V are transmitted conformationally to the ftanslo- 20—25 mg/mL. [1!“C]Lactose (10 mCi/mmol specific
cation pathway at the interface between helices IX and X. activity, 10 mM final concentration) was added, and equili-
Based on the observations, the following model for bration was accomplished by incubating the samples at 4
substrate binding was postulated, (1): (i) One of the °C overnight in the presence of valinomycin (M) and
guanidino NH groups of Arg144 forms an H-bond with the  nigericin (0.54M). To initiate efflux or exchange, aliquots
OH group at the C4 and/or C3 position(s) of the galactosyl (2 uL) were rapidly diluted into 0.4 mL (200-fold excess)
moiety of the substrate, an interaction that plays a key role of 100 mM KR at a given pH containing 10 mM nonradio-
in substrate specificity. (i) The other guanidino MNigf active lactose (exchange) or no lactose at all (efflux).
Arg144 forms a salt-bridge with Glu126, and the interaction Reactions were quenched at given times with 100 mM KP
holds Argl44 and Cys148 in an orientation that allows (pH 5.5)/100 mM LiCl/10 mM HgC and assayed by rapid
specific interaction with the galactosyl moiety. One of the filtration.
oxygen atoms of the carboxylate at position 126 could also Lactose-Induced H Movements. Measurements were
act as an H-bond acceptor from the C6-OH of the galactosyl carried out essentially as describdd) Briefly, cells were
moiety. (i) Cys148 interacts weakly and hydrophobically washed twice in 1 mM KP(pH 7.5)/120 mM KCI and
with the galactosyl end of lactose and other galactosides.resuspended in 120 mM KCI/30 mM KSCN to an optical
(iv) Met145 interacts even more weakly with the glucosyl density of 80.0 at 420 nm (ca. 5.6 mg of protein/mL). An
part of lactose. aliquot (0.5 mL) of the cells was placed in a closed,
In this study, the properties of mutants in Glu126 and temperature-controlled (25C) glass cell equipped with a
Argl44 are characterized in more detail. Active lactose glass pH electrode, and the stirred suspension was equili-
transport, equilibrium exchange, efflux, lactose-induced H brated to an anaerobic state under a streamy@fal. Lactose
influx, and ligand binding are studied with neutral or Was added to a final concentration of 15 mM in a0
conservative replacements. The data support the conclusioryolume, and pH changes were recorded. The signal was
that Glu126 and Argl44 are indispensable for substrate Calibrated by adding 16L of 1 mM HCI which corresponds
binding and highlight a pivotal role for Arg144 in substrate t0 10 nmol of H".

recognition. [*“CINEM Labeling.Reactivity of Cys148 with'C]NEM
in situ was determined in the absence and presence of
EXPERIMENTAL PROCEDURES substrates 1(7). Single-Cys148 and E126D/single-Cys148

. o ] permeases used for these assays contain a biotin-acceptor

Materials. N[ethyt1-“C]Maleimide (40 mCi/mmol) was  gomain at the C terminus and are biotinylated in vivo. RSO
purchased from DuPont NEN (Boston, MAYA{IStrept-  memprane vesicles were preequilibrated in a final volume
avidin and horserac_iish peroxldase-conjugatgq avidin were ¢ 50 uL (containing 0.5-0.7 mg of protein) with given sugar
from Amersham (Arlington Heights, IL). Immobilized mono-  concentrations for 20 min at room temperature. Labeling was
meric avidin was from Pierce (Rockford, ILp-Nitrophen- initiated by addition of 12uL of [“CJNEM to a final
yl-o,0-[6-*H]galactopyranoside (NPG) was kindly provided  concentration of 0.5 mM (40 mCi/mmol), and the vesicles
by Geard LeBlanc. All other materials were reagent grade \yere incubated for 5 min at 2&. Reactions were quenched

and obtained from _commercial sources. by addition of 10 mM dithiothreitol (final concentration).
Growth of Bacteria. E. coll184 [lacl*O*Z"Y~(A),rpsL,  The vesicles were solubilized by 2% dodecyl maltoside (DM,
met ,thr™,recA,hsdM,hsdR/RacliO*ZPH1&Y*AT)] (12) ex- final concentration), and the samples were mixed with

pressing given permease mutants was grown aerobically aimmobilized monomeric avidin (avidinSepharose) equili-
37°C in LB broth with ampicillin (10Qug/mL). Fully grown brated with 50 mM KP(pH 7.5)/0.1 M NaCl/0.02% DM
cultures were diluted 10-fold and allowed to grow fbh at (w/v). After a 15 min incubation at 4C, the resin was

37 °C before induction with 1 mM isopropyl 1-thia;p- washed with 5x 1 mL of equilibration buffer, and
galactopyranoside. After addltllonal growth for 2 h at°&%, biotinylated permease was then eluted with 240 uL of
cells were harvested by centrifugation. equilibration buffer containing 5 mM-biotin. After addition

Preparation of Right-Side-Out (RSO) Membrane Vesicles. of 20 uL of electrophoresis sample buffer (concentrated,5
Right-side-out (RSO) membrane vesicles were prepared byan 80 uL aliguot was analyzed electrophoretically on a
lysozyme-ethylenediaminetetraacetic acid treatment and sodium dodecyl sulfate (NaDoDQ12% polyacrylamide
osmotic lysis as describedl, 14). The vesicles were gel. The gel was dried and exposed to a Phospholmager
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screen for 25 days. Incorporation of fCINEM was
visualized and quantitated by a Storm 860 Phospholmager
(Molecular Dynamics). NH2 oo

Flow Dialysis. Binding of [6-*H]NPG was measured by
flow dialysis as described previouslyl8). The upper

chamber contained 256 of right-side-out vesicles in 0.1

M KP; (pH 7.5) under constant stirring at a concentration of bl Bl o
20—22 mg of protein/mL. To ensure complete de-energiza- o
tion, 20 uM valinomycin and 0.4uM nigericin (final
concentrations) were included in the upper chamber. Buffer

[0.12 M KP; (pH 7.5)] was pumped through the lower chamber 2

at a flow rate of 0.6 mL/min, and 1.2 mL fractions were

collected. One milliliter aliquots were assayed for radioactiv-

ity by addition of 5 mL of ScintiSafe Econo 2 (Fisher

Scientific) scintillation cocktail and liquid scintillation  FiGURe 1: Secondary structure model of lac permease. Putative

v
A%
vi

our

spectrometry. transmembrane helices are shown in boxes. The positions of
. . o Glul26, Argl44, and Cys148 are indicated. Glul26 and Argl44
Western Blot Analysign aliquot (20uL) of purified [*C]- were placed initially by hydropathy profiling at the membrane

NEM-labeled permease was electrophoresed on an Na-water interface at the cytoplasmic ends of helices IV and V,
DoDSQ/12% polyacrylamide gel, electroblotted to poly- respectively. Recent studies using single amino acid deletions (C.

(vinylidene difluoride) membranes (Immobilon-PVDF; Wolin and H. R. Kaback, unpublished observations), nitroxide-
' scanning accessibility measurements (M. Zhao, J. Hernandez-

Millipore),_ and treated with horseradish peroxidase-conju- Borrell, W. L. Hubbell and H. R. Kaback, unpublished observa-
gated aV|d|n.- The PVDF membrane was subsequently tions), and lac permease fusions with the NG domain of FtsY (E.
developed with fluorescent substrate (Renaissance, DuPonBibi, personal communication) indicate that loop IV/V is much

NEN) and exposed to film. Films were scanned with an smaller and that Glu126 and Arg144 are within the membrane.
imaging densitometer (Molecular Dynamics), and the amount
of permease was quantitated. Alternatively, protein on the
PVDF membrane was treated witlfy]streptavidin, auto-
radiographed, and visualized and quantitated with a Storm
860 Phospholmager (Molecular Dynamics).

A 0.4 mM lactose B 2.0 mM lactose
1000+
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RESULTS

200

Lactose uptake (nmol/mg protein)
g

Active Lactose TransportAs shown (9), E. coli T184
expressing E126A or R144A permease does not transport e S S A—
lactose to any extent whatsoever. In contrast, E126D per- Time (minutes) Time (minutes)
mease catalyzes active lactose transport at a relatively slow b”“ wild type —e— E1260 —#— RIM4K —a— pI7s |
rate to the same steady-state level of aClelmmation as theFIGURE 2: Time courses of active lactose transporibycoli T184
WlI(_j-type at an external lactose concentration of 0.4 mM, expressing wild-type permease, no permease (pT7-5 vector only),
while R144K permease catalyzes accumulation at a markedlyor mytants E126D and R144K. Cells were grown at°87 and
diminished rate to about 25% of the control steady-state aliquots of cell suspensions (3., containing approximately 35
[Figure 2A; see 19) in addition]. Interestingly, when  ug of protein) in 100 mM KP (pH 7.5)/10 mM MgSQ were
transport is assayed at 2 mM lactose (Figure 2B), the rate ofassayed at 0.4 mM (A) or 2.0 mM (B) final external lactose
transport in cells with E126D permease is significantly concentrations as described under Experimental Procedures.
increased, and the steady-state level of accumulation is more | actose-Induced Hinflux. H* influx induced by downbhill
than 2-fold higher that of the control. At the steady-state, translocation of lactose under de-energized (anaerobic)
the rates of influx and efflux are equal. Thus, the observation conditions was monitored with a pH electrode (Figure 3).
suggests that efflux with E126D permease is relatively more with E. coli T184 expressing wild-type permease, rapid
impaired than influx, leading to a higher steady-state level alkalinization of the medium is observed upon lactose
of accumulation. Finally, both the rate and steady-state level addition, and the pH tracing reaches maximum displacement
of lactose accumulation by cells expressing R144K permeasein 1—2 min. Mutant E126D exhibits lactose-induced H
are drastically decreased at both 0.4 and 2 mM lactose, whichinflux, but the rate is about one-fourth of that observed with

is consistent with the inability of the mutant to bind ligand  the wild-type. In marked contrast, cells expressing E126A,

(11). E126Q, R144A, and R144K permease exhibit essentially the
Kinetic analysis of active lactose transport reveals a 6-fold same response to lactose as the negative control with no
increase ofK, and a 1.4-fold decrease Mmax with the permease, and slight acidification is observed.

E126D mutant relative to wild-type (data not shown). Thus,  Efflux and Equilibrium Exchangé.actose efflux down a

Km values of 0.96+ 0.13 mM (SE,n = 4) and 6.1+ 0.05 concentration gradient is permease-mediated and occurs in
mM (SE, n = 3) are observed for the wild-type and the symport with H. In contrast, equilibrium exchange does not
E126D mutant, respectively, with correspondihgy values involve net H" translocation, and the permease recycles in
of 473+ 53 nmol/mg of protein (SBEy = 4) and 341+ 29 the protonated stat&,(15, 20—22). When RSO membrane
nmol/mg of protein (SEn = 3). Low rates of transport with  vesicles containing wild-type permease are equilibrated with
R144K permease preclude reliable kinetic studies. 10 mM [1-*C]lactose and diluted into medium devoid of
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FIGURE 3: Lactose-induced H movements inE. coli T184 Ficure 5: Binding of NPG to right-side-out (RSO) membrane
expressing wild-type permease, no permease (pT7-5 vector Or,|y)lve5|cles. Binding of HINPG to nonenergized RSO vesicles was
or mutants E126A, E126Q, E126D, R144A, and R144K. Changes assayed by flow dialysis as described under Experimental Proce-
in external pH upon addition of 15 mM lactose (final concentration) dures. An aliquot of RSO vesicles (2a0) in 0.1 M KP; (pH 7.5)
were monitored with a pH electrode as described under Experi- & @ concentration of 2622 mg of protein/mL was placed in the

mental Procedures. Upward displacement on the recordings indi-UPPer chamber. Five microliters ofHJNPG [0.95 mCi/mmol,
cates alkalinization of the external medium. approximately 44.5 x 10° cpm] was added to a final concentra-
tion of 20uM at fraction 1. Where indicated by the arrow, 25

of TDG was added to the upper chamber to a final concentration

wild

type pT 7-5, lacY = A

cpm

100
; N —o— E126D of 10 mM. For clarity, curves are displayed in decreasing order;
—o—R144A however, the actual levels of radioactivity in the dialysate were

—o— 1134212% identical in fractions 1 through 9 in each case (i.e., the curves should

be superimposed).

50

E126D permease accumulates lactose to higher steady-state
levels than wild-type at relatively high external lactose
concentrations. Finally, rates of lactose exchange or efflux
by E126D permease are indistinguishable at pH 4.5, 7.5, or
9.5.

Direct Binding AssaysTo obtain direct evidence that
mutations in Glu126 and Arg144 cause a defect in substrate

% 14C lactose inside

—eo— wt - efflux

10 binding, RSO membrane vesicles containing wild-type,
L T|e—wi-exchange E126D, E126A, R144K, or R144A permeases were assayed
06 1O 180 240 300 for binding of the high-affinity ligandp-nitrophenyle,p-

Time (seconds) galactopyranoside (NPG) by flow dialysis under nonener-

FicurRe 4: Lactose efflux and equilibrium exchange by RSO gized conditions (Figure 5). At the inception of the experi-
membrane vesicles containing wild-type permease, E126A, E126D, ments, PHINPG (20uM final concentration) is added to the
R144A, or R144K permease mutants. RSO vesicles were equili- upper chamber containing membrane vesicles, and radio-

brated with [11“C]lactose at pH 7.5, and assayed by dilution into A . . . k
equilibration buffer without lactose (efflux) or with 10 mM lactose  activity in the dialysate increases linearly (fractions3),

(exchange) as described under Experimental Procedures. Efflux andeaching a maximum (fraction 4) which then decreases at a
exchange were identical in the different mutants, and both activities slow rate. When saturating concentrations of TDG (10 mM
2;?1{;%?6&“e%i’ntggsséamel\fémbtcr"e- z@ggovi%?c?:st S\;\t‘im"’c\;”‘(’jeficfsfinal concentration) are added to the upper chamber contain-
permeasg ethi)bit no significant efflux or exchange over )Eﬁe ing RSO membrgnes with wild-type or E126D permease,
indicated time period. bound PHINPG is displaced, and the concentration of
dialyzable radioactivity increases. No displacement is ob-
lactose (efflux) or into medium containing 10 mM unlabeled served with an equal concentration of sucrose which is not
lactose (equilibrium exchange), loss of intravesicular radio- a ligand for the permease (data not shown). In contrast, no
activity occurs at rapid rates;p ca. 20-25 s for exchange  change is observed in the dialyzable ligand concentration
and 70-75 s for efflux). In contrast, vesicles containing upon addition of 10 mM TDG to vesicles with E126A,
R144A, R144K, E126A, or E126D permease are markedly R144K, or R144A permease, demonstrating that the mutants
defective with respect to both efflux and exchange, and all do not bind NPG to a significant extent.
the mutants exhibit;, values from 20 to 60 min (Figure 4). Sugar Binding by E126D Permeas®ince the reactivity
In control experiments that are not shown, similgrvalues of single-Cys148 permease with NEM is blocked by ligand
are obtained with vesicles containing wild-type or mutant in a manner that reflects the affinity of the permease (i.e.,
permeases treated with NEM, vesicles containing no per- TDG > lactose> galactose), Glu126 was replaced with Asp
mease, or vesicles loaded witH€]sucrose. In particular, in single-Cys148 permease in order to assess ligand binding
E126D permease catalyzes NEM-sensitive exchange or efflux(11, 17). The time course of alkylation of single-Cys148
with aty, of about 30 min, a rate that is approximately-70  permease with NEM at pH 7.5 reveals that afteré2nin
90 times slower than wild-type permease. As discussedlinear phase, the reaction rapidly saturates atI® min
above, the observation is in agreement with the finding that (Figure 6). In contrast, at pH 5.0, the reaction proceeds at a
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Ficure 6: Time course of alkylation of Cys148 bY*C]JNEM. RSO
membrane vesicles were incubated in 100 mM K™ 7.5) with

0.5 mM [MC]NEM at 25°C for the indicated times. Reactions were
guenched by dithiothreitol, and biotinylated permease was solubi-

lized and purified as described under Experimental Procedures.

Aliquots of protein were separated by a 12% NaDoRSO
polyacrylamide gel, and“C-labeled protein was visualized by
autoradiography (insert, upper panel). A fraction of the protein was
analyzed by Western blotting in order to ascertain the content of
permease in each sample (insert, lower panel). IncorporatidfCif |
NEM was quantitated by a Storm 860 Phospholmager machine,
and values obtained were corrected for protein content.

much slower rate, and is linear for at least 20 min (data not
shown).

As expected, increasing concentrations of TDG progres-
sively block the reactivity of single-Cys148 permease (Figure
7), and half-maximal protection is observed at-P® uM
TDG, a value similar to that obtained previouslg7).
E126D/single-Cys148 permease exhibits qualitatively similar
TDG binding characteristics, but the appargnts increased
at least 4-fold to about 82M. In contrast to a relatively
modest decrease in TDG affinity, the apparent affinity of

E126D/single-Cys148 permease for lactose is drastically

reduced (Figure 8). Thus, lactose protection against NEM
labeling occurs with an apparelit of 3—5 mM in single-
Cys148 permease, and, strikingly, no significant protection
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Ficure 7: Effect of TDG on the reactivity of Cys148 in single-
Cysl148 and E126D/single-Cys148 permeases at pH 7.5. RSO
membrane vesicles were incubated with 0.5 MifCINEM at pH

7.5, 25°C, for 5 min in the absence or presence of the indicated
concentrations of TDG. Reactions were quenched by dithiothreitol,
and biotinylated permease was solubilized and purified as described
under Experimental Procedures. Aliquots of protein were separated
on a 12% NaDoDS@-polyacrylamide gel, an#'C-labeled protein

was visualized by autoradiography (A and B, upper panels). A
fraction of the protein was analyzed by Western blotting in order
to ascertain the content of permease in each sample (A and B, lower
panels). Incorporation of'{CINEM was quantitated by a Storm
860 Phosphoimager machine, and values obtained were corrected
for protein content. The figure shows autoradiograms of representa-
tive labeling experiments (A and B) and the average of three
experiments (C).

is observed with E126D/single-Cys148 permease at lactosesq, the binding site, charge-pairing between Asp126 and one

concentrations up to 80 mM.
To test whether the protonation state of the carboxylate
at 126 might be important for substrate bindiridL,(17),

of the guanidino Nk groups of Arg144 positions the second
guanidino NH of Argl44 in such a manner as to allow
H-bonding with the C4 and/or the C3 OH of the galactosyl

TDG protection of Cys148 against NEM labeling was also ety of lactose and other galactosides, thereby providing
assayed at pH 5.0. As shown in Figure 9, single-Cys148 g nsirate specificity. Disruption of the putative salt-bridge
permease, as well as E126D/single-Cys148 permease, eXpy neutral replacements for either Glu126 or Argl44 leads
hibits a relatively small decrease in affinity at pH 5.0 relative 4 complete loss of bindindL@) and, as a result, inability to
to pH 7.5. Thus, appare#{ values for TDG increase about  ¢atalyze active transport or downhill substrate translocation
4-fold in single-Cys148 permease to-705uM and almost (19).
2.5-fold in E126D/single-Cys148 permease to1200uM, While neutral replacements for Glu126 or Arg144 yield
a difference that is within the experimental error of the gimilar phenotypes, conservative substitutions result in
measurements. mutants with very different properties which is consistent
with the notion that the two side chains play different roles
DISCUSSION in substrate binding. Thus, R144K permease does not bind
This paper describes a more complete characterization of TDG (11) or NPG to a demonstrable extent and accumulates
mutants in Glul126 (helix 1V) and Arg144 (helix V), two of lactose at a very poor rate to only about 25% of wild-type
six irreplaceable residues in lac permease which have beerlevels at both low and high external lactose concentrations
discovered recently to be obligatory for substrate binding (19; see Figure 2 in addition). The mutant is also completely
and transport X1, 19). According to the model postulated defective in downhill lactose translocatioi9j, efflux,
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o Ficure 9: Effect of TDG on the reactivity of Cys148 in single-
- ° o Cys148 and E126D/single-Cys148 permeases at pH 5.0. Labeling
S ° experiments were carried out in the absence or presence of the
w0 indicated TDG concentrations exactly as described in the legend
£ to Figure 7. The graph shows the average of three independent
2 e Cysl48 experiments.
& 50
E126D/Cys14 . .
.E ° ys148 any event, the differences between the properties of E126D
2 and R144K permease are consistent with two important
& 259 aspects of the model for the binding site: (i) The primary
role of Glul26 is to interact with Arg144, and this residue
0 makes little, if any, contribution to binding interactions with

the sugar. (ii) The presence of a guanidino group at position
Lactose [mM] 144 is essential for binding, one Nigroup making direct
contact with the galactosyl moiety of the dissacharide and

Ficure 8: Effect of lactose on the reactivity of Cys148 in single- ; P : P ;
Cys148 and E126D/single-Cys148 permeases. Labeling experimentsthe other ion pairing with Glu126 so as to maintain the side

were carried out in the absence or presence of the indicated lactos&N@in in the proper position to interact with the galactosyl
concentrations exactly as described in the legend to Figure 7.moiety (7, 11).

Autoradiograms of representative labeling experiments (A and B) ~ Since Glu126 appears to be ion-paired with Arg144 and
and the average of three experiments plotted (C) are shown.  djsruption of the interaction by neutral replacement of the

. carboxylate side chain clearly abolishes ligand binding and
exchange, and lactose-induced idflux. In contrast, E126D transport, it has been suggestei)(that protonation of

permease cz?\talyzes active lactose transport and IaCtose'Glu126 may play a role in the release of substrate from the
induced H influx at lower rates to wild-type levels.

Int tinalv. h t 2 hiah " | lact permease. Although this may be an attractive notion, binding
tpa(taicr)is 'E%%’ éDogv:r\r/r?éézeaaclr?ie(\a/resxaegga d"’;c_scizfecloer\‘/ce?nc;fstudies with TDG and lactose fail to exhibit a significant
accumulation that is more than 2-fold greater than wild-type, pH dependence of binding in single-Cys148 or E126DIsingle-

suggesting that efflux is relatively more impaired than influx. ?yjr::' g 89F)e|:r,m$/aesni§2/eesr;2 ea%zl' rangs frg;nbgéitou%su(gligﬁre%s

Indeed, efflux and exchange experiments demonstrate thai . o a
E126D permease catalyzes these reactions at rates that artgbservanons). Similarly, wild-type) or E126D exchange

. . . ctivity is insensitive to pH. Although the observations do
ng;sggc_)frctjlici; Iiz\(’:v;;tshe%novr;/;;dggg vvxx?rzl?ittlhe«c?\;%rgg\i;ve not completely rule out the possibility that protonation of
- lax: H :
it is striking that wild-type permease binds TDG with Glul26 may play a role in substrate release, they provide

almost 3 orders of magnitude higher affinity than lactose no evidence to support such a mechanism.
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