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Abstract. The melibiose carrier froritscherichia colis  different cations, H, Na" and Li". A transmembrane
a sugar-cation cotransport system. Previously evidencgradient of one of these three ions provides the energy
was obtained that this integral membrane protein consistir the accumulation of the sugar.
of 12 transmembrane helices. Starting with the cysteine-  One approach used to study the structure and func-
less melibiose carrier, cysteine has been substituted irtion of membrane proteins has been the use of cysteine
dividually for amino acids 374-396, which includes all mutagenesis. Cysteine is used to substitute for indi-
of the residues in the proposed helix XI. The carriersvidual amino acid residues in a cysteine-less protein.
with cysteine substitutions were studied for their trans-The importance of the substituted residue for function
port activity and the effect of the water soluble sulfhy- can be determined. In a cysteine mutant with activity it
dryl reagent p-chloromercuribenzenesulfonic acidis possible to test the effect of organic mercurials on
(PCMBS). Studies were carried out on both intact cellsactivity. This approach has been used to study several
and inside out vesicles. Cysteine substitution caused losmembrane proteins: bacteriorhodopsin [5], the tar protein
of transport activity in seven of the mutants (K377C, [9], maltoporin [6], the nicotinic acetylcholine receptor
G379C, A383C, F385C, L391C, G395C and Y396C).[1], the lactose carrier dt. coli [14] and the glucose-6-
PCMBS produced more than 50% inhibition in six of the phosphate carrier &. coli[19]. Recently, helix Il of the
mutants (S380C, A381C, A384C, F387C, A388C andmelibiose carrier has been studied with cysteine muta-
L391C). Preincubation of the cells with melibiose pro- genesis [10]. In this study it was found that three
tected five of these residues from the inhibitory action ofcharged residues (Arg52, Asp55 and Asp59) and the neu-
PCMBS. It was concluded that the residues whose cystral residue Asn58 were essential for activity. In addi-
teine derivatives were inhibited by PCMBS probably tion, several active cysteine mutants were inhibited by
faced the aqueous channel. the water soluble organic mercurial (PCMBS). These
data provided evidence for the location of the water
Key words: Melibiose carrier — Cotransporter — Cys- channel in the carrier protein. - _
teine mutagenesis — Helix XI In the present study cysteine mutagenesis was ap-
plied to helix XI (residue 374 to residue 396) of the
melibiose carrier. One reason for focusing attention on
Introduction this helix was that previous studies of sugar recognition
mutants [2] had shown that several of these mutations
The melibiose carrier oEscherichia coli(coded for by ~ Were located in helix XI. The organic mercurial PCMBS
the melB gene) is an integral membrane protein of moJnhibited six of the active cysteine mutants and melibiose
lecular weight 52000 [11, 20] which has 12 transmem-Protected five of these mutants from the action of
brane helices [4, 12] with the amino- and carboxyl- PCMBS. It was concluded that the PCMBS-sensitive
termini of the protein on the cytoplasmic side of the reésidues lined an aqueous channel.
membrane [3]. The carrier is a substrate-cation cotrans- .
port system which is unusual in its ability to use three Materials and Methods

REAGENTS

E— Melibiose (6-Oe-D-galactopyranosyb-glucopyranoside), and PCMBS
Correspondence tof.H. Wilson were purchased from Sigma®H]Melibiose was a generous gift from
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Dr. Gerard Leblanc of the Department de Biologie Cellulaire et Mo- measured by preincubating the cell suspension with the indicated con-
leculaire du CEA, Villefranche-sur-mer, France-1°P] dATP was centration of PCMBS for 10 min at room temperature. The radioactive
from Andotek. Bacteriological media were from Difca®°$]-Protein melibiose was then added and processed as described. The effect of
A was purchased from Amersham. All other chemicals were reagentnelibiose in protecting against the inhibition by PCMBS was tested by
grade. PCMBS (p-chloromercuriphenylsulfonic acid) was obtainedpreincubating the cells with 1 mor 10 nm melibiose for 1 min before
from Sigma. adding the inhibitor. After 10 min incubation with inhibitor the cells
(in a microfuge tube) were centrifuged, the supernatant removed and
cells resuspended in radioactive melibiose. After 10 min incubation
BACTERIAL STRAINS AND PLASMIDS with sugar 200wl of the sample was filtered and washed.

E. coliDW1 (lacl* AlacZY AmelAB) [16] was used as the host strain

for the plasmids when bacteria were grown for transport assays. Th&\SSAY FOR MELIBIOSE TRANSPORT IN
gene for the cysteine-less melibiose carrier was inserted into the vectodNSIDE-OUT VESICLES

pKK223-3 (Pharmacia Biotech) as described previously [15]. This

plasmid was used as the starting material for site-directed mutagenesi§©rty m! of plasmid-containing bacteria were grown, harvested,
washed, and resuspended in 10 ml of buffer A that contained 260 m

sucrose. Inside-out vesicles were prepared by passing the cell suspen-
STE-DIRECTED MUTAGENESIS sion through a French Press (SLM-Aminco) at 8000 psi [13]. Unbro-

ken cells were removed by centrifugation and the vesicle suspension
The Quick Change Double-Stranded, Site Directed Mutagenesis Kiwas assayed for transport. An aliquot of vesicles (@Dwas warmed
(Stratagene) was used to replace the selected amino acids with cysteirte.room temperature and the PCMBS was added. The suspension was
The appropriate phosphorylated mutagenic primers (ranging from 23 tdncubated for 10 min at room temperature ariti][ melibiose (25
32 nucleotides long) were synthesized by Dr. Charles Dahl, Harvard+Ci/umol) was added to a final concentration of 0..mAfter 60 sec
Medical School. the vesicle suspension was filtered through a Qu@2-itrocellulose

filter (GSTF, Millipore) and the filter was washed with buffer contain-

ing sucrose. The filter was then counted in Liquiscint in the presence
DNA SEQUENCING of 0.1% Triton X-100.

Double-stranded plasmid DNA was isolated with the Qiaprep Spin
Miniprep Kit (Qiagen). Sequencing was done using3f P] dATP Results
with the Amplicycle™ Sequencing Kit (Perkin Elmer). The melB gene

was sequenced from plasmid DNA using primers that anneal at ap
proximately 200 bp intervals. CYSTEINE MUTAGENESIS OFRESIDUES IN HELIX X

Site-directed mutagenesis was applied to residues in he-
MMUNODETECTION AND QUANTITATION OF THE lix XI to convert them individually to cysteine. The cys-
MELIBIOSE CARRIER teine-less melibiose carrier [15] on a plasmid was used in

these studies. In all cases, only the single desired amino

The amount of melibiose carrier present in each strain was determinegdcid change was found after the derivative gene’s com-

as previously described by Lolkema et al. [8]. In summary, a known plete DNA sequence was determined.
quantity of cells was lysed with NaOH/SDS and neutralized on nitro-

cellulose filters. Filters were incubated with BSA to block nonspecific

binding, followed by incubation with a polyclonal antibody, anti- MEASUREMENT OF THEAMOUNT OF MELIBIOSE CARRIER

MBct10 [3], directed against the carboxyl-terminal ten amino acids of N THE M EMBRANE

the protein. §°S]-protein A (Amersham) was used to label the bound

antibody and the amount of label was quantified by liquid scintillation When Constructing mutations in membrane proteins itis

counting. To correct for nonspecific adsorption, values obtained fora|WayS a possibility that the introduced amino acid

the strain DW1/pKK223-3 (melB were used as a background control . . . .

in each experiment. Values for each mutant are presented as a pe -hange wil dlsrUpt. proper mem.brane mser.tlon and/or

centage of wild-type protein level. stability of the protein. To determine the relative amount
of carrier protein present in the membrane of each mu-
tant immunoblots were performed using a polyclonal an-

AssAys FORMELIBIOSE TRANSPORT BY INTACT CELLS tibody directed against the C-terminal ten amino acids of

the carrier. The amount of melibiose carrier protein ex-

100 ng/ml ampicillin until they reached log phase of growth. The cells pressed in each strain is presented as a percentage of the
were harvested and washed twice with 100 MOPS buffer adjusted Wlld-type'value (Ta_ble 1). The expressmn was moderate
to pH7 with Tris base and containing 10mNaCl and 0.5 m Mgso, 0 good in all strains except K377C which gave 10%
(buffer A). The cells were resuspended in the same buffer to a celexpression and F385C which gave 5% expression.

density corresponding to about 1 mg dry wt./miH] melibiose (92
w.Ci/umole) was added to an aliquot of the cell suspension to a final
concentration of 0.1 m. After incubation for 10 min at room tem- PHENOTYPE ONMELIBIOSE MACCONKEY
perature a 20Qul sample was filtered through a 0.65-um cellulose |NDICATOR PLATES

nitrate filter (Sartorius). The filters were immediately washed with 4 . .
ml of buffer and counted in Liquiscint (National Diagnostics). Each of cysteine mutants in DW2 (melAAB) was

The effect of the sulfhydryl reagent, PCMBS, on transport was Streaked on a melibiose MacConkey indicator plate to

The plasmid-containing strains were grown in LB medium containing
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Table 1. Phenotype and expression by the single replacement derivaTable 2. Transport of melibiostby cysteine mutantsn helix XI with

tives of the cysteine-less melibiose carrier three cation$(In/Out)?
Cell Phenotype on melibiose  Expression (% of Cell with H* Na* Li*
MacConkey plate cysteine-less pareht mutation
Cysteine-less Red 100 Cysteine-less 16 +25 164 + 0.5 133 +14
M374C Red 3712 M374C 15 15 123 + 7.9 108 + 1.9
V375C Red 56 + 15 V375C 35+04 64 + 7.4 15 + 1.9
V376C Red 87+4 V376C 27 *0.6 167 * 2.0 218 * 0.7
K377C White 10+5 K377C 1.3+0.1 3.3+ 0.8 13+ 1
G378C Red 59+ 11 G378C 10 04 88.6+ 4.0 86.5+ 3.9
G379C White 29+2 G379C 0 0 0
S380C Red center 22+6 S380C 10 04 98.4+ 2.0 85 + 23
A381C Red 99 + 20 A381C 18 *0.3 90 + 0.8 40 * 21
F382C Red 96+ 6 F382C 20 +0.6 159 + 84 84 + 6.0
A383C White 57 +10 A383C 46+0.6 8 = 13 26+ 0.3
A384C Red 60+ 10 A384C 9 +0.2 164 =12 97 + 35
F385C White 5+1 F385C 0 0 0
F386C Red 108 +7 F386C 15.8+0.7 146 = 4.0 124 + 8.0
1387C Red 105 + 26 1387C 19.4+0.9 148 + 54 130 + 0
A388C Red 171+ 27 A388C 13.6+0 146 * 5.4 97 * 0.7
V389C Red 64+5 V389C 15 +2 174 +20.5 136 +13
V390C Red 23+4 V390C 17.3+0.4 80.4+ 2 72 + 11
L391C White 64+5 L391C 10.9+0.6 83.6+ 34 678+ 2.9
G392C Red 75+11 G392C 14.6 £0.5 143 +14 104 + 48
M393C Red 126+ 4 M393C 10.2+0.3 159 + 43 117 + 55
1394C Red 94 +12 1394C 11.2+04 125 + 6.9 86.5+ 1.6
G395C Pink center 44+ 4 G395C 18.6 £0.7 65.6+ 2.0 678+ 1.1
Y396C White 40+2 Y396C 0 0 0
2 Cell tested was DW2/plasmid. & Melibiose concentration was 0.1vm
b Expression was measured by the immunoblot method. b Cells used were DW1/mutant plasmid.

¢Na" and Li* were 10 nm; H* was from 100 mu MOPS.
9 Melibiose concentration inside the cell/outside the cell.

. . The standard deviati Iculated on the basis of three independent
determine the phenotype. When DW?2 containing thedefemrr']aﬁ;nsev'a fonwas cajctiated on the basis otthree independen
plasmid for the cysteine-less carrier is streaked on these

plates the clones are bright red. Melibiose enters the

cell, then is split bya-galactosidase into glucose and j, the external medium. In the presence of lsugar
galactose. These sugars are fermented by the cell tQ-cumulation is approximately 130-fold.

acidic products which cause the pH indicator to give @  gyrains K377C. G379C, F385C and Y396C fail to
red color. Under these conditions most of the mutants,.cymulate melibiose under all conditions (Table
give a red color except for seven strains which give &) - girain A383C shows only 6% of normal activity with
white or pink phenotype (K377C, G379C, S380C, Ng* while V375C and G395C show slightly less than
A383C, F385C, L391C, G395C and Y396C). 50% activity in the presence of NaThe pattern of cat-
ion stimulation of transport varied from one strain to
another. V376C showed greater sugar accumulation
than normal for H and Li*. On the other hand V375C
and A381C showed reduced transport witfi.LThe re-

o _ maining strains showed a pattern of cation stimulation
Membrane transport of melibiose was tested in DW1/sjmilar to the normal.

melB plasmid strains containing different cysteine sub-

stitutions in the melB gene on the plasmid. Since DW1

is lacking the melA gene ne-galactosidase is produced THE EFFECT oFPCMBSON MELIBIOSE ACCUMULATION

and the melibiose taken up cannot be metabolized. UniN INTACT CELLS

der these conditions the sugar accumulates in the cell to

concentrations much higher than the medium. In a typi-The sulfhydryl reagent, PCMBS, is a hydrophilic mem-
cal experiment cells are exposed to 0.1 madioactive  brane impermeable compound and can thus be used to
melibiose for 10 min. Cells containing the normal melB identify cysteines that are in a hydrophilic environment
gene exposed to melibiose in the presence of dmu- and available to the surface. Intact cells from each
mulate the sugar approximately 160-fold higher than thasingle-cysteine derivative strain were incubated with 100

EFFecT oFNa" orR Li"™ oN MEMBRANE TRANSPORT
OF MELIBIOSE
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Table 3. PCMBS! inhibition of melibiose transpdttoy cysteine mu-  were preincubated with 1 m melibiose for a minute

tants in helix X prior to addition of PCMBS. In most experiments the
Cell with % activity % activity cell§ were then centrifuged, the supemqtant (cqntaining
mutation without PCMBS with pcvs ~ Melibiose) removed and buffer containing radioactive
melibiose was used to resuspend the cells. After 1 min
Cysteine-less 100 95 +0.5 incubation the cells were filtered, washed, and assayed
M374C 75+ 4.8 71 +43 for radioactive melibiose. The preincubation of cells
V375C 39+ 45 30 28 with melibiose protected the cell against inhibition of
\}g;sg 1022f 352 35‘ £0.5 transport by PCMBS in five cases (C380, C381, C387,
G378C B4+ 25 58 +05 C388, C391) (Table 4). In the case of inside out vesicles
G379C 0 0 C384, C387, and C388 which have significant transport
S$380C 60+ 1.2 1 +05 activity and strong inhibition by PCMBS 10nmmelibi-
A381C 55+ 0.5 1 0 ose did not protect them against inhibition by PCMBS
F382C 97+ 5.1 82x21 (50 uv). However, C391 was protected to a moderate
A383C 5+ 08 0 extent against PCMBS (50w).
A384C 100+ 7.4 5 20
F385C 0 0
F + 24 76 +2. . .
|33;38760C gg: 3.3 1§.3 + 1.2 Discussion
A388C 89+ 3.3 16 +2.7
V389C 106 +12.5 80 5.9 There is extremely little information available on the
V390C 49+ 1.2 50 1.6 three-dimensional structure of the melibiose carrier. Hy-
L391C 51+ 21 1 =0 dropathy plots [20], melB-phoA gene fusion experiments
Egggg g; f S'g ;3; fg? [4, 12] and proteolytic digestion experiments [7] provide
1394C 764 42 49 +49 ewdgnce for the two-dlmen5|ona[ structqre. 'The protein
G395C 40+ 1.2 26.6+4.8 consists of 12 transmembraaehelices. Little is known
Y396C 0 0 concerning the helices that line the aqueous channel and
the region of each of these helices that faces the channel.
#PCMBS concentration was 1Q0v. Evidence has been presented that helix Il is close to helix

b Melibiose concentration was 0.1MnNa" concentration was 10 mM, IV [17] and that helix IV is close to helix XI [18]. A

in 100 mv MOPS. At ; ;

The standard deviation was calculated on the basis of threeindepende'r?cen_t pUbllcatlon fr(.)m this _Iaboratqry [lO] concerning

determinations. cysteine mutagenesis of helix Il indicated that one sur-
face of the helix faced the aqueous channel. The present

experiments provide evidence for one region of helix XI

M PCMBS for 10 min before melibiose transport was that faces the aqueous channel. Recently data have been
measured. Six of the strains showed a major inhibitionPrésented concerning the interaction between different
with PCMBS: S380C, A381C, A384C, 1387C, A388C helices in the lactose carrier &. coli [21].

and L391C (Table 3). These experiments were repeated [N the present study each amino acid residue from
with inside-out vesicles (Fig. 1). The same six mutantsPosition 374 to 396 was individually changed to cysteine

showed strong inhibition by PCMBS. The positions of in the cysteine-less strain. These residues constitute the

residue resulted in a severe loss of transport activity in

seven of the mutants: K377C, G379C, A383C, F385C,
MELIBIOSE PROTECTION AGAINST THE INHIBITORY L391C, G395C and Y396C. In two cases there was ex-
EFrecT OFPCMBS tremely little carrier protein expressed in the membrane.

K377C showed 10% of normal expression and F385C
If the residue inhibited by PCMBS was close to the sugaishowed 5% normal expression. This may be due to a
binding site then the addition of nonradioactive melibi- defect in insertion of the protein into the membrane or
ose prior to the inhibitor should protect the carrier from due to instability. In the other cases the expression was
inhibition by PCMBS. The six strains that showed trans-from moderate to good. In the case of L391C the cell
port inhibition by PCMBS were tested for the possibility was white on MacConkey plates but it transported mod-
that preincubation of the cells with melibiose might pro- erately well in the presence of 10MrNaCl. It is pos-
tect the transport system against inhibition. First, the efsible that the 86 m NaCl on the MacConkey plate in-
fect of different concentrations of PCMBS on transporthibits transport enough to produce a white clone.
was tested. The concentration of inhibitor that gave ap-  Studies with PCMBS were particularly informative.
proximately 80% inhibition of transport was used for This organic mercurial is highly water soluble so that it
these experiments. In the first series of experiments cellseacts with cysteine residues only if this group is in an
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Fig. 2. Cysteine residues inhibited by PCMBS. A
386

Ser
Cysteine Residues Inhibited =

helical wheel plot of residues in helix XI viewed
from the periplasmic surface of the membrane.

@ Residues inhibited by PCMBS are indicated with
arrows.

aqueous environment. Cysteine residues facing the&esicles). There are several possible explanations of
phospholipids of the membrane are not susceptable tbow PCMBS causes inhibition of transport. The pres-
this reagent. A group of six cysteine replacementsence of PCMBS in the melibiose channel could act as a
(S380C, A381C, A384C, 1387C, A388C and L391C) re- physical barrier preventing entry of melibiose or prevent-
sulted in melibiose carriers that were strongly inhibiteding effective interaction of melibiose with its binding
by the hydrophilic mercurial PCMBS (Table 3). Inhibi- site. In addition, PCMBS might alter the position of the
tion resulted when the PCMBS was placed on either theransmembrane helices in such a manner as to exclude
periplasmic surface of the cell membrane (intact cells) omelibiose from its normal binding site. The protection
the cytoplasmic surface of the membrane (inside-outgainst PCMBS inhibition by preincubation of cells with
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Table 4. The effect of preincubation of cells with melibiose on the
inhibition of the carrier by PCMBS

4
Cell with % Remaining transport activity
indicated
mutation PCMBS Melibiose + PCMBS 5
380* 20+0.5 101+ 8.6
38 25+6.5 57+11 6
384 14+2.6 8+ 0.2
387 31+45 143 +17
38¢ 32+15 46+ 2.6
391° 16+0.5 48+ 9

2pCMBS = 3 pm; Melibiose = 1 mm

P pCMBS = 20 um; Melibiose = 1 mm

¢PCMBS = 10 pm; Melibiose = 1 mm 8
9pCMBS = 100 uMm; Melibiose = 1 mm

¢pCMBS = 10 pM; Melibiose = 1 mv

melibiose indicates that five of the six residues inhibited
by PCMBS may be in or near the melibiose binding site.
Alternatively, the melibiose might induce a conforma-
tional change that renders one of the residues inaccess-
able to PCMBS.

The location of the cysteine residue in each of the ;.

six mutants that are inhibited by PCMBS gives us addi-
tional information concerning the physical position of
helix XI. Figure 2 shows a helical wheel plot of residues

in helix XI. The residues that are inhibited by PCMBS 12

are found only on one face of the helix. For these resi-
dues to be available to the hydrophilic inhibitor this re-
gion of the helix must face the aqueous channel. The
only charged residue in helix XI (Lys 377) is located in

this region that faces the aqueous channel. In agreemem.

with this orientation of the helix the position of several
large aromatic residues F382, F385, F386 and Y396 is on
the hydrophobic face of the helix. Similar studies with
cysteine mutants of helix Il indicate that the charge
residues (R52, D55, and D59) face the aqueous channel.
In unpublished experiments we have provided evidencgg
for a salt bridge between K377 and D59. Thus there is a
close physical proximity between helix XI and helix II.
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