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ABSTRACT: The six N-terminal transmembrane helices)(Bind the six C-terminal transmembrane helices
(Ce) in the lactose permease Bfcherichia colieach containing a single Cys residue, were coexpressed,
and cross-linking was studied. The proximity of paired Cys residues in helices Il (position 78, 81, 84,
86, 87, 88, 90, 93, or 96) and VII (position 227, 228, 231, 232, 235, 238, 239, 241, 243, 245, or 246) was
examined by using iodine or two rigid homobifunctional thiol-specific cross-linking reagents with different
lengths N,N'-o-phenylenedimaleimideo{PDM; 6 A) andN,N'-p-phenylenedimaleimidg¢PDM; 10 A)].

Cys residues in the periplasmic half of helix 11l (position 87, 93, or 96) cross-link to Cys residues in the
periplasmic half of helix VII (position 235, 238, 239, 241, or 245). In contrast, no cross-linking is evident
with paired Cys residues near the cytoplasmic ends of helices Ill (position 78 or 81) and VII (position
227,228, 213, 232, or 235). Therefore, the periplasmic halves of helices Il and VIl are in close proximity,
and the helices tilt away from each other toward the cytoplasmic face of the membrane. On the basis of
the findings, a modified helix packing model for the permease is presented.

Secondary active transport proteins couple the free energyand each residue has been replaced individually with Cys
stored in electrochemical ion gradients into substrate con-(9). Analysis of the mutants has led to the following
centration gradients in membranes frofmchaeato the developments (see res-11). (1) The great majority of the
mammalian central nervous system. The lactose permeasenutants are expressed normally in the membrane and exhibit
of Escherichia coli an important example of this class of significant activity, and only six side chains are clearly
membrane proteins, catalyzes the stoichiometric translocationirreplaceable for active transport. (2) Helix packing, tilts, and
of galactosides and H utilizing the free energy stored in  ligand-induced conformational changes have been determined
an electrochemical Hgradient to drive solute accumulation by using a battery of site-directed biochemical and biophysi-
(1—4). This hydrophobic, polytopic cytoplasmic membrane cal techniques. (3) Positions that are accessible to solvent
protein was the first of its type to be solubilized, purified to have been revealed. (4) Positions where the reactivity of the
homogeneity, reconstituted into proteoliposomes, and shownCys replacement is increased or decreased by ligand binding
to be completely functional (reviewed in '&fas a monomer  have been identified. (5) The permease has been shown to
(see ref). Furthermore, all available evidence indicates that be a highly flexible molecule. (6) A working model describ-
the molecule consists of 1@-helical rods that traverse the ing a mechanism for lactosefHsymport has been formu-
membrane in zigzag fashion connected by relatively hydro- lated.
philic loops with the N and C termini on the cytoplasmic A particularly powerful approach carried out in sitl2¢-
face (Figure 1) (reviewed in refs and8). 20) involves expression of lac permease in two contiguous

Of the genomes sequenced so far, a significant percentagdragments (split permease), each with a single Cys residue
of the gene products are predicted to be membrane transporen either side of the discontinuity. The proximity of the
proteins. Many are important with respect to human diseasepaired Cys residues is then readily assayed by disulfide
(e.g., cystic fibrosis), and others are targets (e.g., the gastricformation or chemical cross-linking of the two fragments.
H*/K* ATPase) for widely used drugs. However, structural Alternatively, permease with an engineered factor Xa pro-
and dynamic information at high resolution are essential for tease site in the middle cytoplasmic loop has been used for
understanding the mechanism of action, and at present, onlythe same purposef, 22).

a handful of membrane proteins have been crystallized in a
form that allows structure determination at atomic resolution. 1 appreviations: lac permease, lactose permeas€sNunctional
In an effort to develop alternatives to crystallization that can lac permease expressed in two nonoverlapping fragments with a
yield both static and dynamic information at a meaningful discontinuity in the cytoplasmic loop between helices VI and Vi; N
level of resolution, a functional permease mutant devoid of N-terminal helices; § six C-terminal helices; C-less permease,
: h unctional lactose permease devoid of Cys residues; DTT, dithiothreitol;
native Cys residues (C-less permeabkaf been constructed, NEM, N-ethylmaleimide;o-PDM, N,N'-0-phenylenedimaleimidep-
PDM, N,N'-p-phenylenedimaleimide; IPTG, isopropyl 1-thies-
galactopyranoside; NaDod$©PAGE, sodium dodecyl sulfate

T This work was supported in part by NIH Grant DK1131 to H.R.K.  polyacrylamide gel electrophoresis; TD&p-galactopyranosyl 1-thio-
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Ficure 1: Secondary structure model of@ lac permease. Putative transmembrane helices are shown as bgkes. &\biotin acceptor
domain (BD) at the C terminus. Cys replacements in helix Il or VII are numbered and highlighted.

Although previous experiment22) show that Y101€& phenylenedimaleimidep(PDM) were from Sigma. Site-
permease spontanously forms disulfide-linked dimers, therebydirected rabbit antiserum against C-terminal dodecapeptide
placing helix 1l on the periphery of the permease, more of lac permease26) was prepared by Babco (Richmond,
precise evidence for the location of helix Ill is lacking. In  CA). Deoxyoligonucleotides were synthesized on an Applied
this report, the proximity between helices 11l and VII is Biosystems 381A DNA synthesizer. All other materials were
documented by studying cross-linking of paired Cys residues reagent grade and obtained from commercial sources.
over the entire lengths of the two transmembrane domains  ~gnstruction of Single-CysNand G PermeaseCon-

in split permease (dC) containing the six N-terminal ¢t ction of permease mutants with single-Cys replacements

transmembrane helices {Nand the C-terminal six trans- i helices Il and VII (Figure 1) has been described
membrane helices (23, 24). The results demonstrate that previously @6, 27). To each mutant with a single-Cys

helices Il and VII cross-link in the periplasmic but not in replacement at position 78, 81, 84, 86, 87, 88, 90, 93, or 96

the pytpplasmic ha!ves. Thug, helices Il and VII are i,n in helix Ill, the biotin acceptor domain from the oxaloacetate
proximity at the periplasmic side of the membrane and tilt yeo.arhoxylase oKlebsiella pneumoniagvas inserted into

away from each other toward the cytoplasmic face. On the the middle cytoplasmic loop2g). The 3-half of the lacY
basis of the findings, the helix packing model of the permeasegene in each construct was then deletedAiyl digestion
(11) is modified with respect to the position of helix IIl. followed by intramolecular ligation, resulting in plasmid N
EXPERIMENTAL PROCEDURES whiph encoqe_s the é\fragme_nt _vvith a single Cys residue at
_ . a given position and the biotin acceptor domain at the C

Materials. [1-+“C]Lactose, §-**S]JdATP, and protein A-  terminus. Construction of plasmid pGvhich encodes the
conjugated horseradish peroxidase (HRP), enhanced chemic; fragment, was carried out as described previousB (
luminescence detection kits were purchased from Amersham.21). To introduce a single Cys residue at position 227, 228,
Restriction endonucleases and T4 DNA ligase were from 231, 232, 235, 238, 239, 241, 243, 245, or 246 in helix VI
New England Biolabs. Sequenase (modified T7 DNA poly- of Cq, the Kpnl—Hindlll restriction fragment from pgwas
merase) and Sequenase reaction kits were from United Stategeplaced with the corresponding DNA fragment from a
Biochemicals. Isopropyl 1-thi-p-galactopyranoside (IPTG)  single-Cys permease mutant. Each Cys replacement mutant

and Taq polymerase were obtained from Boehringer Man- was verified by using dideoxynucleotide terminatid9)
nheim.N,N'-o-Phenylenedimaleimide{PDM) andN,N'-p- after alkali denaturation3Q).

Transport Measurementk. coli T184 laclTOtZ"Y~(A)-

2 Site-directed mutants are designated by the single-letter amino acid - q O+7D118( v+ A+
abbreviation for the targeted residue, followed by the sequence position rpsLmetthr-recAhsdM hsdR/Facl® O"ZPUHY*AT)] (31)

of the residue in the wild-type lac permease, followed by a second Was cotransformed with both pnd pG, each encoding a
letter indicating the amino acid replacement. given permease fragment with a single Cys residue. Cells




Helix Packing in Lactose Permease

were grown at 37C to an ORg of 1.0 and induced with
0.2 mM IPTG for 2 h, harvested by centrifugation, washed
with 100 mM potassium phosphate (pH 7.5)/20 mM MgSO
and adjusted to an O of 10.0 (approximately 0.7 mg of
protein/mL). Transport of [24C]lactose (2.5 mCi/mmol) was
assayed at a final concentration of 0.4 mM by rapid filtration
(32.

Expression of Split Permease and Membrane Preparation.
Cultures (25 mL) were grown and induced with 0.2 mM
IPTG for 2 h. Cells were harvested and washed once with
20 mM Tris-HCI (pH 7.4)/2.0 mM ethylenediaminetetraac-
etate/5.0 mM dithiothreitol (DTT) and suspended in the same
buffer. Membranes were prepared by sonification as de-
scribed previously47) and suspended in 20 mM Tris-HCI
(pH 7.4).

Protein AssaysProtein was assayed with the Micro BCA
kit (Pierce, IL) using bovine serum albumin as the standard.
Cross-Linking.lodine-catalyzed disulfide formation was
carried out at room temperature for 30 min by adding

ethanolic iodine at a final concentration of 0.5 mM to

membrane preparations at a membrane protein concentration

of 2 mg/mL. Reactions were terminated by adding 5 mM
N-ethylmaleimide (NEM). Chemical cross-linking was car-
ried out at room temperature for 30 min in the presence of
0o-PDM or p-PDM, as indicated, at a final concentration of
0.5 mM (12). Reactions were terminated by adding 5 mM
DTT. Samples were mixed with sodium dodecyl sulfate
(NaDodSQ) sample buffer and subjected to NaDodSO
12% polyacrylamide gel electrophoresis (NaDodSO
PAGE). Proteins were electroblotted onto polyvinylidene
difluoride membranes (Immobilon-PVDF, Millipore) and
probed with site-directed polyclonal antibody against the C
terminus of lac permeas@¥).

RESULTS

Active Transport Coexpression of wild-typéacY frag-
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Ficure 2: Cross-linking of NC; split permease containing paired
Cys residues in helices Il and VII (87/235, 87/238, 87/239, and
87/241). Membranes were prepared from cells expressing ¢he N
and G fragments each with a single Cys residue at a given position
as indicated. Cross-linking was carried out by incubating membranes
(2 mg of protein/mL) at a final cross-linker or iodine concentration
of 0.5 mM for 30 min at 20°C. Cross-linking was terminated by
adding DTT (foro-PDM or p-PDM) or NEM (for iodine) to a final
concentration of 5 mM. Samples containing approximately:§0

of protein were subjected to NaDod$EPAGE and electroblotted.

ments encoding contiguous polypeptides corresponding toThe blots were probed with anti-C-terminal antibody, add the

Ng and G leads to functional complementatio3 24).
Active lactose transport is observed in nearly all paired Cys
NeCs permease mutants used in this study. Each pair
accumulates lactose to a steady state that-i96806 of wild-

NeCs cross-linked products are denoted with arrows.

With paired Cys residues near the periplasmic ends of
helices Il and VII, highly efficient iodine-catalyzed disulfide

type permease, except for pair 93/243 which accumu|ate5f0rmati0n is observed with mutants 93/245 and 96/246, less

lactose to a steady state that is only about 10% of wild-type
permease (data not shown). The effect of cross-linking on
permease activity was not examined since the efficiency of
cross-linking (see below) is relatively low which precludes
the type of study carried out previousl$3).

Cross-Linking Paired Cys residues were placed first at
positions in the middle of helices Il and VII in €. Cs
which reacts with anti-C-terminal antibody migrates at an
M; of about 20 kDa, and cross-linked:Gs migrates at about
52 kDa (Figure 2). Paired Cys mutants 87/235, 87/238, 87/
239, and 87/241 are cross-linked @ DM andp-PDM and
form a disulfide bond when oxidized with iodine, indicating
that the Cys residues are in proximity (Figure 2). On the
other hand, no cross-linking is observed with pairs 86/235,
86/238, 86/239, 90/238, and 90/241 in the presence of
0-PDM, p-PDM, or iodine (data not shown; see Figure 4).

Paired Cys mutants 84/231, 84/232, 84/235, 84/238, 90/239,

efficient cross-linking is observed in the presence-¢fDM

(6 A), and the least efficient cross-linking is observed in the
presence op-PDM (10 A) (Figure 3), suggesting that the
distance between pair 93/245 or 96/245 is less than 6 A. No
cross-linking is observed with pair 93/243 (data not shown;
see Figure 4), and pairs 93/246, 96/243, and 96/246 are not
expressed adequately for study (data not shown; see Figure
4). With paired Cys residues near the cytoplasmic ends of
helices 1ll and VII (pairs 78/227, 78/228, 78/231, 81/231,
and 81/232), no cross-linking whatsoever is observed under
any of the conditions that were tested (data not shown; see
Figure 4).

DISCUSSION

Although a high-resolution structure of lac permease is
not available (see re33), application of a battery of site-
directed biochemical and biophysical techniques that include

and 90/243 are expressed at levels that are insufficient forsecond-site suppresser analysis and site-directed mutagenesis,

studying cross-linking (data not shown; see Figure 4).

excimer fluorescence, spirspin interactions, engineered di-
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Ficure 3: Cross-linking of NCsg split permease containing paired

Cys residues in helices Il and VII (93/245 and 96/245). Membranes

were prepared from cells expressing thgakd G fragments each

with a single Cys residue at a given position as indicated. Cross-

Wang and Kaback

permease molecules containing paired Cys residues has many
advantagesl). The technique is based on the observation
that coexpression of lac permease in two contiguous, non-
overlapping fragments with a discontinuity in cytoplasmic
or periplasmic loops leads to functional complementatis (

24, 34, 35) and is carried out with native membranes on
guantities of material that can be assayed by immunoblotting
or avidin blotting. Furthermore, inter-thiol distances can be
approximated by using appropriate oxidants or chemical
linkers with different propertiesl@). The approach has also
been used to study ligand-induced conformational changes
(13—15), as well as helix tilts 14—16, 20), by examining
cross-linking of Cys residues on the faces of neighboring
helices throughout transmembrane domains.

The approach that was used is based on the premise that
Cys cross-links are a measure of proximity. However, it is
noteworthy that cross-link formation may detect dynamic
collisions and chemical reactions between residues, not

linking was carried out, and samples were analyzed as describedSimply their proximities. For example, Cys pairs that

in the legend of Figure 2. £&and the NCg cross-linked products
are denoted with arrows.

Cytoplasm

= Cross-linking

----- No cross-linking

—-— No expression

Periplasm

Ficure 4: Summary of cross-linking data. Helices Il and VIl are
depicted as boxes. Cross-linked Cys pairs gCiNpermease are
connected by solid lines. Cys pairs that do not cross-link are
connected by broken lines. Cys pairs that do not exhibit an
expression level sufficient for cross-linking study are connected
by broken lines with alternating long and short breaks.

valent metal binding sites, metaspin-label interactions,
thiol-specific cross-linking, and identification of discontinu-
ous mAb epitopes has led to the formulation of a helix
packing model (reviewed in re-11). Of the approaches
that were utilized, in situ site-directed cross-linking of split

frequently undergo collisons and are highly chemically
reactive could form cross-links at a relatively rapid rate, even
though they may be distant in the average structure. On the
other hand, a strong correlation is expected between collision
rates and proximity 36). Therefore, proximities between
loops are estimated by spontaneous disulfide formation
between engineered cysteinyl side chains, iodine-catalyzed
disulfide formation, or cross-linking by homobifunctional
cross-linking agents in which the distance between the
reactive groups and the flexibility of the linker between the
functional groups vary. In addition, many of the experiments
are carried out at 4C to decrease the thermal motion of the
polypeptide backbone and thereby limit long-range collisions.
Finally, it is noteworthy that experiment3%) in which rates

of cross-linking of paired Cys residues in periplasmic loops
were compared with distances estimated from -sgipin
interactions between the nitroxide-labeled pairs are consistent
with the conclusion that site-directed thiol cross-linking is
primarily a reflection of proximity.

Although evidence has been presented indicating that
helices Ill and VI are probably on the periphery of the 12-
helix bundle that comprises the perme&&d,(data regarding
a precise location of helices Ill and VI in the helix packing
model of the molecule are lackind Y. In this report, the
position of helix Ill in the tertiary structure of the permease
is documented by studying site-directed thiol cross-linking
of helices Ill and VIl in NiCs permease. The results are
summarized in Figure 4, and a modified helix packing model
is proposed in Figure 5.

Although certain paired Cys mutants (84/231, 84/232, 84/
235, 84/238, 90/239, 90/243, 93/246, 96/243, and 96/246)
are expressed in insufficient quantity for study (Figure 4),
other paired Cys mutants provide clear-cut cross-linking
results indicative of proximity between helices Il and VII
within the periplasmic half of the membrane. Thus, pairs
87/235, 87/238, 87/239, and 87/241 (Figure 2) exhibit cross-
linking with iodine, o-PDM, or p-PDM, and pairs 93/245
and 96/245 (Figure 3) cross-link with iodine @PDM, but
weakly with p-PDM. Since the rigid longer reageptPDM
(10 A) cross-links paired Cys residues in the middle of the
two helices (87/235, 87/238, 87/239, and 87/241) signifi-
cantly more effectively than those near the periplasmic ends
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Ficure 5: Helix packing in the lac permease viewed from the cytoplasmic surface of the membrane. The six irreplaceable residues (Glu126,
Argl44, Glu269, Arg302, His322, and Glu325) are shown as cyan balls. The two interacting pairs of Asp and Lys residues [Asp237 (helix
VII)/Lys358 (helix XI) and Asp240 (helix VII)/Lys319 (helix X)] are shown as pink balls. Positions in helices Il and VIl tested for
cross-linking in this study are highlighted and numbered. Cross-linked positions are shown as red (periplasmic third) or dark green (middle
third) balls. Light green balls represent positions that do not exhibit cross-linking under any of the conditions that were tested. The red ball
denoting residue 96 is difficult to visualize in this orientation of helix Ill. Preliminary results (A. B. Weinglass and H. R. Kaback, unpublished
information) suggest that helix VI may cross-link with helix V.

(93/245 and 96/245), it appears that the periplasmic ends of On the basis of the results of this study, the modified helix
the two helices may be closer than the middle. These packing model shown in Figure 5 is proposed. As shown,
observations in addition to the finding that no cross-linking helix 11l is placed between helices Il and IV, and it is tilted
is evident when paired Cys residues are placed in thein such a manner that the periplasmic half is close to helix
cytoplasmic ends of the two helices (Figure 4) are consistentVIl and the cytoplasmic half tilts away toward the cytoplas-
with the interpretation that the two helices tilt away from mic face of the membrane. In the model that is shown, helix
each other toward the cytoplasmic face of the membrane. VIl appears to be located near the center of the permease,
Furthermore, pairs 86/235, 86/238, 86/239, 90/238, and 90/with helices | (5), Il (14), lll and IV (16), and V (7) in

241 do not cross-link under any of the conditions that were proximity toward the periplasmic face of the membrane, but
tested, suggesting that positions 86 and 90 (Met and Phetilting away toward the cytoplasmic face. Strong evidence
respectively, in the wild type) are located on a face of helix has been presente®8—44) showing that Asp237 and
Il that is directed away from helix VII. The suggestion is Asp240 (helix VII) are ion-paired with Lys358 (helix XI)
consistent with the previous finding that Tyr101 is located and Lys319 (helix X), respectively. Therefore, in the
on the periphery of the permeast®). In addition, previous approximate middle of the membrane, helix VII must be
results show Z6) that G96C is the only single-Cys mutant close to helices X and XI, and given the proposed packing
in helix Il inactivated by NEM, and the rate of inactivation model, helices X and XI are likely to be close to helix VII

is slightly enhanced bys-p-galactopyranosyl 1-thig-p- at the cytoplasmic face of the membrane, a hypothesis that
galactopyranoside (TDG). Both properties are also consistentcan be tested with }fCs permease2d).
with the proposed orientation of helix Ill; i.e., position 96 Cross-linking between helices Ill and VIl was also used

(Gly in the wild type) is located at the interface between to probe ligand-induced conformational changes at the
helices IIl and Il (Figure 5) where it may be important for interface between the two helices. Cross-linking experiments
helix packing, ligand-induced conformational changes, or were carried out on ice for 30 min in the absence or presence
both. of high-affinity substrate analogue TDG (10 mM). However,
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no significant changes in cross-linking efficiency were

observed (data not shown). The findings suggest that there

Wang and Kaback

18. Wang, Q., and Kaback, H. R. (199jipchemistry 383120—

3126.

are little or no distance changes between the paired Cys 19-Wang. Q. Voss, J., Hubbell, W. L., and Kaback, H. R. (1998)

Biochemistry 374910-4915.

residues shown to cross-link in this study. The observation 5q \wang, Q., and Kaback, H. R. (199B)Mol. Biol. 291 683

that the rate of NEM inactivation of transport by the G96C

692.

mutant is enhanced only 2-fold in the presence of TDG at 21.Wu, J., Voss, J., Hubbell, W. L., and Kaback, H. R. (1996)

ambient temperatur@§) may not be reflected by thiol cross-
linking studies at low temperatures. Furthermore, with the

sole exception of the G96C mutant, the single-Cys mutants ,3

exhibit no significant change in transport activity upon
alkylation with NEM @6). Therefore, the data as a whole
indicate that there is little or no ligand-induced change in
conformation between helices Il and VII.

ACKNOWLEDGMENT

We thank Jianhua Wu and Dorothy Hardy for providing
the pG plasmids containing single-Cys replacement in
helices VII.

REFERENCES

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

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

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

4. Varela, M. F., and Wilson, T. H. (199@®iochim. Biophys.
Acta 1276 21—-34.

5. Viitanen, P., Newman, M. J., Foster, D. L., Wilson, T. H.,
and Kaback, H. R. (198@Ylethods Enzymol. 12829-452.

6. Sahin-Teh, M., Lawrence, M. C., and Kaback, H. R. (1994)
Proc. Natl. Acad. Sci. U.S.A. 95421-5425.

7. Kaback, H. R. (1996) irHandbook of Biological Physics:
Transport Processes in Eukaryotic and Prokaryotic Organisms
(Konings, W. N., Kaback, H. R., and Lolkema, J. S., Eds.) pp
203-227, Elsevier, Amsterdam.

8. Kaback, H. R., and Wu, J. (199Q). Re. Biophys. 30333~
364.

9. Frillingos, S., Sahin-Tibh, M., Wu, J., and Kaback, H. R.

(1998) FASEB J. 121281-1299.

Kaback, H. R., Voss, J., and Wu, J. (19€Tjr. Opin. Struct.

Biol. 7, 537-542.

Kaback, H. R., and Wu, J. (1998¢c. Chem. Res. 3805—

813.

Wu, J., and Kaback, H. R. (199Bjoc. Natl. Acad. Sci. U.S.A.

93, 14498-14502.

Wu, J., and Kaback, H. R. (1994) Mol. Biol. 27Q 285—

293.

.Wu, J., Hardy, D., and Kaback,

282 959-967.

Wu, J., Hardy, D., and Kaback,

37, 15785-15790.

Wu, J., Hardy, D., and Kaback,

38, 1715-1720.

.Wu, J., Hardy, D., and Kaback,

38, 2320-2325.

10.
11.
12.
13.
14 H. R. (199B)Mol. Biol.
15. H. R. (199Bipchemistry
16. H. R. (199ipchemistry

17 H. R. (199ipchemistry

Proc. Natl. Acad. Sci. U.S.A. 930123-10127.

22.Sun, J., and Kaback, H. R. (199Bipchemistry 3611959

11965.

Bibi, E., and Kaback, H. R. (199®roc. Natl. Acad. Sci.

U.S.A. 87 4325-4329.

Zen, K. H., McKenna, E., Bibi, E., Hardy, D., and Kaback,

H. R. (1994)Biochemistry 338198-8206.

25. Carrasco, N., Herzlinger, D., Mitchell, R., DeChiara, S., Danho,

W., Gabriel, T. F., and Kaback, H. R. (19823)oc. Natl. Acad.

Sci. U.S.A. 814672-4676.

Sahin-T¢h, M., Frillingos, S., Bibi, E., Gonzalez, A., and

Kaback, H. R. (1994pProtein Sci. 3 2302-2310.

27. Frillingos, S., Sahin-Tib, M., Persson, B., and Kaback, H.

R. (1994)Biochemistry 338074-8081.

Consler, T. G., Persson, B. L., Jung, H., Zen, K. H., Jung, K.,

Prive, G. G., Verner, G. E., and Kaback, H. R. (1998)c.

Natl. Acad. Sci. U.S.A. 9%934-6938.

Sanger, F., Nicklen, S., and Coulsen, A. R. (1H0c. Natl.

Acad. Sci. U.S.A. 76463-5467.

Hattori, M., and Sakaki, Y. (198@nal. Biochem. 1521291~

1297.

Teather, R. M., Bramhall, J., Riede, I., Wright, J. K., Furst,

M., Aichele, G., Wilhelm, V., and Overath, P. (198Bjr. J.

Biochem. 108223—-231.

.Consler, T. G., Tsolas, O., and Kaback, H. R. (1991)

Biochemistry 301291-1298.

. Zhuang, J., PriveG. G., Verner, G. E., Ringler, P., Kaback,

H. R., and Engel, A. (1999). Struct. Biol. 12563—75.

. Wrubel, W., Stochaj, U., Sonnewald, U., Theres, C., and

Ehring, R. (1990)J. Bacteriol. 172 5374-5381.

. Wrubel, W., Stochaj, U., and Ehring, R. (199BBS Lett.

349 433-438.

. Chervitz, S. A,, and Falke, J. J. (19%&pc. Natl. Acad. Sci.

U.S.A. 93 2545-2550.

. Sun, J., Voss, J., Hubbell, W. L., and Kaback, H. R. (1999)

Biochemistry 383100-3105.

.King, S. C., Hansen, C. L., and Wilson, T. H. (198l9chim.

Biophys. Acta 1062177-186.

39. Sahin-Tth, M., Dunten, R. L., Gonzalez, A., and Kaback, H.
R. (1992)Proc. Natl. Acad. Sci. U.S.A. 89054710551.

40. Lee, J. L., Hwang, P. P., Hansen, C., and Wilson, T. H. (1992)
J. Biol. Chem. 26,/20758-20764.

41. Dunten, R. L., Sahin-Tb, M., and Kaback, H. R. (1993)
Biochemistry 323139-3145.

42. Sahin-T¢h, M., and Kaback, H. R. (1993iochemistry 32
10027-10035.

43. Frillingos, S., and Kaback, H. R. (199Bjochemistry 35
13363-13367.

44.\Voss, J., Sun, J., and Kaback, H. R. (19BR)chemistry 37
8191-8196.

BI991853A

24.

26.

28.

29.
30.
31.



