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Abstract

Using a functional lactose permease mutant devoid of Cys residues (C-less permease), each amino-acid residue
in putative transmembrane helices IX and X and the short intervening loop was systematically replaced with
Cys (from Asn-290 to Lys-335). Thirty-four of 46 mutants accumulate lactose to high levels (70-100% or more
of C-less), and an additional 7 mutants exhibit lower but highly significant lactose accumulation. As expected (see
Kaback, H.R., 1992, Int. Rev. Cytol. 137A, 97-125), Cys substitution for Arg-302, His-322, or Glu-325 results
in inactive permease molecules. Although Cys replacement for Lys-319 or Phe-334 also inactivates lactose accu-
mulation, Lys-319 is not essential for active lactose transport (Sahin-Téth, M., Dunten, R.L., Gonzalez, A., &
Kaback, H.R., 1992, Proc. Natl. Acad. Sci. USA 89, 10547-10551), and replacement of Phe-334 with leucine
yields permease with considerable activity. All single-Cys mutants except Gly-296 — Cys are present in the mem-
brane in amounts comparable to C-less permease, as judged by immunological techniques. In contrast, mutant
Gly-296 — Cys is hardly detectable when expressed at a relatively low rate from the lac promoter/operator but
present in the membrane in stable form when expressed at a high rate from the T7 promoter. Finally, studies with
N-ethylmaleimide (NEM) show that only a few mutants are inactivated significantly. Remarkably, the rate of
inactivation of Val-315 — Cys permease is enhanced at least 10-fold in the presence of 3-galactopyranosyl 1-thio-
8,D-galactopyranoside (TDG) or an H* electrochemical gradient (Ajiy+). The results demonstrate that only three
residues in this region of the permease — Arg-302, His-322, and Glu-325 —are essential for active lactose trans-
port. Furthermore, the enhanced reactivity of the Val-315 —» Cys mutant toward NEM in the presence of TDG
or Apy+ probably reflects a conformational alteration induced by either substrate binding or Ajg+.

Keywords: active transport; Cys modification; Cys replacements; lactose permease mutants; scanning mutagenesis

B-Galactoside transport in Escherichia coli is dependent
upon the lactose permease, a hydrophobic, polytopic cy-
toplasmic membrane protein that catalyzes the coupled
translocation of sugar and H* with a 1:1 stoichiometry
(i.e., symport or cotransport). Encoded by the lacY gene,
the permease has been solubilized from the membrane,
purified, reconstituted into proteoliposomes, and shown
to be responsible for 3-galactoside transport, probably as

Reprint requests to: H. Ronald Kaback, HHMI/UCLA, 6-720 Mac-
Donald Bldg., 10833 Le Conte Avenue, Los Angeles, California
90024-1662.

Abbreviations: C-less permease, functional lactose permease devoid
of Cys residues; TDG, 8,p-galactopyranosyl 1-thio-3,p-galactopyran-
oside; Afiy+, the H™ electrochemical gradient across the membrane;
NEM, N-ethylmaleimide; lac, lactose; CCCP, carbonylcyanide-m-chio-
rophenylhydrazone; IPTG, i-propyl 1-thio-3,p-galactopyranoside; KP;,
potassium phosphate; SDS, sodium dodecyl sulfate.

a monomer (see Kaback [1989, 1992] and Kaback et al.
[1990] for reviews). Circular dichroic studies and hydrop-
athy analysis of the amino-acid sequence (Foster et al.,
1983) led to the proposal that the permease has a short hy-
drophilic N-terminus, 12 hydrophobic domains in «-helical
configuration that traverse the membrane in a zig-zag
fashion connected by hydrophilic loops, and a 17-residue
hydrophilic C-terminal tail (Fig. 1). Evidence supporting
the general features of the secondary-structure model and
demonstrating that both the N- and C-termini are on the
cytoplasmic face of the membrane has been obtained
from laser Raman spectroscopy (Vogel et al., 1985), from
limited proteolysis (Goldkorn et al., 1983; Stochaj et al.,
1986; Page & Rosenbusch, 1988), immunological studies
with monoclonal (Carrasco et al., 1982, 1984b; Herzlinger
et al., 1984, 1985) and site-directed polyclonal antibod-
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ies (Seckler et al., 1983, 1986; Carrasco et al., 1984a;
Seckler & Wright, 1984; Danho et al., 1985), and chemi-
cal modification (Page & Rosenbusch, 1988). Moreover,
exclusive evidence for the presence of 12 transmembrane
domains has been obtained from analyses of a large num-
ber of lac permease-alkaline phosphatase ({acY-phoA)
fusions (Calamia & Manoil, 1990).
Oligonucleotide-directed, site-specific mutagenesis of
lac permease has been useful for identifying functionally
important residues (see Kaback, 1989, 1992; Kaback et al.,
1990). Site-directed replacement of Arg-302 (Menick et al.,
1987) in putative helix IX, His-322 (Padan et al., 1985;
Piittner et al., 1986, 1989; King & Wilson, 1989a,b, 1990a;
Brooker, 1990, 1991) or Glu-325 (Carrasco et al., 1986,
1989) in helix X indicate that these residues play a par-
ticularly important role in lac/H* symport and/or sub-
strate recognition. Moreover, differences in the properties
of the mutants with respect to various translocation re-
actions catalyzed by the permease have led to the sugges-
tion that Arg-302, His-322, and Glu-325 may function as
components of an H* translocation pathway, although
it is also possible that the residues form part of a coordi-
nation site for H;0* (see Kaback et al. [1990] for a dis-
cussion). Lys-319 in helix X is also important for activity
(Persson et al., 1992), but recent experiments (Lee et al.,
1992; Sahin-To6th et al., 1992) demonstrate that Lys-319
interacts functionally with Asp-240 and that neither res-
idue is mandatory for active lac transport. In addition,
Ile-303 (Eelkema et al., 1991) and Ser-306 (Collins et al.,
1989; King & Wilson, 1989b, 1990b) in helix IX have been
suggested to be important for sugar recognition.
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The observations that putative helices IX and X con-
tain residues essential for both H* translocation and
substrate recognition indicate that this region of the per-
mease plays an important role in the mechanism of action
of the permease, a contention that is also consistent with
insertional mutagenesis studies (McKenna et al., 1992b).
Therefore, this region of lac permease was subjected to
systematic “scanning” mutagenesis using a functional mu-
tant devoid of Cys residues (C-less permease; van Iwaar-
den et al., 1991). Residues from Asn-290 to Lys-335 were
individually replaced with Cys, and activity, expression,
and sensitivity to inhibition by NEM were studied. Cys
was chosen as a “scanner” residue because: (1) the side-
chain is of intermediate bulk; (2) Cys is relatively hydro-
phobic (Kyte & Doolittle, 1982); (3) Cys reacts specifically
with a variety of sulfhydryl reagents; and (4) Cys muta-
genesis has been used to study other membrane proteins
(e.g., bacteriorhodopsin [Flitsch & Khorana, 1989], the
tar protein [Lynch & Koshland, 1991; Pakula & Simon,
1992], maltoporin [Francis et al., 1991], and the nicotinic
acetylcholine receptor [Akabas et al., 1992]).

The great majority of the Cys-replacement mutants in
lac permease retain highly significant lac transport activ-
ity, and evidence is presented demonstrating that only
three residues, Arg-302, His-322, and Glu-325, play an
important role in the transport mechanism. Further-
more, studies with NEM show that only a few of the Cys-
replacement mutants are inactivated significantly, and
one mutant — V315C —exhibits markedly enhanced rates
of inactivation in the presence of ligand or an H" elec-
trochemical gradient (Ajiy+).
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Results

Construction and verification of mutations

Individual Cys-replacement mutants were constructed in
C-less permease from residue Asn-290 to Lys-335, a re-
gion containing putative transmembrane helices IX and
X and a short intervening hydrophilic loop (Fig. 1). Each
Cys mutant was constructed by oligonucleotide-directed
site-specific mutagenesis in bacteriophage M13mp19. The
replicative forms of verified M13 clones were restricted
with Kpn I and Spe I (Fig. 1) and the fragments ligated
into plasmid pT7-5/cassette lacY encoding C-less perme-
ase (van Iwaarden et al., 1991). After propagation in E.
coli HB101, recombinant plasmid DNA was isolated, and
the Kpn 1-Spe 1 fragments were subjected to double-
stranded DNA sequencing as described in Materials and
methods. Except for the base changes summarized in Ta-
ble 1 the sequences were identical to that of C-less cassette
lacY. Mutant C333, C-less permease with a native Cys res-
idue restored, was constructed by ligating the Kpn [-Spe
I fragment of pT7-5/cassette JlacY into pT7-5/cassette
lacY encoding C-less permease.

Colony morphology

Escherichia coli HB101 (lacZ*Y ~) is a “cryptic” strain
that expresses active 8-galactosidase but carries a defec-
tive lacY gene. Cells expressing functional lac permease
allow access of external lac to cytosolic 3-galactosidase,
and subsequent metabolism of the monosaccharides
causes acidification and the appearance of red colonies on
MacConkey-agar indicator plates containing lac. Cells
that are impermeable to lac appear as white colonies, and
permease mutants with low activity grow as red colonies
with a white halo. It is important that indicator plates re-
port “downhill” lac translocation only and give no indi-
cation as to whether or not cells catalyze active transport
(i.e., accumulation against a concentration gradient).
HB101 expressing mutants containing individual Cys re-
placements for Gly-296, Arg-302, Lys-319, Glu-325, Pro-
327, Gly-332, Phe-334, or Lys-335 in C-less permease
grow as red colonies with white halos. The remainder of
the mutants grow as red colonies indistinguishable from
C-less. Therefore, judging from indicator plates, all the
mutants retain at least some ability to translocate lac.

Active lactose transport

As a more quantitative measure of function, [1-!4C]lac
transport was assayed in E. coli T184 expressing each Cys-
replacement mutant. When rates of lac uptake are mea-
sured at 1 min and expressed as a percentage of C-less
permease, it is apparent that the great majority of the
46 mutants transport lac at significant rates (Fig. 2A).
Twenty-five mutants transport lac at rates of 80-100% or

M. Sahin-Toth and H.R. Kaback

Table 1. DNA sequence analysis of cysteine
replacement mutants in the lac permease

Mutant Mutagenic oligonucleotide?® Codon change
N290C CAGCAGGGCACACTTCCCACC AAT — TGT
A291C CAGCAGCAGGCAATTCTTCCC GCC — TGC
L292C AGCCAGCAGACAGGCATTCTT CTG — TGT
L293C GCCAGCCAGACACAGGGCATT CTG — TGT
1.294C AGTGCCAGCACACAGCAGGGC CTG ~ TGT
A295C AATAGTGCCACACAGCAGCAG GCT — TGT
G296C CATAATAGTGCAAGCCAGCAG GGC — TGC
T297C AGACATAATACAGCCAGCCAG ACT — TGT
1298C TACAGACATACAAGTGCCAGC ATT — TGT
M299C ACGTACAGAACAAATAGTGCC ATG — TGT
S300C AATACGTACACACATAATAGT TCT — TGT
V301C AATAATACGACAAGACATAAT GTA - TGT
R302C GCCAATAATACATACAGACAT CGT — TGT
1303C TGAGCCAATACAACGTACAGA ATT — TGT
1304C CGATGAGCCACAAATACGTAC ATT - TGT
G305C GAACGATGAGCAAATAATTCG GGC — IGC
S306C GGTGGCGAACGAACAGCCAATAATACG TCA — TGT
S307C TGAGGTGGCGAAACATGAGCCAATAAT TCG — TGT
F308C TGAGGTGGCGCACGATGAGCC TTC — TGC
A309C CAGCGCTGAGGTGCAGAACGATGAGCC GCC — TGC
T310C TTCCAGCGCTGAGCAGGCGAACGATGA ACC — TGC
S311C TTCCAGCGCACAGGTGGCGAA TCA — TGT
A3l12C CACTTCCAGACATGAGGTGGC GCG — TGT
L313C AACCACTTCACACGCTGAGGT CTG — TGT
E314C CAGAATAACCACACACAGCGCTGAGGT GAA — TGT
V315C TTTCAGAATAACGCATTCCAGCGCTGA GTA — TGC
ViieC CGTTTTCAGAATACACACTTCCAGCGC GTT — TGT
1317C CAGCGTTTTCAGACAAACCACTTCCAG ATT — TGT
L318C ATGCAGCGTTTTGCAAATAACCACTTC CTG — TGC
K319C CATATGCAGCGTACACAGAATAACCAC AAA - TGT
T320C AAACATATGCAGACATTTCAGAATAAC ACG — TGT
L321C TTCAAACATATGGCACGTTTTCAGAAT CTG — TGC
H322C TACTTCAAACATACACAGCGTTTTCAG CAT — TGT
M323C CGGTACTTCAAAGCAATGCAGCGTTTT ATG — TGC
F324C CGGTACTTCACACATATGCAG TTT — TGT
E325C CAGGAACGGTACACAAAACATATGCAG GAA - TGT
V326C CAGCAGGAACGGGCATTCAAACATATGC GTA - TGC
P327C CACCAGCAGGAAGCATACTTCAAACAT CCG — TGC
F328C GCCCACCAGCAGGCACGGTACTTCAAA TTC — TGC
L329C GGAGCCCACCAGGCAGAACGGTACTTIC CTG - TGC
L330C AAAGGAGCCCACGCACAGGAACGGTAC CTG —» TGC
V33ic TTTAAAGGAGCCGCACAGCAGGAACGG GTG — TGC
G332C ATATTTAAAGGAGCACACCAGCAGGAA GGC — TGC
F334C AGTAATATATTTACAGGAGCCCACCAG TTT — TGT
K335C ACTAGTAATATAGCAAAAGGAGCCCAC AAA — TGC

aSequences of mutagenic primers are presented in the 5’ — 3 order,
with altered codons in boldface type.

more of C-less, and an additional 12 mutants exhibit rates
that are between 30 and 70% of C-less. In contrast, 9 mu-
tants (G296C, R302C, K319C, H322C, E325C, P327C,
G332C, F334C, and K335C)! exhibit markedly decreased

1 Site-directed mutants are designated as follows: the one-letter
amino-acid code is used followed by a number indicating the position
of the residue in wild-type lac permease. The sequence is followed by
a second letter denoting the amino-acid replacement at this position.
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Fig. 2. Lactose transport by E. coli T184 expressing C-less permease
or individual Cys-replacement mutants. Cells were grown overnight at
30 °C as described in Materials and methods. Aliquots of cell suspensions
(50 uL containing 35 pg of protein) in 100 mM KP; (pH 7.5)/10 mM
MgSO, were assayed at room temperature. Transport was initiated by
the addition of [1-'*C]lac (10 mCi/mmol) to a final concentration of
0.4 mM. Reactions were quenched by addition of 3.0 mL of 100 mM
KP; (pH 5.5)/100 mM LiCl and rapidly filtered through Whatman
GF/F filters. The single letter amino-acid code is used along the hori-
zontal axis to denote the original residues in increasing order from Asn-
290 to Lys-335. Mutants with diminished activity are indicated. A: Rates
of lac transport measured at 1 min. The rate of C-less permease was
31.6 nmol lac/min/mg protein. Results are expressed as a percentage
of C-less activity. Although not shown (see Fig. 3), the rate of trans-
port by T184 cells harboring pT7-5 (vector with no /acY gene) was 0.87
nmol/min/mg protein (i.e., 2.7% of C-less). B: Steady-state levels of
accumulation. The steady-state level of lac accumulation observed for
C-less permease was 142.5 nmol lac/mg protein. Results are expressed
as a percentage of this value. Although not shown (see Fig. 3), T184 har-
boring pT7-5 (vector with no /acY gene) took up 8.1 nmol of lac/mg pro-
tein in 1 h (i.e., 5.7% of C-less).

rates of transport, <10% of C-less permease. Steady-state
levels of lac accumulation for most of the mutants also
approximate C-less permease (Fig. 2B). Thirty-four mu-
tants accumulate lac to steady-state levels of 70-100% or
more of C-less permease, 7 mutants accumulate lac to
lower but significant steady-state levels of accumulation,
and 5 mutants appear to be unable to catalyze significant
lac accumulation (R302C, K319C, H322C, E325C, and
F334C).
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Fig. 3. Time courses of lac transport by single Cys mutants with low
activity. Escherichia coli T184 transformed with plasmid pT7-5/C-less
lacY, pT7-5 (vector with no lacY gene), or pT7-5 encoding given Cys-
replacement mutants were grown and assayed as described in Figure 2.
B, C-less; A, pT7-5, R302C, K319C, H322C, E325C; O, G296C; @,
P327C; O, G332C; A, K335C.

The data presented in Figures 3 and 4 represent time
courses of lac accumulation for the 9 mutants with the
lowest rates of transport. As shown (Fig. 3), mutants
G296C, P327C, G332C, and K335C accumulate at low
rates, but reach significant levels of accumulation in 1 h
(i.e., 25-35% of C-less permease, which represents at least
a 10-fold concentration gradient). Furthermore, lac ac-
cumulation by these mutants does not reach steady-state
by 1 h and is still increasing. Also, previous experiments
(Lolkema et al., 1988; Consler et al., 1991) demonstrate
that P327A permease catalyzes lac transport in a manner
indistinguishable from wild-type permease. On the other
hand, mutants R302C, K319C, H322C, E325C, and F334C
are unable to catalyze accumulation to a significant ex-
tent. Importantly, Lys-319 has been demonstrated to in-
teract functionally with Asp-240 and is not essential for
lac transport (Lee et al., 1992; Sahin-Téth et al., 1992).
Moreover, the data presented in Figure 4 show clearly that
replacement of Phe-334 with Tyr, Trp, or Leu yields per-
mease molecules that catalyze accumulation to increasingly
significant steady states (20%, 30%, or 70% of C-less per-
mease, respectively, at 1 h). Therefore, only 3 of the 46
residues in this region of lac permease — Arg-302, His-322,
and Glu-325 —are required for active lac transport.

Expression of Cys-replacement mutants

In order to test whether or not the alterations in transport
activity observed are due to differences in the amount of
permease in the membrane, immunoblots were carried
out on membrane preparations from E. coli T184 trans-
formed with plasmids encoding the different mutants.
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Fig. 4. Effect of various amino-acid replacements for Phe-334. Trans-
port of lac in E. coli T184 expressing C-less permease, no permease
(pT7-5 with no /acY gene), or permease mutants with given replacements
for Phe-334 was assayed as described in Figure 2. O, C-less; A, pT7-5;
A, F334C; @, F334L; OJ, F334W; W, F334Y.

With the exception of G296C, which catalyzes significant
lac accumulation (Fig. 3), each of the other mutants is
present in the membrane in an amount comparable to
C-less permease (Fig. 5). Strikingly, G296C is hardly de-
tected in the membrane when the gene is expressed at a
relatively low rate from the /ac promoter/operator. How-
ever, when the mutant is expressed at a high rate from the
T7 promoter after heat shock, it is present in the mem-
brane in significant amounts (Fig. 6).

One explanation for the unique behavior of mutant
G296C is that its lifetime in the membrane is diminished
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due to an enhanced rate of proteolysis (Roepe et al., 1989;
McKenna et al., 1991, 1992a). Under these circumstances,
little or no permease is observed when synthesis takes
place at relatively low rates via the /ac promoter/operator,
but the mutant protein is detected upon synthesis at a high
rate from the T7 promoter because the rate of synthesis
exceeds the rate of degradation. However, [**S]methio-
nine pulse-chase experiments demonstrate that the in-
tensity of the radioactive band corresponding to G296C
permease remains essentially constant for 10 h after ad-
dition of unlabeled methionine, as observed for C-less
permease (Fig. 7). Thus, as described for certain other
mutants in lac permease (Dunten et al., 1993), mutant
G296C appears to be defective in a step between trans-
lation and insertion into the membrane.

Effect of NEM on lactose transport activity
of Cys-replacement mutants

The effect of NEM, a membrane-permeable sulfhydryl
reagent, on lac transport by E. coli T184 expressing each
active Cys mutant was tested (Fig. 8). As shown, the rate
of transport by most of the single-Cys mutants in putative
helices IX and X is relatively unaffected by the alkylat-
ing agent. Significant but incomplete inhibition is ob-
served for mutants N290C, V315C, M323C, L329C, or
L330C, whereas lac transport by mutant V326C or V331C
is essentially completely inactivated by NEM. The time re-
quired for NEM (1 mM, final concentration) to inactivate
V326C or V331C permease by 50% (i.e., t,,,) is about
10 s and about 5 s, respectively (data not shown), rates
that are approximately 10 times faster than those reported
for wild-type permease (Viitanen et al., 1985).

GS SFATSAL

LKTLHMTPFEV P FLLVGC F KC-less

Fig. 5. Western blots of membranes containing C-less lac permease or Cys-replacement mutants. Escherichia coli T184 trans-
formed with pT7-5/C-less lacY or pT7-5/C-less lacY encoding given Cys mutations were grown and induced with IPTG as de-
scribed in Materials and methods. Membranes were prepared, and samples containing approximately 200 ug of protein per sample
were subjected to SDS-polyacrylamide gel electrophoresis, electroblotted, and the nitrocellulose paper was incubated with anti-
C-terminal antibody. After incubation with horseradish peroxidase-conjugated protein A, followed by a short incubation with
fluorescent substrate (Amersham), the nitrocellulose paper was exposed to film for 5 min. The single letter amino-acid code is
used to denote the amino-acid residues replaced with Cys in increasing order from Asn-290 to Lys-335. The asterisk marks mu-
tant G296C. Although not shown, membranes prepared from cells harboring pT7-5 with no /acY gene exhibit no immunoreac-

tive material (see McKenna et al., 1992b).
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Fig. 6. Immunoblot of membranes from mutant G296C permease over-
expressed from the T7 promoter. Escherichia coli T184 were cotrans-
formed with pGP1-2 encoding T7 RNA polymerase under the control
of a heat-shock promoter and pT7-5 encoding mutant G296C. Cells were
grown at 30 °C and heat shocked for 60 min at 42 °C. Membranes were
prepared from the heat-shocked cultures and subjected to electropho-
resis and Western-blotting as described in Materials and methods and
in Figure 5. Lane A, 100 ug of G296C membrane protein expressed from
the lac promoter/operator by IPTG induction; lane B, 50 ug of G296C
membrane protein expressed from the T7 promoter.

When right-side-out membrane vesicles containing mu-
tant V315C are incubated in the presence of 1 mM NEM,
a t,,, of about 30 min is observed in the absence of sub-
strate or an appropriate electron donor (Fig. 9). Strikingly,
in the presence of TDG, f¢,,, is decreased to 2-3 min.
That is, the rate of NEM inactivation increases approxi-
mately 10-fold in the presence of TDG. A similar effect
is observed when a Apy+ (interior negative and alkaline)
is generated across the vesicle membrane. Thus, in the
presence of ascorbate and phenazine methosulfate, the
t,,» for NEM inactivation is also decreased to 2-3 min,
and the effect is abolished by the protonophore CCCP.
Conversely, the effect of TDG is completely unaffected

G296C

C-less
—_—— i ———p -

-— -

- "
kel L Q‘..<-33kDa

123 451 23435

Fig. 7. [**S]Methionine labeling and pulse-chase with C-less permease
and mutant G296C expressed from the T7 promoter. Specific labeling
of lac permease with [**S]methionine was carried out in the presence
of rifampicin as described in Materials and methods. Escherichia coli
T184 cells were cotransformed with pGP1-2 encoding T7 RNA polymer-
ase under the control of a heat-shock promoter and pT7-5 encoding
C-less permease or mutant G296C. Cells were grown at 30 °C and heat
shocked for 60 min at 42 °C. After incubation with [>*S]methionine at
30 °C for 10 min, an aliquot was removed as the 0-min time point (lane
1). A 200-fold excess of cold methionine was then added, and aliquots
were removed for membrane preparation at 5 min (lane 2), 30 min (lane
3), 2 h (lane 4), and 10 h (lane 5). Membranes (approximately 25 ug of
membrane protein for C-less and 50 ug for G296C) were subjected to
polyacrylamide gel electrophoresis, and the dried gel was exposed to film
for 20 h.
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Fig. 8. Effect of NEM on lac transport by E. coli T184 harboring plas-
mids encoding single-Cys mutants. Cells were incubated with 2 mM
NEM at room temperature for 10 min and assayed for initial rates of
lac uptake in the presence of 20 mM potassium ascorbate and 0.2 mM
phenazine methosulfate (Konings et al., 1971). The single letter amino-
acid code denotes the amino-acid residues replaced with Cys in increas-
ing order from Asn-290 to Lys-335. Mutants with low activity were not
tested (N.D.). The results are presented as a percentage of the untreated
controls.
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Fig. 9. Effect of TDG or Ajy+ on the rate of NEM inactivation of lac
transport by mutant V315C. Right-side-out membrane vesicles (2 mg/mL
of protein in 100 mM KP;, pH 7.5/10 mM MgSO,) prepared from
E. coli T184 transformed with pT7-5/C-less lacY encoding V315C per-
mease were incubated with | mM NEM for the indicated times in the
absence () or presence (O) of 10 mM TDG. Reactions were stopped
by addition of 10 mM dithiothreitol (final concentration), and the ves-
icles were washed extensively with 100 mM KP; (pH 7.5)/10 mM
MgSO, to remove TDG. The initial rate of lac transport was then as-
sayed in the presence of 20 mM potassium ascorbate and 0.2 mM phen-
azine methosulfate under oxygen (Konings et al., 1971). To test the effect
of Ajy+, incubation with | mM NEM was carried out in the presence
of 20 mM potassium ascorbate and 0.2 mM phenazine methosulfate un-
der oxygen in the absence (@) or presence (M) of 20 uM CCCP. Reac-
tions were terminated by addition of 10 mM dithiothreitol, and the
vesicles were washed with 5% bovine serum albumin/10 mM dithiothre-
itol/100 mM KP; (pH 7.5)/10 mM MgSO,. Samples were then assayed
for lac transport, and the initial rate of transport was estimated from
the linear portion of of the time course (i.e., from 0 to 30 s). The bro-
ken line represents 50% inhibition.



1030

by CCCP (not shown). Finally, although data are not pre-
sented, when TDG and ascorbate/phenazine methosulfate
are added simultaneously, no further increase in the rate
of inactivation is observed. It is also relevant that the ga-
lactoside analog has no effect on the rate of NEM inac-
tivation with mutants N290C, M323C, 1.329C, V326C,
L330C, or V331C in intact cells.

Discussion

A systematic scanning mutagenesis strategy has been em-
ployed to identify functionally important amino-acid res-
idues in putative transmembrane helices IX and X and
the intervening hydrophilic segment in lac permease. Pre-
vious evidence (see Kaback [1992] for a review) indicates
that certain residues fundamental for lac accumulation
against a concentration gradient and/or substrate binding
are clustered in this region of the permease. Therefore, the
primary objective of the study was to determine whether
or not other residues in this region play an important role
in the mechanism of action of the permease. The results
provide a strong indication that 3 residues identified pre-
viously — Arg-302% (Menick et al., 1987), His-322 (Padan
et al., 1985; Piittner et al., 1986, 1989; Piittner & Kaback,
1988), and Glu-325 (Carrasco et al., 1986, 1989) — are the
only residues in this region of the permease that are im-
portant for active lac transport. The remainder of the res-
idues are either completely unimportant for activity or,
like Lys-319 (Lee et al., 1992; Sahin-Téth et al., 1992), are
not mandatory but appear to be necessary for full activ-
ity. Thus, individual Cys replacement for about half of
the 46 residues does not cause a significant change in lac
transport activity, and another quarter of the mutants ex-
hibit decreased rates of transport but retain the ability to
accumulate the disaccharide to high levels. Based on these
findings, it seems reasonable to conclude that the alter-
ations in transport activity observed as a result of site-di-
rected Cys replacements reflect the consequences of
replacement of specific amino-acid residues and are not
due to secondary long-range perturbations in the perme-
ase. Similarly, the great majority of single amino-acid
substitutions do not cause significant changes in synthe-
sis, folding, or insertion of the permease. Although stud-
ies with 45 Cys-replacement mutants support this notion,
mutant G296C is a clear exception to the rule.
Comparison of the primary amino acid sequence of
E. coli lac permease with the lac permease of Klebsiella
pneumoniae (McMorrow et al., 1988), the raffinose per-
mease of E. coli (Aslanidis et al., 1989), and a recently de-
scribed sucrose permease from E. coli (Bockmann et al.,
1992; Lengeler et al., 1992) reveals that Arg-302, Lys-319,
His-322, and Glu-325 are conserved in all four proteins.
It is particularly interesting that these residues are charged

2 In addition to Leu, Arg-302 has also been replaced with Lys, His,
or Ala with similar results (L. Patel & H.R. Kaback, unpubl.).
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and thought to be located within transmembrane domains.
In addition to the findings presented here, Sahin-To6th
et al. (1992) have found that Cys replacement of each of
the eight charged residues in putative transmembrane he-
lices results in lac permease molecules that are unable to
catalyze lac accumulation. Either of two possibilities can
provide a reasonable explanation for inactivation by the
replacements: (1) the charged residue itself is required
for the catalytic mechanism; or (2) the residue is not es-
sential mechanistically but interacts with an oppositely
charged residue elsewhere in the molecule (King et al.,
1991; Lee et al., 1992; Sahin-Toéth et al., 1992; Dunten
et al., 1993). Under the latter condition, replacement with
a neutral residue disrupts the charge pair, leaving an un-
paired charge within the low dielectric of the membrane,
which leads to inactivation, and neutralization of the
other member of the charge pair with a neutral residue re-
stores activity by eliminating the unpaired charge. For ex-
ample, replacement of Lys-319 with Cys inactivates the
permease, but replacement of both Lys-319 and Asp-240
with Cys yields permease with significant activity (Sahin-
Téth et al., 1992). In addition to demonstrating that there
is a functional interaction between the two residues, the
findings imply that neither Lys-319 nor Asp-240 is essen-
tial for transport, although the charge pair is needed for
full activity. In an even more clearcut fashion, replace-
ment of Lys-358 or Asp-237 with neutral residues inacti-
vates the permease, while neutral replacement of both
residues or reversal of the charged residues has little ef-
fect on activity. Thus, neither residue nor the charge pair
itself is necessary for activity (King et al., 1991; Sahin-
Toth et al., 1992; Dunten et al., 1993). In contrast, sig-
nificant lac accumulation is not observed when mutants
R302C, H322C, or E325C are combined with each of
other Cys-replacements for oppositely charged residues
(Sahin-Téth et al., 1992). The implication is that Arg-302,
His-322, and Glu-325 play a direct role in the transport
mechanism; however, there is the caveat that the charge-
pair neutralization approach is dependent upon permease
activity and will not reveal paired residues if the interac-
tion is essential for activity.

In an initial screen for the accessibility or reactivity of
the Cys residues at each position from Asn-290 to Lys-
335, the effect of NEM on lac transport in each of the ac-
tive mutants was studied. As demonstrated, most of the
mutants are unaffected by treatment with the alkylating
agent. The simple explanation is that most of the Cys res-
idues are inaccessible to NEM and do not react. Although
this is a possibility, it seems unlikely because: (1) NEM
is relatively permeant; and (2) mutants V326C and V331C
are rapidly and completely inactivated by NEM, and par-
tial inactivation is observed for mutants N290C, M323C,
L.329C, and L330C, although these residues are presum-
ably in the middle of the membrane or disposed toward
the inner surface (Fig. 1). In any case, each of the mutants
that exhibit sensitivity to NEM was examined for TDG
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protection against alkylation (Fox & Kennedy, 1965), and
surprisingly, lac transport in cells expressing V315C per-
mease exhibited enhanced rates of NEM inactivation in
the presence of the ligand (data not shown). For this rea-
son, right-side-out membrane vesicles containing V315C
permease were prepared in order to examine the phenom-
enon under more controlled conditions. In the absence of
either TDG or an appropriate ¢lectron donor, lac trans-
port by vesicles containing V315C permease is relatively
insensitive to NEM, exhibiting a ¢,,, for inactivation of
about 30 min. Remarkably, in the presence of either the
galactoside analog or ascorbate/phenazine methosulfate,
a redox pair that generates a large Apy+, the rate of in-
activation increases by at least an order of magnitude.
Moreover, although the effect of ascorbate/phenazine
methosulfate is abolished when Apy+ is dissipated by
CCCP, the effect of TDG is unchanged in the presence
of the protonophore. The experiments provide an indi-
cation that this region of lac permease may undergo an
important conformational change during turnover. Pre-
sumably, the conformational change causes an increase
in the accessibility or reactivity of the Cys residue at po-
sition 315. With regard to accessibility, V315C permease
can be studied readily by site-directed spin labeling or flu-
orescent labeling (see van Iwaarden et al., 1991). As for
reactivity, the Cys residue at position 315 is preceded by
a Glu residue, which raises the possibility that its reactiv-
ity may reflect deprotonation of Glu-314. On the other
hand, replacement of Glu-314 with Cys has no effect on
transport activity, indicating that the protonation state of
the carboxylate at this position is unimportant for activ-
ity. In any event, the question can be resolved by replac-
ing Glu-314 with Ala in the V315C mutant. Regardless of
the ultimate explanation, the results lead to the hypothe-
sis that a similar conformational change may be induced
by ligand binding or Ajiy+. Thus, although Val-315 is un-
important for lac permease function (i.e., V315C exhibits
good transport activity), replacement of the residue with
Cys may provide a means of probing dynamic changes in
the protein.

Materials and methods

Materials

[1-'*C]Lactose and [**S]methionine were purchased from
Amersham (Arlington Heights, Illinois). Oligonucleotides
were synthesized on an Applied Biosystems 391 DNA syn-
thesizer. Site-directed rabbit polyclonal antiserum against
a dodecapeptide corresponding to the C-terminus of lac
permease (Carrasco et al., 1984a) was prepared by BabCo
(Richmond, California). NEM and TDG were from Sigma
Chemical Company (St. Louis, Missouri). All other ma-
terials were reagent grade and obtained from commercial
sources.

1031

Bacterial strains and plasmids

Escherichia coli HB101 (hsdS20 [r—g, m g], recAl3,
ara-14, proA2, lacY1, galK2, rpsL20[Sm" ], xyl-5, mtl-1,
supE44, \"/F ~) (Boyer & Roulland-Dussoix, 1969) was
used as carrier for the plasmids described and for detec-
tion of lac permease activity on MacConkey plates (Difco
Laboratories) containing 25 mM lac. Escherichia coli
T184 (lacI*O*Z~Y [A]), rpsL, met~, thr ~, recA, hsdM,
hsdR/F’, lacT90+*ZP18[Y*+A+]) (Teather et al., 1980)
harboring plasmid pT7-5//acY with given mutations was
used for expression from the /ac promoter by induction
with IPTG. A cassette lacY gene (EMBL-X56095) devoid
of Cys codons (van Iwaarden et al., 1991) containing the
lac promoter/operator was used for all /acY gene manip-
ulations. For overexpression via the T7 promoter (Tabor
& Richardson, 1985), E. coli T184 were cotransformed
with plasmid pGP1-2 encoding T7 RNA polymerase.

Oligonucleotide-directed site-specific mutagenesis

The casette /acY gene encoding C-less permease was in-
serted into the replicative form of phage M13 or into
plasmid pT7-5 and used as template for mutagenesis. All
site-specific mutations were directed by synthetic muta-
genic oligonucleotide primers. Cys replacements were cre-
ated by the method of Kunkel (1985) as described by
Consler et al. (1991), using the primers listed in Table 1.
Mutants F334L, F334W, and F334Y were constructed by
a two-stage polymerase chain reaction (overlap extension
[Ho et al., 1989]) with two complementary mutagenic
primers, the sequences of which were identical to those
listed for F334C (Table 1), except that codon CTT was used
for leucine, TAT for tyrosine, and TGG for tryptophan.

DNA sequencing

Double-stranded plasmid DNA prepared by Magic Mini-
preps™ (Promega) was sequenced by using the dideoxy-
nucleotide termination method (Sanger et al., 1977) and
synthetic sequencing primers after alkaline denaturation.

Colony morphology

For preliminary qualitative assessment of permease activ-
ity, E. coli HB101 (Z*Y ™) was transformed with plasmid
pT7-5/cassette lacY encoding C-less permease with given
mutations, and the cells were plated on MacConkey in-
dicator plates containing 25 mM lac.

Active transport

Active transport was measured in E. coli T184 (Z7Y ™)
transformed with each plasmid described. Fully grown
overnight cultures of cells were diluted 200-fold and grown
aerobically for 12 h at 30 °C in the presence of 10 ug/mL
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streptomycin, 100 ug/mL ampicillin, and 0.2 mM IPTG.
Cells were harvested by centrifugation, washed with
100 mM KP; (pH 7.5)/10 mM MgSO,, and assayed by
the rapid filtration method as described (Consler et al.,
1991).

Preparation of membranes

Right-side-out membrane vesicles were prepared by lyso-
zyme-EDTA treatment and osmotic lysis as described
(Kaback, 1971; Short et al., 1975) from 2.4-L cultures of
E. coli T184 harboring given plasmids.

Alternatively, crude membrane fractions from E.
coli T184 harboring plasmids with given mutations were
prepared as follows: cells washed with 50 mM Tris-HCI
(pH 8.0)/100 mM NaCl/1 mM EDTA were resuspended
in ice-cold osmotic shock buffer (25 mM Tris-HCI [pH
8.01/45% sucrose/1 mM EDTA), incubated on ice for
20 min, harvested by centrifugation, resuspended in cold
distilled water, and allowed to stand 10 min on ice before
adding 0.1 mg lysozyme. After incubation for 20 min, the
cell suspensions were briefly sonicated. Unlysed cells were
removed by low-speed centrifugation, and membranes
were harvested by ultracentrifugation in a Beckman Op-
tima TL™ ultracentrifuge.

Immunological analyses

Membrane fractions were subjected to SDS-polyacrylamide
gel electrophoresis as described (Newman et al., 1981).
Proteins were electroblotted, and immunoblots were
probed with site-directed polyclonal antibody against the
C-terminus of lac permease (Herzlinger ¢t al., 1985).

[’S]Methionine labeling

[**S]Methionine labeling of lac permease and pulse-chase
experiments were carried out in vivo using the T7 poly-
merase system as described (McKenna et al., 1991).

Protein determinations

Protein was assayed in the presence of SDS by a modi-
fied Lowry method (Peterson, 1977).
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