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ABSTRACT: Site-directed sulfhydryl modification of transmembrane helix IX in the lactose permease of
Escherichia colwas studied in right-side-out membrane vesicles with the thiol-specific reagdHt€]-
ethylmaleimide (NEM) and methanethiosulfonate ethylsulfonate (MTSES) which are permeant and
impermeant, respectively. Out ef20 mutants with a single Cys residue at each position in the helix,
only five mutants label with NEM. (i) Cys residues at positions 291, 308, and 310 label ‘&, 2nd
binding of substrate has no effect. (ii) Cys residues at positions 295 and 298 label only in the presence
of substrate. NEM labeling at T indicates that alkylation of Cys residues at positions 295 and 308 is
dependent on the thermal motion of the protein. In contrast, temperature has little effect on labeling of
Cys residues at positions 291, 298, and 310. Interestingly, pretreatment with MTSES blocks NEM labeling
of all the mutants. The findings demonstrate that the face of helix IX on which Arg302 is located is
involved in ligand-induced conformational changes and accessible to water from the periplasmic surface
of the membrane. Since Arg302 facilitates deprotonation of Glu325 (helix X) during turnover [Sahin-
Téth, M., and Kaback, H. R. (2001proc. Natl. Acad. Sci. U.S.A. 98068-6073], the findings are
consistent with the idea that this face of helix IX may comprise part of tharkhslocation pathway.

The lactose permease &scherichia coli(LacY)! is a IV) and Argl144 (helix V) which are critical for substrate
paradigm for ion gradient-coupled transport proteins that binding, Glu269 (helix VIII) which may be involved in
transduce free energy stored in electrochemical ion gradientssubstrate binding as well as'Hranslocation, and Arg302
into a solute concentration gradierdt(5). Encoded by the  (helix I1X) and His322 and Glu325 (helix X) which are
lacY gene, LacY has been solubilized, purified to homogene- essential for H translocation and coupling]. (i) A tertiary
ity, reconstituted into proteoliposomes, and shown to be structure model at the level of helix packing and the
completely responsible for the stoichiometric symport of relationship between the irreplaceable residues has been
galactosides and H(6) as a monomer (see refsand 8). formulated. (iii) Positions accessible to water have been
LacY contains 12 hydrophobic, membrane-spannineli- revealed. (iv) Positions where the reactivity of the Cys
cal domains of different lengths9,( 10) connected by replacement is increased or decreased by ligand binding have
relatively hydrophilic loops with both the N and C termini  been identified. (v) LacY is highly flexible. (vi) A working
on the cytoplasmic face of the membrarid,(12) (Figure model describing a mechanism for lactoseymport has
1). been formulated.

A functional LacY mutant devoid of eight native Cys  gjte directed sulfhydryl modification of single-Cys per-
residues has.been subj_ected to Cys-scanning mutal_gene3|§nease mutants in situ with-ethylmaleimide (NEM) is
and use of this mutant library, as We_II as other S|te—d|re9ted useful for studying static and dynamic features of LacY as
mutants, has led to a number of important observations,,a| as a number of other membrane proteins (seelvef
(reviewed in refs13-16). () The great majority of the 18 55 Alkylation with NEM is a measure of the reactivity
mutants are expressed normally in the membrane and exhibit, 4/, accessibility of a given Cys residue to this small,

significant transport activity, and only six residues are ,pohinathic, membrane-permeant, thiol-specific reagent.
irreplaceable with respect to active transport [Glu126 (helix Reactivity and accessibility are dependent primarily on the
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maltopyranoside; BAD, biotin acceptor domain. bility of substituted Cys residues, has been utilized to study
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Ficure 1: Secondary structure of lac permease. The single-letter amino acid code is used. Putative transmembrane helices are shown as
rectangles. Mutants with a single Cys in place of each residue in helix IX except for Gly296 and R302 were studied. The six irreplaceable
residues, Glul26, Argl44, Glu269, Arg302, His322, and GIlu325, are bold; the site of the biotin acceptor domain (BAD) is indicated, and
the restriction sites that were used are shown.
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the accessibility of Cys residues in LacY to the aqueous lac permease was prepared as described previod@lyAll
milieu (21—24). Any change in labeling of a given Cys side other materials were reagent-grade and obtained from com-
chain upon substrate binding is indicative of an alteration in mercial sources.

the local environment around the Cys residue. Therefore, in - Plasmid Construction Construction of the single-Cys
situ labeling is also valuable for identifying conformational LacY mutants in a C-less background has been described
alterations induced by ligand binding or other perturbants. previously @9). To facilitate avidin affinity purification, the

Transmembrane helix IX contains an irreplaceable residue,DNA fragment encoding a given single-Cys mutant was
Arg302, that plays a direct role in Htranslocation by  inserted into plasmid pT7-5/cassette Cys-l&msY-L6XB
facilitating deprotonation of neighboring Glu325 (helix X) which encodes Cys-less permease with a biotin acceptor
(15, 28). Although a previous study2@) revealed that the  domain (BAD) in cytoplasmic loop VI/VII 31) by restriction
transport activity of single-Cys mutants in helix IX is fragment replacement using thinl and Spé restriction
relatively insensitive to NEM, labeling experiments were not sites. Each mutant was verified by using the dideoxynucle-
carried out. In this paper, structural and dynamic features of otide termination method3@).
helix IX are documented by using NEM labeling of single-  Growth of BacteriaE. coli T184 (acY Z") transformed
CyS replacement mutants in situ. The results indicate thatW|th a p|asm|d encoding a given mutant was grown aerobi-
the interface between helices IX and X is conformationally cally at 37°C in Luria-Bertani broth containing ampicillin
active and accessible to water, findings that are consistent(100.g/mL). Fully grown cultures were diluted 10-fold and
with the concept that this region may comprise part of the grown far 2 h before induction with 1 mM isopropyl 1-thio-
H™ translocation pathway. B-p-galactopyranoside (IPTG). After additional growth for

2 h, cells were harvested and used for the preparation of
MATERIALS AND METHODS right-side-out (RSO) membrane vesicles.

Materials N-[ethyt1-4C]Ethylmaleimide (40 mCi/mmol) Preparation of RSO Membrane VesiclRSO membrane
was purchased from DuPont NEN (Boston, MA}Y>]- vesicles were prepared fro4 L cultures ofE. coli T184
Protein A was from Amersham (Arlington Heights, IL). expressing a given mutant by lysozyme/ethylenediaminetet-
Immobilized monomeric avidin was from Pierce (Rockford, raacetic acid treatment and osmotic lys38,(34). Vesicles
IL). MTSES was purchased from Toronto Research Chemi- were resuspended to a protein concentration ef28mg/
cals (Toronto, ON). Site-directed rabbit polyclonal antiserum mL in 100 mM potassium phosphate (KPH 7.5) and 10
against a dodecapeptide corresponding to the C-terminus ofmM MgSQ,, frozen in liquid N, and stored at-80 °C until
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they were used.

NEM Labeling Alkylation with [*C]NEM was performed
essentially as described previously(35). RSO membrane
vesicles [1.0 mg of protein in 5@L of 100 mM KR (pH
7.5) and 10 mM MgSg) harboring a given single-Cys
mutant were incubated witAfC]NEM (40 mCi/mmaol, final

concentration of 0.4 mM) in the absence or presence of 10

mM TDG at 0 or 25°C as indicated. Labeling was terminated
after 20 min by the addition of 15 mM dithiothreitol (DTT),
and the membranes were solubilized with 2.0% (w/v)
n-dodecylS-b-maltopyranoside (DDM) for 5 min at 2%C.
The DDM extract containing solubilized membranes was
incubated with immobilized monomeric avidiiSepharose
beads previously equilibrated in 50 mM K@H 7.4), 100
mM NacCl, and 0.02% DDM (w/v; equilibration buffer) for

5 min at room temperature. The resin was then extensively

was eluted with 5 mMb-biotin in equilibration buffer.
Sodium dodecyl sulfate12% polyacrylamide gel electro-
phoresis (NaDodS£-PAGE) followed by autoradiography

was used to analyze NEM labeling. The relative amounts of
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washed with equilibration buffer, and biotinylated permease rgyre 2: Effect of TDG and temperature on NEM labeling of

single-Cys mutants in RSO membrane vesicles. RSO membrane
vesicles [0.4 mg of protein in 50L of 100 mM KPR, (pH 7.5) and

10 mM MgSQ] prepared fromE. coli T184 transformed with a
plasmid encoding an indicated single-Cys mutant were incubated
with [14C]NEM (40 mCi/mmol, final concentration of 0.4 mM) for

autoradiographic bands were quantitated with @ STORM 860 20 min in the absence or presence of 10 mM TDG at 0 oP@5

Phosphoimager (Molecular Dynamics).

MTSES LabelingITSES labeling of single-Cys mutants
was carried out exactly as described previougl{23).

Western Blot AnalysisFractions containing affinity-
purified biotinylated permease were analyzed by NaDodSO
PAGE. Protein was electroblotted onto poly(vinylidene
difluoride) membranes (Immobilon-PVDF, Millipore) and
probed with a site-directed polyclonal antibody against the
C-terminus of lac permeasg(Q). The PVDF membrane was
subsequently incubated wittfi]protein A (30 mCi/mg, 100
uCi/mL) and autoradiographed. Quantification of the relative

amounts of permease was carried out with a STORM 860

Phosphoimager (Molecular Dynamics).

Protein DeterminationsProtein was assayed using a Micro
BCA protein determination kit (Pierce).

RESULTS

NEM Labeling at 25'C. LacY mutants with a single-Cys
replacement at each position in helix IX were included in
this study with the exception of G296Gwvhich is not

as indicated. Reactions were terminated with DTT (final concentra-
tion of 15 mM), and biotinylated permease was solubilized with
2% DDM and purified by avidin affinity chromatography as
described in Materials and Methods. Aliquots containing ap-
proximately 5ug of protein were subjected to NaDod$€12%
PAGE, and labeled LacY was visualized by autoradiography (top
panels). A fraction of the protein (049) eluted from the avidin
Sepharose beads was analyzed by Western blotting with anti-C-
terminal antibody to quantify the amount of permease in each
sample (bottom panels).

A309C) are not alkylated by NEM in the absence or presence
of TDG (data not shown).

NEM Labeling at 0°C. To minimize backbone thermal
motion, alkylation with NEM was also carried out atG.
The extent of labeling of A291C or T310C LacY is slightly
lower than observed at 2% (Figure 2, compare appropriate
lanes 1 and 3), indicating that thermal motion of the protein
has little effect on the reactivity and/or accessibility of Cys
to NEM at these positions. No TDG-induced change in
labeling of A291C or T310C is observed afO (Figure 2,
compare appropriate lanes 1 and 2). With F308C LacY, no
NEM labeling is detected at OC (Figure 2, F308C),

expressed and R302C which is completely inactive (Figure suggesting that alkylation of the Cys at position 308 is highly

1) (29, 36). Mutant A291C, F308C, or T310C reacts with
[YCINEM in 20 min at 25°C, but the extent of labeling is
only mildly increased (A291C or F308C) or unaltered in the
presence of-b-galactopyranosyl 1-thig-p-galactopyrano-
side (TDG) (Figure 2, compare lanes 3 and 4 in the

dependent on the thermal motion of the protein. Taken
together with the findings at 2%C, it appears unlikely that
ligand binding induces a conformational change that involves
position 291, 308, or 310. With A295C LacY, no labeling
is detected at OC, even in the presence of TDG (Figure 2,

appropriate panel). Mutants A295C and 1298C react with @ppropriate lanes 1 and 2), suggesting that alkylation of the
[“C]JNEM only in the presence of TDG (Figure 2, compare Cys at position 2_95 is dependent on the thgrmal motion of
lanes 3 and 4 in the appropriate panel), indicating that ligand the protein even in the presence of .Ilgand. With 1298C LacY,
binding induces a conformational change reflected by a temperature ha_s no effect on labeling, and Fhe mutant reacts
change in the reactivity and/or accessibility of the Cys residue With NEM only in the presence of TDG at either O or 25

at these positions. In contrast, the remaining Cys replacemen{Figure 2, compare appropriate lanes 1 and 2) or@5
mutants in helix IX (L292C, L293C, L294C, T297C, M299C, Although labeling of 1298C appears to be independent of

S300C, V301C, 1303C, 1304C, G305C, S306C, S307C, and the thermal motion of the protein, it should be emphasized
that rates of alkylation in the absence and presence of ligand

were not studied. In any event, the increase in the level of
NEM labeling of Cys residues at position 295 or 298 clearly
shows that these positions are involved in a ligand-induced
conformational change.

2 Site-directed mutants are designated by the single-letter amino acid
abbreviation for the targeted residue, followed by the sequence position
of the residue in the wild-type lac permease and a second letter
indicating the amino acid replacement.
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Ficure 3: Accessibility of given single-Cys permease mutants in

helix IX to MTSES and the effect of TDG. RSO membrane vesicles

[1.0 mg of protein in 5Q:L of 100 mM KPR, (pH 7.5) and 10 mM

MgSQy] prepared fromE. coli T184 transformed with a plasmid

encoding the indicated single-Cys mutant were incubated without

or with MTSES (final concentration of 20@0M) for 5 min at 25

°C in the absence or presence of TDG. The vesicles were washed

twice with ice-cold buffer and resuspended in 40 of the same
buffer, and TDG (final concentration of 10 mM) was added back Foire 4: Helix packing of LacY viewed from the cytoplasmic

to the samples initially treated with TDG. The samples were then ¢ rface showing positions where Cys replacement mutants are

treated with 1*CINEM (40 mCi/mmol, final concentration of 0.4 )« ; e i
) v X . ylated by NEM. The packing of the helices is taken from Sorgen
mM) for 20 min at 25°C. Reactions were quenched with DTT, o 31 (16), and helix X is highlighted. Positions where Cys

and biotinylated permease was solubilized with 2% DDM and epjacements are alkylated by NEM are depicted as green balls.
purified as described in Materials and Methods. Aliquots containing The two red balls shown in helix IX represent Cys replacements at
approximately 5ug of protein were subjected to NaDod$€12% positions 295 and 298 which react with NEM only in the presence
PAGE, and labeled LacY was visualized by autoradiography (top of TpG: in addition, Arg302 is shown. Helices I11, VI, and Xl are
panels) {—5). A fraction of the protein (0.9) eluted from the  ghqyn as rods to indicate that none of the single-Cys mutants in
avidin—Sepharose beads was analyzed by Western blotting with these helices are inactivated by NEM, although NEM labeling
anti-C-terminal antibody to quantify the amount of permease in gy, dies have not been carried out on these helices. The face of helix
each sample (bottom panels). X1 with the NEM-reactive Cys replacements appears to face away

- . from the middle of the 12-helix bundle, but only one constraint
MTSES AccessibilityThe LacY mutants that label with a5 ysed to model this heli26), the salt bridge between Lys358

NEM were tested for reactivity with methanethiosulfonate (helix X1) and Asp237 (helix VII). Therefore, it is possibie that
ethylsulfonate (MTSES), a hydrophilic sulfhydryl reagent helix XI may be rotated counterclockwise 45° which would
shown to be membrane impermeat)( Pretreatment of bring the face with the NEM-reactive Cys replacements toward the
RSO membrane vesicle with MTSES in the presence or Mterior of the protein.

absence of TDG uniformly blocks NEM labeling in mutants  mtants in helix IX are not alkylated by NEM over the 20
A291C, A295C, 1298C, F308C, and T310C (Figure 3, min time course tested in these experiments. The NEM

appropriate panels, lanes 3 and 4). Thus, Cys residues atgactive Cys mutants clearly cluster on the face of helix IX
positions 291, 295, and 298 which are located in the 4t contains Arg302, one of the six irreplaceable residues
cytoplasmic half of helix IX, as well as Cys residues at , | acY which is thought to be required for deprotonation
positions 308 and 310 which are near the periplasmic end, 5t G|u325 in neighboring helix X (Figure 4). Furthermore,
are exposed to solvent from the periplasmic surface of the positions 298 and 295 which are alkylated by NEM in the
membrane. Furthermore, TDG-induced conformational Changespresence of ligand only are one and two turns of helix X
do not appear to _alter the accessibility of Cys residues at amoved from Arg302, respectively, toward the cytoplasmic
any of these positions to MTSES. end. In contrast, most of the unreactive Cys replacement
mutants lie on the face helix IX that makes contact with the
DISCUSSION interior of the bilayer. The findings are consistent with the
Previous studies?@) indicate that transport activity of interpretation that tertiary contacts within the protein or
single-Cys mutants in helix IX is relatively unaffected by between LacY and the low dielectric of the membrane may
NEM in RSO membrane vesicles. In this paper, single-Cys sterically and/or electronically disfavor alkylation of the thiol
replacement mutants for each native residue in helix IX were group 8, 21—23).
studied by site-directed NEM labeling. Among 19 single-  Comparison of labeling at 25 and OC provides a
Cys mutants in helix IX, only five react with*C]NEM. gualitative indication of the contribution of backbone dynam-
Cys residues at positions 308 and 310 near the periplasmidcs to the reactivity and accessibility of a given Cys residue.
end of helix IX and a Cys residue at position 291 in the The observation that the reactivity of mutants A295C and
cytoplasmic half react well with NEM in a manner that is F308C is essentially nil at 28C implies that backbone
unaffected by ligand binding. In contrast, Cys residues at motion is primarily responsible for the reactivity of Cys
positions 295 and 298 in the cytoplasmic half do not label residues at these positions. In contrast, labeling of A291C,
unless ligand is bound. The other single-Cys replacementl298C, and T310C exhibits little or no difference at the two
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temperatures, indicating that the reactivity and/or accessibility
of the thiol groups at these positions are not altered by
backbone motion.

Many observations demonstrate that ligand-induced con-
formational changes within LacY are reflected by altered
NEM reactivity of single-Cys mutants induced by ligand
binding (18, 21—24, 37). In this study, TDG binding is
shown to enhance NEM labeling of Cys residues at positions
295 and 298. The two positions are on the same face of helix
IX as Arg302 which was postulated to be charge-paired with
Glu325 in helix X in the ground-state conformation and to
be responsible for deprotonation of Glu325 when LacY
returns to the ground state during turnoves, (28). Interest-
ingly, NEM labeling of Cys residues at positions 315, 326,
and 329 in helix X is also altered in the presence of TDG 20.
(21). Since these positions are on the same face of helix X
as the irreplaceable residues Glu325 and His322 and appear
to be close to the interface with helix IX (Figure 4), the
results support the contention that the interface between
helices IX and X is important for Htranslocation.

Thiol modification studies with the hydrophilic reagent
MTSES indicate that all five NEM-labeled single-Cys
residues mentioned above are accessible to the aqueous phases.
from the periplasmic face of the membrane, and TDG has
no effect on accessibility. LacY is highly dynamic confor-
mationally, and most of the protein backbone is accessible
to water 38, 39). From these and previous studiés,(21—

24, 37), it appears that many of the residues in transmem-
brane helices that are accessible to bulk solvent form part
of a hydrophilic cleft {6, 40—43). These solvent accessible
positions also reflect ligand-induced conformational changes,
supporting the notion that these residues may provide
pathways for substrate ort

14.
15.

[any

6.
17.
18.

1

1
22.

23.

26
27.

28.
29.

30.

31.

ACKNOWLEDGMENT

We thank Miklos Sahin-toth and Melissa Sondej for
providing a modified NEM labeling protocol.

32.

33.
34.

REFERENCES 35

1. Kaback, H. R. (1976). Cell. Physiol. 89575-593.

2. Kaback, H. R. (1983). Membr. Biol. 7695-112. 36.

3. Kaback, H. R. (1989Harvey Lect. 83 77—103.

4. Poolman, B., and Konings, W. N. (199B)ochim. Biophys. Acta 37.
1183 5—-39.

5. Varela, M. F., and Wilson, T. H. (199®iochim. Biophys. Acta 38.
1276 21-34.

6. Viitanen, P., Newman, M. J., Foster, D. L., Wilson, T. H., and  39.
Kaback, H. R. (1986Methods Enzymol. 12829-452.

7. Sahin-T¢h, M., Lawrence, M. C., and Kaback, H. R. (19%%pc. 40.
Natl. Acad. Sci. U.S.A. 95421-5425.

8. Guan, L., Murphy, F. D., and Kaback, H. R. (2002pc. Natl. 41
Acad. Sci. U.S.A. 98B475-3480. 42.

9. Wolin, C., and Kaback, H. R. (199®iochemistry 388590~

8597.
. Wolin, C. D., and Kaback, H. R. (200B)jochemistry 401996—
2003.
. Kaback, H. R. (1996) inHandbook of Biological Physics:
Transport Processes in Eukaryotic and Prokaryotic Organisms

=
o

43.

JEN
[N

Zhang et al.

(Konings, W. N., Kaback, H. R., and Lolkema, J. S., Eds.) pp
203227, Elsevier, Amsterdam.

. Kaback, H. R. (1997proc. Natl. Acad. Sci. U.S.A. 94539

5543.

. Frillingos, S., Sahin-Tth, M., Persson, B., and Kaback, H. R.

(1994) Biochemistry 338074-8081.

Kaback, H. R., and Wu, J. (1998tc. Chem. Res. 3805-813.
Kaback, H. R., Sahin-T, M., and Weinglass, A. B. (200Nat.
Rev. Mol. Cell Biol. 2 610-622.

Sorgen, P. L., Hu, Y., Guan, L., Kaback, H. R., and Girvin, M. E.
(2002) Proc. Natl. Acad. Sci. U.S.A. 994037-14040.

Falke, J. J., Sternberg, D. E., and Koshland, D. E. (1B&§hys.

J. 49 20a.

Frillingos, S., and Kaback, H. R. (199Bjochemistry 353950~
3956.

9. Venkatesan, P., and Kaback, H. R. (190&)c. Natl. Acad. Sci.

U.S.A. 959802-9807.
Mordoch, S. S., Granot, D., Lebendiker, M., and Schuldiner, S.
(1999)J. Biol. Chem. 27419480-19486.

21. Venkatesan, P., Hu, Y., and Kaback, H. R. (20B@chemistry

39, 10656-10661.

Venkatesan, P., Kwaw, |., Hu, Y., and Kaback, H. R. (2000)
Biochemistry 3910641-10648.

Venkatesan, P., Liu, Z., Hu, Y., and Kaback, H. R. (2000)
Biochemistry 3910649-10655.

24. Kwaw, |., Zen, K.-C., Hu, Y., and Kaback, H. R. (2001)

Biochemistry 4010491-10499.
Tamura, N., Konishi, S., Iwaki, S., Kimura-Someya, T., Nada,
S., and Yamaguchi, A. (2003) Biol. Chem. 27620336-20339.

. Karlin, A., and Akabas, M. H. (1999 euron 15 1231-1244.

Karlin, A., and Akabas, M. H. (1998j)lethods Enzymol. 29323—

145.

Sahin-Tth, M., and Kaback, H. R. (200Broc. Natl. Acad. Sci.
U.S.A. 98 6068-6073.

Sahin-Tth, M., and Kaback, H. R. (1993rotein Sci. 2 1024~
1033.

Carrasco, N., Herzlinger, D., Mitchell, R., DeChiara, S., Danho,
W., Gabriel, T. F., and Kaback, H. R. (198Bjoc. Natl. Acad.
Sci. U.S.A. 814672-4676.

Consler, T. G., Persson, B. L., Jung, H., Zen, K. H., Jung, K.,
Prive, G. G., Verner, G. E., and Kaback, H. R. (19P8)c. Natl.
Acad. Sci. U.S.A. 906934-6938.

Sanger, F., Nicklen, S., and Coulsen, A. R. (197@)c. Natl.
Acad. Sci. U.S.A. 756463-5467.

Kaback, H. R. (1971Methods Enzymol. 289-120.

Short, S. A., Kaback, H. R., and Kohn, L. D. (1935Biol. Chem.
250, 4291-4296.

Sahin-Tth, M., Gunawan, P., Lawrence, M. C., Toyokuni, T.,
and Kaback, H. R. (200Biochemistry 4113039-13045.

Jung, K., Jung, H., Colacurcio, P., and Kaback, H. R. (1995)
Biochemistry 341030-1039.

Frillingos, S., Wu, J., Venkatesan, P., and Kaback, H. R. (1997)
Biochemistry 366408-6414.

le Coutre, J., Kaback, H. R., Patel, C. K., Heginbotham, L., and
Miller, C. (1998)Proc. Natl. Acad. Sci. U.S.A. 95114-6117.
Patzlaff, J. S., Moeller, J. A., Barry, B. A., and Brooker, R. J.
(1998) Biochemistry 3715363-15375.

Costello, M. J., Viitanen, P., Carrasco, N., Foster, D. L., and
Kaback, H. R. (1984). Biol. Chem. 25915579-15586.

. Li, J., and Tooth, P. (198 Biochemistry 264816-4823.

Costello, M. J., Escaig, J., Matsushita, K., Viitanen, P. V., Menick,
D. R., and Kaback, H. R. (1987). Biol. Chem. 26217072~
17082.

Zhuang, J., PriveG. G., Verner, G. E., Ringler, P., Kaback, H.
R., and Engel, A. (1999). Struct. Biol. 12563—75.

BI034078E



