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Abstract. Lactose and melibiose are actively accumu-ognition — Mutant — Accumulation — Permease —
lated by the wild-typeEscherichia colilactose carrier, Sugar — Symport
which is an integral membrane protein energized by the
proton motive force. Mutants of the. coli lactose car-
rier were isolated by their ability to grow on minimal Introduction
plates with succinate plus IPTG in the presence of the
toxic lactose analog3-thio-o-nitrophenylgalactoside The lactose carrier dEscherichia coliis a proton-sugar
(TONPG). TONPG-resistant mutants were streaked orsymporter driven by the electrochemical proton gradient
melibiose MacConkey indicator plates, and red clonegMitchell, 1963; Poolman & Konings, 1993; Kmeer,
were picked. These melibiose positive mutants werel994; Maloney, 1994). The gene encoding the lactose
then streaked on lactose MacConkey plates, and whitearrier, lacY, a component of théac operon (Miler-
clones were picked. Transport assays indicated that thiill, 1996), has been cloned (Teather et al., 1978), its
mutants had altered sugar recognition and a defect imucleotide sequence determined ¢Bal et al., 1980) and
sugar accumulation. The mutants had a poor apparetits gene product purified to homogeneity (Newman et al.,
K., for both lactose and melibiose in transport. One mu-1981). Based on a variety of data, the lactose carrier is
tant had almost no ability to take up lactose, but melibi-thought to be an integral membrane protein with 12
ose downhill transport was 58%/(,) of normal. Allof  transmembrane-helices and with the N- and C-termini
the mutants accumulated methwdp-galactopyranoside on the cytoplasmic side of the inner membran&otoli
(TMG) to only 8% or less of normal, and two failed to (Calamia & Manoil, 1980; Foster et al., 1983; Frillingos
accumulate. Immunoblot analysis of the mutant lactose& Kaback, 1996; Jung et al., 1994; Kaback et al., 1993;
carrier proteins indicated that loss of sugar transport acKaback et al., 1994; Kaback & Wu, 1997; Ujwal et al.,
tivity was not due to loss of expression in the membrane1995; Varela & Wilson, 1996; Vogel et al., 1985). Al-
Nucleotide sequencing of tHacY gene from the mu- though little is known concerning the 3-dimensional
tants revealed changes in the following amino acids ofstructure of the lactose carrier, some useful structural
the lactose carrier: M23I, W151L, G257D, A295D and information was obtained by studies of salt bridges be-
G377V. Two of the mutants (G257D and G377V) aretween various charged amino acids (Kaback & Wu,
novel in that they represent the first amino acids in1997; King et al., 1991; Lee et al., 1992; Lee et al., 1993;
periplasmic loops to be implicated with changes in sugalee et al., 1995). The lactose carrier is the most exten-
recognition. We conclude that the amino acids M23,sively characterized secondary active transporter (Ka-
W151, G257, A295 and G377 of the colilactose car- back & Wu, 1997; Varela & Wilson, 1996), making it a
rier play either a direct or an indirect role in sugar rec-good model for the study of solute transport systems in
ognition and accumulation. bacteria.

o Early work by Shuman and Beckwith (1979) of
Key words: Lactose — Melibiose — Transport — Rec- g, gar selection and recognition in the lactose carrig. of

coli resulted in the isolation of a mutant with significant

- maltose transport activity. Later, additional mutants that
Correspondence tavl. Varela transported maltose were isolated. These mutants had
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amino acid substitutions at residues Ala-177 and Tyr-238SOLATION OF MUTANTS

(Brooker & Wilson, 1985). Studies of sucrose- or arabi-

nose-positive mutants also revealed mutations affectingacterial DP90/Flac mutants were isolated by incubation at 37°C on

Ala-177 in the lactose carrier (King & Wilson, 1990; minimal plates containing 0.2% succinate, 8 MONPG and 0.5 m

Goswitz & Brooker, ]_993)_ Selection and Sequencing oflPTG. Colonies that appeared on these plates were used to inoculate

mutants in minimal media containing maltose and cello-1% melibiose MacConkgy indicator pIaFes containing 016 RTG. '

biose (an inhibitor of maltose transport) identified muta- These plates were then |r;cubated overnight at 37°C. Next, red colonies

tions resulting at residues Tyr-236, Ser-306 and Ala_28§(vere used to |nqcu|ate 1? lactose MacConkey plates which were then
i o o ncubated overnight at 37°C. Bacterial mutants that formed white colo-

(Collins et al., 1989). Additional sugar recognition Mu- pies were chosen for further study (Table 2).

tants had alterations at Thr-266, lle-303, Lys-319 and  To determine whether the phenotype was due to a mutation on the

His-322 (Eelkema et al., 1991; Franco et al., 1989; Mark-' factor we transferred this'Factor toE. coli DW2 (Alac, AmeB) by

graf et al., 1985). Other investigations have implicatedmating and examined the resulting phenotype of DWZEE transcon-

Cys-148, Cys—154, ASp-237, ASp—240, Glu-2609, Arg_jugant. In all cases, the original fermentation phenotypes were ob-

302, Glu-325 and Lys-358 in the mechanism of sugar®"e%

transport (Brooker, 1991; Eelkema et al., 1991; Franco et

al., 1989; Kaback & Wu, 1997; Markgraf et al., 1985;

Olsen & Brooker, 1989; Ujwal et al., 1995). Recent ex-

periments designed to study mutants that transport meli- _

biose better than lactose revealed changes in residu ge lacY gene of the selected bacterial mutants was present ori an F

] ) _ ) ) e actor. Cells containing théacY gene on the Ffactor were grown
Tyr-26, Phe-27, Phe-29, Asp-240, Leu-321 and His-322) . tiot'in LB broth at 37°C to saturation. Genomic DNA was pre-

(Varela etal, 1997)' . pared from the saturated cells according to the method of Wilson

In an atte_mp_t to further our Und.erStandmg th.e sugar1988). Using primers prepared by the Harvard Medical School Oli-
recognition site in the lactose carrier we have isolatedyonucleotide Synthesis Facility and specific for the flanking regions of
additional mutants, determined the sequences of thethelacY gene, the DNA encoding the lactose carrier protein was am-
lacY genes and characterized their transport. All of thePlified by PCR as described previously (Varela et al., 1997). The am-
mutants had a poor appare, for lactose and melibi- [.'.)|Ifled. DNA wa; isolated and pu'r!fled with a Q.IAqwck PCR purifica-

" tion kit from Qiagen. The amplified and purifiddcY mutant DNA

ose. In addition, all of the mutants had a very sever

. . QNas subjected to complete nucleotide sequencing by the cycle sequenc-
defect in accumulation of the lactose analogue TMG.  ing method (Perkin-Elmer) (Sanger et al., 1977).

AMPLIFICATION AND SEQUENCING OFMUTANTS

Materials and Methods SUGAR TRANSPORT AND KINETIC ANALYSES

REAGENTS E. coli DP90 cells, harboring the’Factor and containing the mutant

lacY DNA (Table 1), were grown overnight to saturation in LB broth
Bacteriological media were from Difco. Lactose, melibiose, TMG, in the presence of nalidixic acid while shaking at 37°C. At this tem-
methyl-w-pD-galactopyranoside of-MG), isopropyl{3-p-thio- perature, the normal chromosomal melibiose carrier (MelB) is inactive.
galactopyranoside (IPTG)3-thio-o-nitrophenylf-p-galactopyrano- At all times the transport values of the DR9AcY meB™ control strain
side (TONPG),0-nitrophenylg-p-galactopyranoside (ONPG) and (3- were subtracted from all transport data. Overnight grown cells were
[N-morpholino] propanesulfonic acid) buffer (MOPS) were purchasedused to inoculate fresh LB broth containing the appropriate inducer,
from Sigma. Materials for PCR-based DNA amplification and DNA depending on the sugar used in the transport assay, and were grown at
cycle sequencing were from Perkin-Elmer. Manipulation of DNA was 37°C to mid-log phase. The cells were then harvested by centrifuga-
performed using kits from New England Biolabs, Qiagen and Pharmation at 5000 rpm in a Sorvall SS-34 rotor at 4°C. The cells were
cia Biotech. Radioactively labeled“C]-lactose was purchased from washed 2-3 times with an equal volume of 10@ MOPS buffer (pH
Amersham. Radioactively labele'C]-TMG was from DuPont New  7) containing 0.5 m MgSQ, and 1 mu DTT. The washed cells were
England Nuclear. Radioactively labeletH]-melibiose was the gen-  resuspended in the same buffer to a concentration of 0.45 mg of pro-
erous gift of Prof. Gehard Le Blanc (Dpartment de Biologie Cellu-  tein/ml and placed on ice. After equilibration at room temperature or
laire du CEA, Villefranche-sur-mer, France). Radiolabeled sugars37°C for 20 min, the transport assays were initiated by the addition of
were purified by descending paper chromatography (Whatman Noradioactive sugar. After incubation, 0.2 ml samples were removed,
3vmM paper) using a 3:1 propanol:water mixture. filtered through a 0.65w.m pore size nitrocellulose filter and washed

with MOP buffer containing 0.5 m HgCl,. The filters were dissolved

in 4 ml Liquiscint (National Diagnostics) containing 10% water. The
BACTERIAL STRAINS radioactivity was counted using a liquid scintillation counter.

Kinetic analyses were conducted for downhill transport of sugars

All strains are derivatives dE. coli K-12. The relevant genotypes are as previously described (Varela et al., 1997). Briefly, initial transport
shown in Table 1. Growth of all DP90 cultures was at 37°C in LB rates for lactose and melibiose were determined with various sugar
broth or on LB agar in the presence of nalidixic acid (chromosomally concentrations after cells were incubated in the presence of IPTG or
encoded nalidixic acid resistance gene) af2@ml. Growth of DW2 a-MG, respectively, and 0.2 ml of cell suspension were removed for
cultures was performed at 37°C in LB broth containing 2@/ml filtering and counting. Apparer,, andV,,,, values were determined
streptomycin (chromosomally encoded streptomycin resistance genehy the Lineweaver-Burk double reciprocal plot.
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Table 1. Bacterial strains and genotypes used

Strain Genotype Reference or source
(chromosome/Ffactor)

DW2 lacl™ A(ZY) melA'AB rspl/ Wilson & Wilson, 1987

DP90-Y* Alac-pro Nal/F' lacl®Z*Y™ proAB Hobson et al., 1977

DP90AY Alac-pro Nal/F' lacl®Z* AY proAB Varela et al., 1997

DP90-M23lI Alac-pro Nal/F’ lacl®Z* Y(Met 23 - lle) proAB This work

DP90-W151L Alac-pro Nal/F’ lacl®zZ* Y(Trp-151 - Leu) proAB This work

DP90-G257D Alac-pro Nal/F' lacl®Z* Y(Gly-257 - Asp) proAB This work

DP90-A295D Alac-pro Nal/F’ lacl®Z* Y(Ala-295 - Asp) proAB This work

DP90-G377V Alac-pro Nal/F' lacl®Z* Y(Gly-377 - Val) proAB This work

IMMUNOCHEMICAL ASSAY OF THE LACTOSE CARRIER Table 2. Fermentation by lactose carrier mutants

.Strain Colony phenotypés

The amount of normal and mutant lactose carrier protein expressed in
the membrane was measured by the immunoblot method of Lolkema et

al. (1988). A polyclonal antibody directed against the C-terminal deca- II:/I?ct(C):?)enkey mggggiiey
peptide of the lactose carrier was used for detection.
Y* Red Red
AY White White
Results M23I White Red
W151L White Red
G257D White Red
ISOLATION AND SEQUENCING OF BACTERIAL MUTANTS A295D White Red Center
G377V White Red Center

E. coli cells containing an Ffactor (Table 1) encoding
the lac operon genes were plated onto agar plates Witl’? Fermentation studies were conducted using MacConkey agar plates
minimal medium containing succinate as the sole Carbor(iontaining either 30 m lactose or 30 m melibiose plus 1 m IPTG

. .. and incubated overnight at 37°C.
source plus a toxic analog of lactose (TONPG), which is

a hydrophobic substrate for the wild-type lactose carrier

(Mller-Hill et al., 1968). There is cotransport of {5y s in helix V. A295D is in helix IX. The G257D
TONPG and a proton into the cell. This is followed by m tation is located in the periplasmic loop between he-
diffusion of the hydrophobic molecule out of the cell and |ices /i1 and VIII of the carrier. G277V is in the
reaccumulation. The continuous rapid transport of the,eriniasmic loop between helices XI and XII. These lat-
sugar depletes the cell of its proton motive force. Thise yyo mutants are novel in that they represent the first

results in reduced ATP synthesis and failure of the cell tog ing acids in periplasmic loops to be implicated with
grow. A mutation in the lactose carrier that reduces Prochanges in sugar recognition.
ton cotransport or reduces the rate of TONPG uptake will
permit the cell to grow on these plates. Thus, TONPG-
resistant mutants are defective in sugar recognition oDowNHILL ONPG TRANSPORT INMUTANTS

energy coupling with protons or both (Mer-Hill et al.,

1968). Colonies were picked which were fermentationsince the mutants isolated here were selected for growth
positive (red) on melibiose MacConkey indicator platesin TONPG, one would expect that the transport of the
containing IPTG and fermentation negative (white) onstructurally similar sugar, ONPG, would be affected.
lactose MacConkey plates without IPTG (Table 2). Themeasurement of 2 mONPG entry was performed. This

F’ factor DNA from each mutant was isolated. TlReY  sugar is hydrolyzed within the cell l§-galactosidase to
gene of each mutant was amplified by PCR and comgalactose ana-nitrophenol, which is yellow in color.
pletely sequenced (Sanger et al., 1977). The results, shown in Table 3, indicate that ONPG entry

Nucleotide sequencing revealed single point mutawas significantly reduced for all of the mutants.
tions in thelacY gene of each of the TONPG-resistant

mutants isolated. The following changes in deduced

amino acid sequences were found: M23l, W151L,DOWNHILL LACTOSE TRANSPORT

G257D, A295D and G377V. Two of the TONPG-

resistant mutants had the same mutation (G257D). Th&/henE. coli cells containing théac operon system are
M23I mutation is in helix | (Fig. 1). The W151L muta- grown in the presence of the inducer IPTggalactosi-
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Fig. 1. A two-dimensional model of the lactose
carrier of E. coli showing the locations of point
. mutations. The locations of the individual

Perlplasm changes in amino acid sequence of the lactose
carrier are shown in this 2-dimensional model.
The first one-letter code and the number
represent the wild-type amino acid along the
polypeptide chain of the lactose carrier. The
second one-letter code represents the amino acid
alterations encoded in tHacY gene of the
mutants isolated in this study (black circles) and
of a previous study (white circles) in which the
sugar transport phenotypes were similar. That is,
the transport of melibiose was better than the
transport of lactose, and melibiose accumulation
was defective (Varela et al., 1997). For a
comprehensive illustration of lactose carrier

mutants that affect lactose accumulation, please
Cytoplasm refer to Fig. 1 of Varela and Wilson (1996).

Table 3. Downhill transport of ONPG (2 m) and lactose (0.4 mm) DOWNHILL MELIBIOSE TRANSPORT

Strain % of normal

When “downhill” transport of melibiose was desired,
ONPG Lactose  w-galactosidase was induced withMG added to the
growth medium (as well as IPTG to induce the carrier).

Z; 108 1000 If the cells are grown at 37 to 42°C, the normal melibiose
M23] 12 6 carrier (MelB) shows no transport activity, as it is tem-
W151L 25 3 perature sensitive. Thus, cells grown at 37°C with IPTG
G257D 9 10 and a-MG show melibiose transport by the lactose car-
A295D 15 3 rier.

G377V 34 14 The kinetics of downhill melibiose transport was

studied (Table 4). The appareKt, for the sugar was
reduced in every case. The apparept,, for melibiose
transport was between 35 and 58% of normal. For each
mutant, thev,,. /K, ratio of melibiose downhill transport
was reduced.

dase and the lactose carrier are produced. Lactose that

enters the cell is hydrolyzed to glucose and galactose by

B-galactosidase, and the hexoses are metabolized. ThudPHILL TRANSPORT (ACCUMULATION) OF SUGARS

the concentration of lactose inside the cell remains low.

Consequently, the entry of lactose under these condition$he nonmetabolizable galactoside TMG was used to test
is thermodynamically downhill, and accumulation for accumulation. A severe defect in accumulation by
against a concentration gradient (uphill) does not occurthe mutants was observed (Table 5). Two of the mu-
As shown in Table 3, lactose (0.4wpdownhill transport  tants, W151L and A295D, completely failed to accumu-
was severely defective. In the mutants M23I, W151L,|ate this sugar. The other three mutants accumulated to
G257D and A295D, lactose entry was 10% or less ofonly 5 to 8% of the normal level.
normal, whereas the G377V mutant had 14% of the nor-  When accumulation of melibiose was to be studied,
mal transport rate. the lactose carrier was induced with IPTG, which in-
The study of the kinetics of lactose transport (Tableduces théac operon but not the melibiose operon. Thus,
4) indicated that the appareht, was elevated in all «-galactosidase was not induced, and the transported
cases, the appare¥t, ., was from 8 to 65% of normal. melibiose accumulated as the free sugar within the cell.
In one case, (W151L) the rate of transport was so lowMelibiose accumulation by the mutants was also se-
that kinetics could not be performed. Thg,, /K, ratio  verely defective. Two mutants (W151L and A295D) had
for lactose downhill transport was reduced for each of0 and 2% of normal accumulation, respectively. Two
the lactose carrier mutants. Thus, all of these mutation$G257D and G377V) gave 11% of the normal accumu-
cause a severe defect in lactose transport. lation, and M23I had 23% of normal accumulation.

Cells were grown in LB in the presence of MniPTG (to induce the
lactose carrier an@-galactosidase).
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Table 4. Kinetics of lactose and melibiose downhill transport

Strain Lactos& Melibios€
Km (mM)C Vmax Vma)[Km Km (mM)c Vmax Vma)[Km
(nmoles/mg Proteird) (nmoles/mg Proteili)

Y* 1.1 116 105.5 0.7 38 54.3
M23I 10 76 7.6 1.9 13.5 7.1
wis14  — — — 8.8 21.9 25
G257D 10.8 35 3.2 25 10.9 4.4
A295D 2.3 10 4.3 5.2 10.9 21
G377V 2.3 43 18.7 2.9 18.3 6.3

2To measure the kinetics of lactose transport, cells were grown in the presencemiMTi@ (to induce the

carrier).

P To measure the kinetics of melibiose transport, cells were grown witm 1R G (to induce the carrier) and

1 mv a-MG (to inducea-galactosidase).

¢Values here should be referred to as ‘apparent’ since the lactose carrier has two substrates (proton and sugar).
9 The transport rate was too low to obtain reliable kinetic data.

Table 5. Accumulation of sugars by mutants of the lactose carrier Table 6. Inmunochemical assay of lactose carrier mutants

Strain % Normal Strains Percent of Wild-type
T™MG Melibiose Y* 100
Accumulation Accumulation M23I 164
W151L 58
Y* 100 100 G257 140
AY 0 0 A295D 44
M23lI 8 23 G377V 30
W151L 0 0
G257D 5 11
A295D 0 2
G377V 6 11

and melibiose were reduced. It is quite striking that all
Cells were grown in LB plus 1 mIPTG to induce the lactose carrier. Of the mutants were white on lactose MacConkey indi-
To measure TMG accumulation, cells were exposed to GUfC]-  cator plates and red (or red center) on melibiose Mac-
TMG for 10 min. The normal control accumulated TMG 30-fold. Data Conkey plates. It is interesting to note that three of the
are the average of 3 independent experiments.. Melibiose accumulatiquutamS (M23|, G257D and G377D) which were white
was measured in the presence of 0.2 fAH]-melibiose at 25°C after
10 min. Data are the average of 3 independent experiments. on lactose MacConkey plates had a mOde.rately good
apparenv,,,, (35 to 67% of normal) for downhill lactose
transport. The white phenotype on the lactose MacCon-
key plates is probably due to the failure of the carrier to
accumulate lactose, which is required for full induction
The amount of carrier protein was measured using th@f B-galactosidase.
immunoblot assay (Lolkema et al., 1988). The results ~ The wild-type lactose carrier transports melibiose
are shown in Table 6. Expression of the carrier proteinand lactose at similar rates (Hobson etal., 1977; Olsen &
was only somewhat reduced for the W151L, A295D andBrooker, 1989). One category of mutants had a more
G377D mutants. The M23l and G257 mutants were exsSevere defect for lactose than for melibiose. The W151L
pressed at greater than normal amounts. Thus, the loggutant, for example, had almost no lactose uptake but
of transport activity in the mutants is not due to dimin- 58% of the normal apparekt,,,, for melibiose (Table 4).
ished expression or stability of the carrier in the mem-The A295D mutant took up lactose at 9% of the normal

IMMUNOLOGICAL ASSAY FORNORMAL AND MUTANT
LAacTOSE CARRIER PROTEIN

brane. rate and melibiose at 29% of the normal rate (Table 4).
Previously, we found mutants with similar properties al-
Discussion though the locations of the amino acid replacements in

the lactose carrier were different from those found here.
There were striking alterations in sugar recognition inin this earlier work (Fig. 1), the amino acids implicated
each of these mutants. The affinity avigl,, for lactose in having the above transport phenotype included Tyr-
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26, Phe-27, Phe-29, Asp-240, Leu-321 and His-322r indirectly, affect sugar recognition and accumulation
(Varela et al., 1997). in the lactose carrier.

Accumulation of sugars against a concentration gra-
dient was severely defective in all of these mutants. Thé&he research in this paper was supported by National Institutes of
accumulation of TMG was particularly defective. In two Health grant DK-05736 (T.H.W.) and by National Science Foundation
cases (W151L and A295D) TMG accumulation Wasgrant MCB-9812362 and ENMU Internal Research Grant (M.F.V.).

o e thank Dr. Gary S. Pfaffenberger for critically reading the manu-
zero, and the remf_:unlng _three mutants had S% or Iess_ﬁript. We thank Elizabeth Maztke of the Brooker laboratory for expert
normal accumulation. Since the accumulation of meli-technical assistance.
biose was also defective, the mechanism of coupling pro-
ton uptake to sugar uptake must be defective.

With regard to the location of the residues targete
by mutations, three are located in transmembr@te-  gyooer, R.J. 1991. An analysis of lactose permease “sugar specificity”
lices and two are in periplasmic |00pS (Fig. 1)- The two mutations which also affect the coupling between proton and lac-
found in loops are the first mutations with alterations in  tose transport. I. Val177 and Val177/Asn319 permeases facilitate
sugar recognition to be found in perip|asmic |oops_ G|y_ proton uniport and sugar unipod. Biol. Chem266:4131-4138
257 is located in the |00p between helices VII and VIII Brooker, R.J., Wilson, T.H. 1985. Isolation and nucleotide sequencing

. of lactose carrier mutants that transport malté¥ec. Natl. Acad.
of the lactose carrier. Jessen.—MarshaII and Brooker Sci. USA82-3959-3963
(1996) found that the second-site revertant Gly-257  gichel, D.E., Gronenborn, B., Mer-Hill, B. 1980. Sequence of the
Asp restored lactose transport activity that was lost by lactose permease geri¢ature 283:541-545
the Asp-68_, Ser mutation. The Asp-68 Ser/GIy-257 Calamia, J., Manoil, C. 1980.ac permease oEscherichia coli:to-
—. Asp revertant completely restored normal lactose ac- I;O'OQVNa{:":ﬁ“g”‘?%ig;‘igé%pg:f“”g membrane insertion.
: : roc. Natl. Acad. Sci. : -

cumulation, and downhill tran§port of Iac.tose was 40%Collins, J.C., Permuth, S.F., Brooker, R.J. 1989. Isolation and charac-
of.normal. The loss Of.a negative charge in the cytoplas- terization of lactose permease mutants with an enhanced recogni-
mic loop between helices Il and Il was thus compen- tjon of maltose and diminished recognition of cellobioeBiol.
sated for by the gain of a new negative charge in the Chem.264:14698-14703
perip|asmic |00p between helices VIl and VIll. The sec- Eelkema, J.A., O’'Donnell, M.A., Brooker, R.J. 1991. An analysis of
ond periplasmic IOOp residue (Gly—377) targeted by a lactose permease “sugar specificity” mutations which also affegt
mutation affecting sugar recognition was present in the the coupling between_ prgton and _Iactose transport. 1l. Second site

. . revertants of the thiodigalactoside-dependent proton leak by
loop between helices XI and XII of the lactose carrier. Val177/Asn319 permeasd. Biol. Chem266:4136-4144

With respect to degree of conservation in the LacY roster, D.L., Boublik, M., Kaback, H.R. 1983. Structure of fae
family of transporters of the residues implicated in this  protein of Escherichia coli. J. Biol. Chen58:31-34
study, M23, W151 and A295 are found in LacY Kieb- Franco, P.J., Eelkema, J.A., Brooker, R.J. 1989. Isolation and charac-
siella pneumonia(and in RafB ofE. coli, according to terization Qf thiodigalactoside-resistant mutg'nt of the Iactqse per-
the amino acid sequence alignments of Griffith and Sam- gr?:;ezvgﬁig;;ss_sfgggazn enhanced recognition for macSia.
son (1998). However, these residues, all of which Wer€jjingos, s., Kaback, H.R. 1996. Probing the conformation of the
found in transmembrane spanning helices, were absentin |actose permease @&scherichia coliby in situ site-directed sulf-
the other members of the LacY family: CscB (sucrose  hydryl modification.Biochemistryl5:3950-3956
Car”er), NugP (nucleos|de Carrler) and XapB (XanthOS”']@OSWItZ, V.C., Brooker, R.J. 1993. Isolation of lactose permease mu-

i i iti i i i ; hich recognize arabinogdembr. Biochemistryl0:61-70
rrier) ofE. coli. In addition, the resi implicated in __ tants w
o ) 0 o aadition, the residues plica ed Griffith, J.K., Sansom, C.E. 1998."Hactose-sucrose-nucleoside sym-

the present StUdy which were four?d in perlplasmlc |OOpS, porter family. pp. 301-304n: The Transporter Facts Book. Aca-
G257 and G377, were conserved in all sugar-proton sym-  gemic press, San Diego, CA
porters (LacY ofK. pneumoniaeRafB, CscB) of the Hobson, A.C., Gho, D., Mier-Hill, B. 1977. Isolation, genetic analy-
LacY family but not in the nucleoside-proton symporters sis and characterization &kscherichia colmutants with defects in
(NugP and XapB). thelacY gene.J. Bacteriol.131:830-838 _

In summary, the active transport (accumulation) Of.Jesséjen-Marshall, A.E., Brooker, R.J. 1996. Ewglence that transmem-

. . . rane segment 2 of the lactose permease is part of a conforma-

Sugar Wa_S Severely defective in all mutants affeCtmg tionally sensitive interface between the two halves of the protein.
amino acids M23, W151, G257, A295 and G377 of the J. Biol. Chem271:1400-1404
lactose carrier oE. coli. In addition, mutations occur- Jung, K., Jung, H., Kaback, H.R. 1994. Dynamics of lactose permease
ring at W151 and A295 demonstrated more severe de- of Escherichia colidetermined by site-directed fluorescence label-
fects in the transport of lactose than of melibiose, sug-  ing. Biochemistry33:3980-3985 _
gesting separate sugar binding sites for these sugars, coﬁ@b\?\‘;: H.R., Jung, r:(l Jung, H., Wu, J'épg‘fe’ G.G., ée_”* K. 1393'
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