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Abstract 

Deletion of putative  transmembrane helix I11 from  the lactose permease of Escherichia coli results in complete 
loss of transport activity. Similarly, replacement of this region en bloc with 23 contiguous Ala, Leu, or Phe resi- 
dues  abolishes active lactose transport.  The observations suggest that helix 111 may contain  functionally  impor- 
tant residues; therefore, this region was subjected to Cys-scanning mutagenesis. Using a  functional  mutant devoid 
of Cys residues (C-less permease) each residue from Tyr 75 to Leu 99  was individually replaced with Cys. Twenty- 
one of the 25 mutants accumulate lactose to  >70% of the steady-state exhibited by C-less permease, and  an addi- 
tional 3 mutants  transport  to lower, but significant levels  (40-60% of C-less). Cys replacement for Leu 76 results 
in low transport activity (18% of C-less). However, when placed in the wild-type background,  mutant Leu 76 + 

Cys exhibits highly significant rates of transport (55% of wild type) and steady-state levels of lactose accumula- 
tion (65% of wild type).  Immunoblots reveal that  the  mutants  are inserted into  the membrane at concentrations 
comparable to wild type. Studies with N-ethylmaleimide show that  mutant Gly 96 + Cys is rapidly inactivated, 
whereas the other single-Cys mutants  are  not altered significantly by the alkylating agent.  Moreover, the  rate of 
inactivation of Gly  96 --t Cys permease is enhanced at least 2-fold in the presence of 0-galactopyranosyl l-thio-0,D- 
galactopyranoside.  The  observations  demonstrate that although no residue per se appears to be essential, struc- 
tural properties of helix 111 are  important  for active lactose transport. 

Keywords: active transport; bioenergetics; C-less permease; Cys replacements;  lactose  permease;  scanning 
mutagenesis 

The lactose permease of Escherichia  coli is a hydrophobic, poly- 
topic cytoplasmic membrane  protein that catalyzes the coupled 
translocation of a single 0-galactoside molecule with a single 
proton (i.e., 0-galactoside/H+ symport or  cotransport). En- 
coded by the lacy gene, the permease has been solubilized from 
the membrane,  purified, reconstituted in proteoliposomes, and 
shown to be solely responsible for @-galactoside transport (re- 
viewed  by Kaback, 1989,  1992). Furthermore, evidence has been 
presented (Dornmair et al., 1985; Costello et al., 1987; Sahin- 
Toth et al., 1994a) indicating that  the permease is functional 
as a monomer. Based on CD studies and hydropathy analysis 

Reprint requests to: H. Ronald Kaback, HHMIIUCLA 6-720 Mac- 
Donald Bldg., 10833 Le Conte Avenue, Los Angeles, California 90024- 
1662; e-mail: ronaldk@hhmi.ucla.edu. 

Abbreviations: C-less permease, functional lactose permease devoid 
of Cys residues; IPTG, isopropyl 1-thio-&D-galactopyranoside; KPi, 
potassium phosphate; lac, lactose; NEM, N-ethylmaleimide; PMS, phen- 
azine methosulfate; TDG, P,D-galactopyranosyl l-thio-P,D-galacto- 
pyranoside; Tris, tris(hydroxymethy1)aminomethane; ApH+. the H+ 
electrochemical gradient  across  the membrane. 

(Foster et al., 1983), a secondary structure was proposed in 
which the permease has 12 putative transmembrane  domains in 
a-helical conformation connected by hydrophilic loops (Fig. I). 
Support  for  the general features of the model and evidence dem- 
onstrating that  the C-terminus, as well as the second and third 
cytoplasmic loops,  are  on  the cytoplasmic face of the mem- 
brane have been obtained from laser Raman spectroscopy (Vogel 
et al., 1985), immunological studies (Carrasco et al., 1982, 
1984a,  1984b;  Seckler  et al., 1983,  1986;  Seckler & Wright, 1984; 
Herzlinger et al., 1984, 1985; Danho et al., 1985), limited pro- 
teolysis (Goldkorn et al., 1983; Stochaj et al., 1986), and chem- 
ical labeling (Page & Rosenbusch, 1988). Finally, analysis of an 
extensive series of lac permease-alkaline phosphatase (lacy- 
phoA) fusions (Calamia & Manoil, 1990) has provided unequiv- 
ocal evidence for  the topological predictions of the 12-helix 
model. 

Cys-scanning mutagenesis reveals that very  few residues in lac 
permease are  mandatory  for activity, and  the functionally im- 
portant residues that  are charged and in transmembrane do- 
mains are located  predominantly in  the C-terminal half of the 
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Fig. 1. Secondary-structure  model  of E. coli lac  permease,  based  on  hydropathy  analysis  (Foster  et  al., 1983). The 1-letter amino 
acid  code is used  and  putative  transmembrane helices are  shown  in  boxes.  The  topology of helix VI1 is modified  according  to 
King et  al. (1991) and  the  results  obtained  from expression of the  permease  in  contiguous  fragments  (Zen  et  al., 1994). The  shaded 
area  highlights  putative  transmembrane  domain 111, which  has  been  subjected to Cys-scanning  mutagenesis. Also indicated  are 
the  restriction  endonuclease  sites  used for construction of the  mutants. 

molecule (Sahin-Toth et al., 1992, 1994b; Dunten et al., 1993; 
Sahin-T6th & Kaback, 1993). Thus, mutagenesis of Glu 269 in 
putative helix  VI11 (Hinkle et al., 1990; Franco & Brooker, 1994; 
Ujwal et al., 1994), Arg 302 in helix IX (Menick et al., 1987a; 
Matzke et al., 1992), His 322 (Padan et al., 1985; Piittner et al., 
1986, 1989; Piittner & Kaback, 1988;  King & Wilson, 1989a, 
1989b; Brooker, 1990,  1991) or Glu 325 (Carrasco et al., 1986, 
1989) in helix X indicates that these residues play key roles in 
lactose/H+ symport and/or substrate  recognition. Recently, 
site-directed pyrene excimer  fluorescence  was  used to study prox- 
imity relationships between these residues (Jung et al., 1993). 
The results demonstrate that His 322 and Glu 325 are in an a- 
helical portion of the permease and  that helices VI11 (Glu 269) 
and IX (Arg 302) are in close proximity to helix X (His 322 and 
Glu 325, respectively). These and  other findings showing that 
helix VI1 is close to helices X and XI form  the basis of a model 
describing helix packing in the C-terminal half of the permease 
(Jung et al., 1993; Kaback et al., 1993). 

In  contrast to  the relative abundance of information regard- 
ing the C-terminal half of the permease, little is known about 
the N-terminal half because mutagenesis studies have failed to 
identify essential residues in this half of the permease. Thus, 
systematic replacement of Cys (Trumble et al., 1984; Viitanen 
et al., 1985; Menick et al., 1987b; van Iwaarden et al., 1991), 
Pro (Consler et al., 1991), Trp (Menezes et al., 1990), or Gly 

(Jung et al., 1994d) residues indicates that none of these resi- 
dues is essential for activity  even though Cys 148  is  in a substrate 
binding site (Jung et al., 1994b; Wu & Kaback, 1994). Similarly, 
none of the His  (Piittner et al., 1986,  1989; Piittner & Kaback, 
1988) or Tyr  residues (Roepe & Kaback, 1989; Sahin-Toth et al., 
1994b)  in the first  6  transmembrane  domains is mandatory  for 
lactose transport. Deletion-analysis (Bibi et al., 1992) and a re- 
cent Cys-scanning mutagenesis study (Sahin-Toth et al., 1994b) 
demonstrate  that helix I contains no essential residues; however, 
structural features of the periplasmic half  of the domain appear 
to be important  for active transport. 

The  third  putative  transmembrane  domain is probably  the 
most hydrophobic helix  in the permease, containing very  few po- 
lar  amino acid residues. This raises the possibility that  the role 
of helix 111 may be primarily “structural.” To test this hypoth- 
esis, the entire  transmembrane  domain was deleted or replaced 
with runs of 23 identical “helix-forming’’ hydrophobic residues 
(Ala, Phe, or Leu).  In both cases, transport activity  is  completely 
lost, suggesting that certain residues in this region may be im- 
portant  for  the mechanism. For this  reason,  the  entire region 
was subjected to Cys-scanning mutagenesis in a functional mu- 
tant devoid of Cys residues (van Iwaarden et al., 1991). The re- 
sults  demonstrate that  the majority  of  the single-Cys mutants 
accumulate lactose to high levels, 3 mutants exhibit lower, but 
significant transport  and replacement of  Leu  76 results in low 
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activity. However, when the Leu 76 + Cys mutation is placed 
in the wild-type background, highly significant transport activ- 
ity is observed. Furthermore, studies with N-ethylmaleimide in- 
dicate that alkylation of G96C' permease inactivates lactose 
transport, whereas the activity of the  other Cys mutants is not 
altered significantly by NEM. Finally, the rate of inactivation 
of G96C permease is enhanced in the presence of the substrate 
analogue,  0-galactopyranosyl 1-thio-0,D-galactopyranoside. 

Results 

Construction and verification of mutants 

The region between residues Leu 76 and Leu  98 (Fig. 1)  was de- 
leted (Az3) or replaced with 23 Ala (Ala,,), Phe (Phe,,), or Leu 
(Leuz3) residues using synthetic linkers. Double-stranded link- 
ers with the appropriate sequence  (Table 1) were phosphorylated 
and ligated into  the Acc I and Pst I sites of pT7-5/cassette IucY 
(Fig. 1). 

Individual  Cys-replacement mutants were constructed in 
C-less permease from residue Tyr 75 to Leu 99 (Fig. 1) by 
oligonucleotide-directed, site-specific mutagenesis. Mutations 
were introduced by PCR using pT7-5/lacY/C-less as template 
as described in the Materials and methods. The PCR fragments 
were restricted with Acc I and Pst I (Fig. 1) and ligated into  the 
pT7-5lcassette lacy encoding C-less permease. Because muta- 
tion of Leu 99 destroys the Pst I site,  the Acc I and Nue I sites 
were used for subcloning this mutant. After  propagation in 
E. coli HB101, recombinant plasmid DNA was isolated and mu- 
tations were verified by sequencing the Acc I-Pst I fragments 
(Acc I-Nae I fragment for LWC) through the ligation junctions 
as described in the Materials and methods. Except for  the base 
changes summarized in Table 1, the sequences were identical to 
that of the C-less cassette lacy (EMBO-X56095). 

For construction of mutant p(wt)L76C  (the L76C muta- 
tion in the wild-type background),  the Acc I-Pst I restriction 
fragment of  L76C was isolated and ligated to the similarly 
treated pT7-5kassette wild-type lacy vector. Sequencing of 
the  subcloned  fragment verified the presence of mutation 
CTG(Leu) + TGT(Cys) at position 76. 

Colony morphology 

As a  preliminary,  qualitative assay of transport activity, each 
mutant was transformed into E. coli HBlOl and grown on 
MacConkey indicator plates containing 25 mM lactose. HBlOl 
(lacZ+ Y-) expresses active 0-galactosidase but carries a defec- 
tive lacy gene. Cells expressing functional lac permease allow 
access of external lactose to cytosolic &galactosidase and sub- 
sequent metabolism of the monosaccharides causes acidification 
and  the appearance of red colonies. Cells that are impermeable 
to lactose grow as white colonies, and permease mutants with 
low activity grow as red colonies with a white halo. 

Mutants A23, Alaz3,  and Phe,, grow as white colonies. In 
marked contrast, cells expressing Leu,, permease form signif- 

' Site-directed mutants are designated as follows: the 1-letter amino 
acid code is used followed by a number indicating the position of the 
residue in the wild-type lac permease and then a second letter denoting 
the amino acid replacement at this position. 

icantly smaller, red colonies, indicating that growth of bacte- 
ria expressing this mutant is retarded,  but some  ability to 
translocate lactose down a  concentration  gradient is retained. 
Interestingly, after 30-36 h incubation at 37 "C, fast-growing  red 
revertants appear  on  the indicator plates containing Leu,, per- 
mease.  DNA-sequence  analysis  of  plasmids isolated from the re- 
vertants reveals relatively large deletions in  helix 111; Leu,, was 
reduced to  Leu,, or Leu,. 

With the exception of  L76C (but not p(wt)L76C), which  yields 
red colonies with a white halo,  the Cys-replacement mutants 
grow as red colonies indistinguishable from cells expressing 
C-less permease. 

Active lactose transport 

As a  more  quantitative measure of function,  the ability of each 
mutant  to accumulate lac against a  concentration  gradient was 
assayed in E. coli T184 (2-Y-).  Mutants A,,, Ala23, Phez3, 
and Leu,, or its fast-growing revertants Leu, and  Leu,,  are un- 
able to catalyze active accumulation of lactose above  back- 
ground levels (data not shown). In contrast, the  majority of 
the Cys-replacement mutants transport lactose at high rates 
(Fig. 2A) to significant  steady-state levels  of accumulation  (Fig.  2B). 
When rates of lactose transport  are measured at 1 min, 18 of 
25 mutants exhibit rates of  75-100% or more of C-less, 6 mu- 
tants  transport  at rates that  are between 40 and 70% of C-less, 
and  the  rate of transport by L76C permease is  below 20% of 
C-less (Fig. 2A). Steady-state levels of lac accumulation by the 
great  majority of the mutants  also  approximate or exceed that 
of C-less permease (Fig. 2B). Twenty-one mutants  accumulate 
to levels of 75-100% or more of C-less, and 3 mutants achieve 
steady states that  are between 40 and 60% of  C-less. In contrast, 
mutant L76C accumulates lactose to a level that is only 18% of 
the C-less. 

Time courses of lactose accumulation for  the mutants with 
low or intermediate levels  of activity are shown in Figure 3. Mu- 
tants L84C and L98C transport  the sugar to approximately 40% 
of the level achieved by C-less permease, and mutant G96C cat- 
alyzes close to 60% of  C-less accumulation. Clearly, L76C per- 
mease also retains some ability to accumulate lactose against a 
concentration gradient but reaches  only about 18% of the C-less 
steady state. In order to investigate the properties of the L76C 
mutant  further, the  mutation was transferred into the wild-type 
background (Fig. 4). As shown, in the presence of the  8 native 
Cys residues, the L76C mutant  transports lactose at a highly  sig- 
nificant rate (55% of  wild type) and level  of accumulation (65% 
of  wild type). The results demonstrate that Leu 76  is not essen- 
tial for  transport  and  that the low activity observed for  mutant 
L76C can be attributed to an interaction between this mutation 
and  the 8 other mutations in C-less permease. 

Expression of mutants 

One possible explanation for the inability of the synthetic helix 
replacement mutants  to accumulate lactose is unstable expres- 
sion.  However,  [35S]methionine labeling and pulse-chase ex- 
periments demonstrate  that Alaz3, Phez3,  and Leu,, are all 
inserted in the membrane in a  stable form (not shown). 

In  order to test the effect of the Cys replacements on expres- 
sion,  immunoblots were carried out  on membrane preparations 
from E. coli T184-harboring plasmids encoding each mutant. 
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Table 1. DNA sequence analysis of Cys-replacement mutants in the C-less cassette lacy gene 

Mutant  Mutagenic  oligonucleotidea  Codon  change 

A23 sense 
antisense 

Alaz3 sense 
antisense 

Phez3 sense 
antisense 

Leu2, sense 
antisense 

Y75C sense 
L76C sense 
L77C sense 

antisense 
W78C sense 

antisense 
I79C sense 

antisense 
I80C sense 

antisense 
T81C sense 

antisense 
G82C sense 

antisense 
M83C sense 

antisense 
L84C sense 

antisense 
V85C sense 

antisense 
M86C sense 

antisense 
F87C sense 

antisense 
A88C sense 

antisense 
P89C sense 

antisense 
F90C sense 

antisense 
F91C sense 

antisense 
I92C sense 

antisense 
F93C sense 

antisense 
I94C sense 

antisense 
F95C sense 

antisense 
G96C sense 

antisense 
P97C  antisense 
L98C antisense 
L99C sense 

antisense 

CTACGCAAATACCTGCA 
GGTATTTGCGT 
CTACGCAAATACGCG(GCC),GCA(GCG)~GCTGCAGCGGCCGCA(GCG)~GCAGCC(GCG)ZCTGCA 
G(CGC),GGCTGC(CGC)~TGCGGCCGCTGCAGC(CGC)~TGC(GGC)~CGCGTATTTGCGT 
CTACGCAAATAC  (TTC)lzTTT(TTC)loCTGCA 
G (GAA)  loAAA  (GAA)  lzGTATTTGCGT 
CTACGCAAATAC(CTG)5(CTC)z(CTG)6TTA(CTG)9CTGCA 
G(CAG)~TAA(CAG)~(CAG)Z(CAG),GTATTTGCGT 
GACAAACTCGGTCTACGCAAATGCCTGTGG 
GACAAACTCGGTCTACGCAAATACTGTCTGTGGATTATTACC 
CGCAAATACCTGTGTTGGATTATTACC 
GGTAATAATCCAACACAGGTATTTGCG 
TACCTGCTGTGTATTATTACCGGC 
GGTAATAATACACAGCAGGTA 
CTGCTGTGGTGTATTACCGGC 
GCCGGTAATACACCACAGCAG 
CTGTGGATTTGTACCGGCATG 
CATGCCGGTACAAATCCACAG 
CTGTGGATTATTTGCGGCATGTTAGTG 
CACTAACATGCCGCAAATAATCCACAG 
ATTATTACCTGCATGTTAGTG 
CACTAACATGCAGGTAATAAT 
ATTACCGGCTGCTTAGTGATGTTTGCG 
CATCACTAAGCAGCCGGTAATAAT 
ACCGGCATGTGTGTGATGTTTGCG 
AAACATCACACACATGCCGGT 
GGCATGTTATGTATGTTTGCG 
CGCAAACATACATAACATGCC 
ATGTTAGTGTGTTTTGCGCCG 
CGGCGCAAAACACACTAACATGCC 
TTAGTGATGTGTGCGCCGTTC 
GAACGGCGCACACATCACTAACAT 
GTGATGTTTTGTCCGTTCTTTATT 
AAAGAACGGACAAAACATCACTAA 

ATGTTTGCGTGTTTCTTTATTTTT 
AATAAAGAAACACGCAAACATCAC 
TTTGCGCCGTGCTTTATTTTTATC 
AAAAATAAAGCACGGCGCAAACAT 
GCGCCGTTCTGTATTTTTATCTTC 
GATAAAAATACAGAACGGCGC 
CCGTTCTTTTGTTTTATCTTCGGG 
GAAGATAAAACAAAAGAACGGCGC 
TTCTTTATTTGTATCTTCGGG 
CCCGAAGATACAAATAAAGAA 
TTTATTTTTTGCTTCGGGCCA 
TGGCCCGAAGCAAAAAATAAAGAA 
ATTTTTATCTGCGGGCCACTG 
CAGTGGCCCGCAGATAAAAATAAA 
ATTTTTATCTTCTGTCCACTGCTGCAG 
CTGCAGCAGTGGACAGAAGATAAAAAT 
GTTGTACTGCAGCAGACACCCGAAGATAAAAAT 
GTTGTACTGCAGACATGGCCCGAAGAT 
GGGCCACTGTGTCAGTACAACATT 
GTTGTACTGACACAGTGGCCC 

TAC + TGC 
CTG + TGT 
CTG + TGT 

TGG + TGT 

ATT + TGT 

ATT + TGT 

ACC + TGC 

GGC -+ TGC 

ATG -+ TGC 

TTA + TGT 

GTG + TGT 

ATG + TGT 

TTT -+ TGT 

GCG + TGT 

CCG + TGT 

TTC - TGC 
TTT + TGT 

ATT + TGT 

TTT + TGT 

ATC + TGC 

TTC + TGC 

GGG + TGT 

CCA -+ TGT 
CTG + TGT 
CTG + TGT 

a Sequences of  mutagenic  primers  are presented in  the  5' + 3' order with altered  codons in boldface  type. 
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Fig. 2. Active lactose transport by E. coli TI84 expressing individual 
Cys-replacement mutants. Cells were grown at  37"C,  and aliquots 
of cell suspensions (50 pL containing 35 pg of protein) in 100 mM KP, 
(pH 7.5)/10 mM MgS04 were  assayed  as  described  in the Materials and 
methods. A: Rates of lactose transport measured at 1 min. The rate for 
C-less permease averaged 35 nmol lactose/min/mg protein. Results are 
expressed  as a percentage of this value. Although not shown (see Fig. 3), 
TI84 cells harboring pT7-5 (vector with no lacy gene) transported at 
a  rate of 1.15 nmol lactose/min/mg protein (i.e., 3.3% of C-less). 
B: Steady-state levels of lactose accumulation. Results are expressed as 
a percentage of the C-less value, which averaged 134 nmol lactose/mg 
protein.  Although not shown (see Fig. 3), TI84 cells harboring pT7-5 
accumulated 8.5 nmol lactose/mg protein in 1  h (i.e., 6.3% of C-less). 

Each mutant is present in the membrane at levels comparable 
to C-less permease (Fig. 5 ) .  

Effect of NEM on transport activity 

The effect of NEM,  a  membrane-permeant sulfhydryl reagent, 
on  the initial rate of lactose transport  for each Cys-replacement 
mutant was tested (Fig. 6). With the exception of G96C, which 
exhibits approximately 80% inhibition, the activity of the mu- 
tants is not  affected significantly by the alkylating agent.  The 
time required for 1 mM NEM (final concentration) to inactivate 
G96C permease by 50% (i.e., t1,2) is about 10-15 s (data not 
shown),  a rate significantly faster than  that reported for wild- 
type permease (Viitanen et al., 1985). When cells expressing 

0 10 20 30 40 

Time (min) 
Fig. 3. Time courses of lactose transport by single-Cys mutants with  low 
or intermediate activity. E. coli TI84 transformed with plasmid pT7-5 
(vector with no lacy gene), pT7-5-encoding C-less permease, or pT7-5- 
encoding given Cys-replacement mutants were grown and assayed  as de- 
scribed in the Materials and methods. 

G96C permease are incubated with NEM under  conditions 
where  only partial inactivation occurs (0.1 mM NEM for 10 min; 
Fig. 7), the substrate  analogue  TDG enhances the effect of the 
alkylating agent. Although not shown, in the presence of 10 mM 
TDG (final  concentration),  the rate of NEM inactivation in- 
creases (i.e., t , , z  decreases) about 2-fold. 

Discussion 

Results from extensive Cys-scanning mutagenesis on lac perme- 
ase indicate that very  few residues are critically involved in the 

200 
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Fig. 4. Time course of lactose transport by mutant p(wt)L76C (i.e., 
L76C permease in the wild-type background). E. coli T184 transformed 
with  plasmid  pT7-5  (vector  with no lacYgene) (0), pT7-Sencoding wild- 
type permease (O), or pT7-5-encoding mutant p(wt)L76C (0) were 
grown and assayed as described in the Materials and methods. 
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Fig. 5. Western blots of membranes containing C-less lac permease or 
Cys-replacement mutants. Membranes were prepared from IPTG- 
induced cultures of TI84 harboring given plasmids, as described in the 
Materials and methods. Samples containing approximately 200 pg of 
membrane protein were subjected to SDS-PAGE,  electroblotted, and 
the blots were incubated with anti-C-terminal lac permease antibody, 
followed by incubation with  horseradish peroxidase-conjugated protein 
A  (Amersham).  The blots were developed with chemiluminescent sub- 
strate (Renaissance; New England Nuclear) and exposed to film for 
1 min.  The arrow on the left indicates the position of the marker pro- 
tein carbonic anhydrase (32.5 kDa). 

mechanism of  lac/H+  symport.  Thus, in helices IX and X only 
Arg  302,  His 322, and  Glu 325 are essential for  activity  (Sahin- 
Toth & Kaback, 1993), Thr 348 in helix XI is potentially impor- 
tant  (Dunten et al., 1993; Frillingos & Kaback, unpubl. obs.) and 
none  of  the residues per  se in the  N-terminus or the first trans- 
membrane  domain is required  for  activity  (Sahin-Toth et  al., 
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1994b). Similar results have been obtained  from  Cys  mutagen- 
esis of helix VI1 and  the  flanking  cytoplasmic  and periplasmic 
sequences  (Frillingos et al., 1994), as well as helix V (C. Weitz- 
man & H.R.  Kaback,  manuscript in prep.). 

In the present study, Cys-scanning mutagenesis was employed 
to identify functionally  important residues in putative helix 111. 
Initially, helix 111 was  deleted or replaced with synthetic helices 
containing  23  identical  “helix-forming” residues (Ala,  Phe, or 
Leu).  Both  manipulations result  in  inactive permease, indicat- 
ing that helix I l l  is important.  Therefore,  each residue compris- 
ing this domain was replaced individually with Cys. Twenty-one 
of  the residues tolerate  Cys  replacement with  relatively  little or 
no effect on  transport activity or levels of expression. Three mu- 
tants (L84C. G96C,  and L98C)  exhibit lower,  but significant 
ability to  accumulate lactose, and only 1 mutation (L76C) causes 
more  drastic  inactivation.  However, when transferred  into  the 
wild-type background,  mutant L76C catalyzes highly significant 
lactose  accumulation. 

In an initial screen for accessibility or reactivity of the Cys res- 
idues at each  position from  Tyr 75 to Leu 99, the effect of  NEM 
on lactose transport was tested (Fig. 5) .  The single-Cys mutants, 
with exception of G96C, exhibit no significant change in trans- 
port activity upon  NEM  treatment.  The simple explanation  for 
the  observation is that most of  the  Cys residues are inaccessi- 
ble to NEM  and  do  not  react.  Although  this is a  possibility, i t  
seems unlikely because NEM is relatively permeant,  and a num- 
ber of Cys  mutants in helices VII, X, and XI located in the  mid- 
dle  of  the  membrane or disposed  toward  the  inner  surface  are 
readily inhibited  (Dunten et al., 1993; Sahin-Toth & Kaback, 
1993; Frillingos et al., 1994). Interestingly, G96C is more rapidly 
inactivated by NEM  than wild-type permease (Viitanen  et  al., 
1985), suggesting that  this residue is more accessible and/or re- 
active than  Cys 148 (helix v) in wild-type permease. In contrast 
to wild-type permease  (Fox & Kennedy, 1965), however, the sub- 
strate  analogue  TDG  does  not protect  against  NEM  inactivation 
but  enhances  the  rate of inactivation. 

Permease with a single Cys  residue in place of Val 3 15 (helix X) 
is inactivated by NEM at least 10 times  faster in the presence 
of  TDG  or A,?,,+ (Sahin-Toth & Kaback, 1993; Jung et al., 
1994a), and it has been suggested that ligand binding or A,?,+ 
may induce a similar  conformational  change in the permease. 
More recently, by using  site-directed fluorescence labeling of a 
number  of single-Cys mutants, it has been shown  that ligand 
binding  probably  induces widespread changes in the  tertiary 
structure  without  affecting  secondary  structure  (Jung et al., 
1994c; Wu & Kaback, 1994). In  this  context,  the  finding  that 
NEM  inactivation  of  G96C  permease is enhanced by TDG sug- 
gests that helix I l l  may  also  be involved in ligand-induced con- 
formational  change. 

In conclusion,  as  judged by Cys-scanning  mutagenesis, none 
of  the 25 residues comprising  putative helix I l l  is important per 
se  for  permease activity. However, Leuz3. Alaz3, or Phez3 per- 
mease is unable  to  catalyze  lactose  accumulation  to  any  extent 
whatsoever. The  observations  taken  as a whole  indicate that cer- 
tain physicochemical features (e.g., surface  contour,  hydro- 
phobicity)  rather  than  individual  amino  acid  side  chains  are 
important in this  region of  the permease. Thus, replacement of 
a single residue with Cys does  not significantly disrupt  the func- 
tionally competent  structure  of  the protein and is well tolerated, 
whereas  more  drastic  manipulations (e.g., replacement of  the 
helix) result in impaired  function. 
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Fig. 6. Effect of NEM on active lactose transport by E. coli T184 har- 
boring plasmids encoding single-Cys mutants. Cells  were incubated with 
1 mM NEM (final concentration) at room temperature for 15 min, re- 
actions were quenched by addition of 10 mM dithiothreitol (final con- 
centration), and cells  were assayed for initial rates of lactose transport 
in the presence of 20 mM potassium ascorbate and 0.2 mM PMS (Kon- 
ings  et al., 1971). Rates are presented as  a percentage of the rate mea- 
sured in the absence of NEM. 

Materials and methods 

Materials 

[l-'4C]Lactose  and [ c x - ~ ~ S I ~ A T P  were purchased from Amer- 
sham (Arlington Heights, Illinois). Deoxyoligonucleotides were 
synthesized on an Applied Biosystems 391 DNA synthesizer. 
Site-directed rabbit polyclonal antiserum against a  dodecapep- 
tide corresponding to the C-terminus of lac permease (Carrasco 
et al., 1984b) was prepared by BabCo  (Richmond,  California). 
Restriction endonucleases and T4 DNA ligase were from New 
England Biolabs (Beverly, Massachusetts). Taq DNA polymer- 
ase was from  Promega  Corporation  (Madison, Wisconsin). Se- 
quenase was from United States Biochemical (Cleveland, Ohio). 
NEM and  TDG were from Sigma Chemical Company (St. 
Louis, Missouri). All other materials were  reagent grade and ob- 
tained from commercial sources. 

Bacterial strains and plasmids 

E. coli HBlOl (hsdS20 (re ,  me) ,   r ecAl3 ,  ara-14,  proA2, 
lacY1,  galK2, rpsL2O (Sm'), xyl-5, mtl-I, supE44, X- /F-)  
(Boyer & Roulland-Dussoix, 1969)  was used as carrier for  the 
plasmids described and  for detection of lac permease activity on 
MacConkey-agar indicator plates (Difco Laboratories) contain- 
ing 25 mM lac. E. coliT184 ( lacI+O+Z-Y- (A) ,  rspL,  met-, 
thr-, recA, hsdM,  hsdR/F', lac1q0+ZD''* ( Y + A + ) )  (Teather 
at al., 1980) harboring plasmid pT7-5/lacY with  given mutations 
was used for expression of lac permease from  the lac promoter. 
A cassette lacy gene  (EMBL-X56095) devoid of  Cys codons (van 
Iwaarden et al., 1991) containing the lac promoter/operator was 
used for site-directed mutagenesis. 

0 0.5 1 1.5 2 2.5 

Time (min) 

Fig. 7. Effect of TDG on the NEM inactivation of lactose transport by 
mutant G96C. E. coli T184 transformed with pT7-5//acY/C-less encod- 
ing mutation G96C  was treated with 0.1 mM NEM (final concentration) 
in the absence or presence of 10  mM TDG (final concentration)  for 
10 min. The reaction was stopped by addition of 10 mM dithiothreitol 
(final concentration), and cells  were assayed for initial rates of lac up- 
take in the presence of 20 mM potassium ascorbate and 0.2 mM PMS 
(Konings et al., 1971). Shown are  the time courses of lactose transport 
obtained for nontreated cells (O), cells treated with  NEM only (0). and 
cells treated with NEM in the presence of TDG (0). 

Oligonucleotide-directed site-specific mutagenesis 

Cys replacement mutants were constructed by a 2-stage PCR 
method  (PCR overlap-extension; Ho et al., 1989) using a pT7- 
5/lacY/cassette encoding C-less permease (van Iwaarden et al., 
1991) as template. Sequences of the synthetic mutagenic prim- 
ers used are given in Table 1. The  PCR  products were digested 
with Acc I and Pst I restriction endonucleases (see Fig. 1 for 
location of sites) and ligated to a similarly treated pT7-5/lacY/ 
C-less vector. Mutants Y75C and L76C, or P97C and L98C  were 
constructed by 1-stage PCR  from mutagenic primers that in- 
cluded the sequence of the Acc I site or the Pst I site, respec- 
tively  (see Table 1). For construction of mutant L99C, the  PCR 
product was restricted at the Nae I site because Pst I is destroyed 
by the mutation (Table 1). 

Finally, for construction of mutant p(wt)L76C (the L76C mu- 
tation in the wild-type background), the Acc I-Pst I restriction 
fragment of pL76C was isolated and ligated to similarly treated 
pT7-5kassette wild-type lacy vector. 

DNA sequencing 

Double-stranded plasmid DNA prepared by Magic Minipreps 
(Promega) was sequenced using the dideoxynucleotide termina- 
tion method (Sanger  et al., 1977) and synthetic sequencing prim- 
ers, after alkaline denaturation  (Hattori & Sakaki, 1986). 

Growth of bacteria 

E. coli HBlOl (Z+Y-) or T184 (Z-Y-)  transformed with 
each of the plasmids described was grown aerobically at 37 "C 
in Luria-Bertini medium containing  streptomycin (10 pg/mL) 
and ampicillin (100 Wg/mL). HBlOl cell cultures were used for 
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preparation of plasmid DNA. Dense cultures of  T184  cells  were 
diluted 10-fold and allowed to grow for another 2 h, before in- 
duction with 1 mM IPTG. After further growth for  2  h  at 37 “C, 
cells were harvested and used for transport assays or prepara- 
tion of membranes. 

Active lactose transport 

Cells  were washed with  100  mM KP, (pH 7.5)/10 mM  MgSO, 
and adjusted to  an optical density of 10 at 420  nm (approxi- 
mately 0.7 mg protein/mL).  Transport of [l-’4C]lactose (2.5 
mCi/mmol; 1 mCi = 37 MBq), at  a  final  concentration of 
0.4  mM, was assayed by rapid filtration  as described by Con- 
sler et al. (1991). 

Membrane preparation 

Crude membrane  fractions  from T184  cells  were prepared es- 
sentially as described by Sahin-Toth and Kaback (1993).  Briefly, 
cells  were  lysed in ice-cold osmotic shock buffer (25  mM Tris- 
HCI [pH 8.0]/45% sucrose/l mM EDTA), pelleted, resus- 
pended in ice-cold water, allowed to stand for 10  min on ice, and 
then incubated with lysozyme (0.13 mg/mL) for 30 min. Sus- 
pensions were sonicated and, after removal of unlysed cells, 
membranes were harvested by ultracentrifugation. 

Immunological analyses 

Membrane fractions were subjected to 12% SDS-PAGE, as de- 
scribed (Newman et al., 1981). Proteins were electroblotted to 
polyvinylidene difluoride membranes (Immobilon-PVDF, Milli- 
pore) and probed with a site-directed  polyclonal antibody against 
the  C-terminus of lac permease (Carrasco et al., 1984b; Herz- 
linger et al., 1985). 

Protein determinations 

Protein was assayed in the presence of SDS by a modified 
Lowry method  (Peterson, 1977), using bovine serum albumin 
as standard. 
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