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ABSTRACT: Cys-scanning mutagenesis of helix Il in the lactose permea&sdaiferichia coli[Frillingos,

S., Sun, J. et al. (199Biochemistry 36269-273] indicates that one face contains positions where Cys
replacement or Cys replacement followed by treatment Witbthylmaleimide (NEM) significantly
inactivates the protein. In this study, site-directed sulfhydryl modification is utilized in situ to study this
face of helix Il. F4CJNEM labeling of 13 single-Cys mutants, including the nine NEM-sensitive Cys
replacements, in right-side-out membrane vesicles is examined. Permease mutants with a single-Cys residue
in place of Gly46, Phe49, GIn60, Ser67, or Leu70 are alkylated by NEM &C26 10 min, and mutants

with Cys in place of Thr45 and Ser53 are labeled only in the presence of ligand, while mutants with Cys

in place of lle52, Ser56, Leu57, Leu62, Phe63, or Leu65 do not react. Binding of substrate leads to a
marked increase in labeling of Cys residues at positions 45, 49, or 53 in the periplasmic half of helix Il
and a slight decrease in labeling of Cys residues at positions 60 or 67 in the cytoplasmic half. Labeling
studies with methanethiosulfonate ethylsulfonate (MTSES) show that positions 45 and 53 are accessible
to solvent in the presence of ligand only, while positions 46, 49, 67, and 70 are accessible to solvent in
the absence or presence of ligand. Position 60 is also exposed to solvent, and substrate binding causes a
decrease in solvent accessibility. The findings demonstrate that the NEM-sensitive face of helix I
participates in ligand-induced conformational changes. Remarkably, this membrane-spanning face is
accessible to the aqueous phase from the periplasmic side of the membrane. In the following paper in this
issue [Venkatesan, P., Hu, Y., and Kaback, H. R. (2@i6rhemistry 3910656-10661], the approach

is applied to helix X.

As demonstrated in the preceding paper in this issue tivates the protein are situated on one face of helixt)l (
(Venkatesan, P., Kwaw, |, Hu, Y., and Kaback, H. R.), site- More specifically, nine single-Cys mutants (T45C, G46C,
directed sulfhydryl labeling in situ is a useful means to study F49C, S53C, S56C, Q60C, L65C, S67C, and L70&k
ligand-induced conformational changes in the lactose per-significantly inactivated by the thiol reagent. With the
mease (lac permeade)f Escherichia coli as well as the  exception of position 65, all the NEM-sensitive positions
accessibility of specific positions to water. In this paper, the occupy the same face of helix Il, indicating that this face is
approach is applied to transmembrane helix Il (Figure 1). important for activity. (i) A number of observations indicate

Although no irreplaceable residues are found in helix I, that helix Il interacts with the C-terminal half of the permease
several findings indicate that one face of this transmembranewhere four of the six irreplaceable residues are located.
domain is important for activity: (i) Cys-scanning mutagen- Mutation of Asp68 at the cytoplasmic end of helix II
esis of helix Il and the flanking loops shows that positions abolishes transport activity2), and many second-site
where Cys replacement or Cys replacement followed by revertants display high activity]. In 7 of the 18 revertants,
treatment with\N-ethylmaleimide (NEM) significantly inac-  the inactive phenotype is suppressed by a mutation in the

middle of helix VII; 6 of the 18 revertants are located at the

T This work was supported in part by NIH Grant DK51131 to H.R.K. periplasmic end of he"?( XI. Thml cross-linkin_g experiments
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DK09287. helices Il and VII and a decrease in the distance between
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Ficure 1: Secondary structure model of lac permease. The single-letter amino acid code is used, and putative transmembrane helices are
shown in boxes. The six irreplaceable residues Glu126 (helix 1V), Arg144 (helix V), Glu269 (helix VIII), Arg302 (helix 1X), His322 (helix

X), and Glu325 (helix X) are shown as enlarged Roman letters. In addition, the charge pairs Asp237 (helix VII)/Lys358 (helix XI) and
Asp240 (helix VII1)/Lys319 (helix X) are shown. The residues in helix Il studied by site-directed NEM labeling are shown in shaded circles,
and the site of the biotin acceptor domain (BAD) is indicated.

ends inactivates transpo#B)( In addition, periplasmic loop Growth of Bacteria. E. colT184 (acY Z") transformed

I/l (loop I/1l) is proximal to loops VII/VIIl and XI/XI (7— with a plasmid encoding a given mutant was grown as
9). (iii) The cytoplasmic end of helix 1l and loop I/l described (Venkatesan, P., Kwaw, |., Hu, Y., and Kaback,
contains the conserved sequence M@ —X—X—X—D— H. R., preceding paper in this issue).

(R/IK)=X—-G—X—(R/K)—(R/K)™ (10), and insertional mu-
tagenesis of loop II/1ll {1) or site-specific mutagenesis of
Gly64 (12) or Asp68 @) inactivates the permease.

In this paper, the structural and dynamic role of the NEM- } . . N
sensitive face of helix Il is investigated by site-directed NEM ~ NEM Labeling Alkylation with [**CINEM and quantifica-
labeling of single-Cys replacement mutants in right-side-out tion were performed as described (Venkatesan, P., Kwaw,
(RSO) membrane vesicle$3-15). The results demonstrate ., Hu, Y., and Kaback, H. R., preceding paper in this issue).
that this face of helix Il participates in conformational NEM Labeling in the Presence afu,+. RSO membrane
changes induced by substrate binding, and remarkably, that/esicles [0.4 mg of protein in 50L of 100 mM KR (pH
this me_mbran_e-spanning face is accessible to solvent from7_5)/1o mM MgSQ] with a given single-Cys permease
the periplasmic side of the membrane. mutant were incubated with4C]NEM (40 mCi/mmol; 0.4
EXPERIMENTAL PROCEDURES mM final cqncentranon) in the absence or presence of 20

mM potassium ascorbate and 0.2 mM phenazine methosul-

Materials.Materials were obtained from sources described fate under oxygenl@) to generateAuy+. Labeling was
previously (Venkatesan, P., Kwaw, I., Hu, Y., and Kaback, terminated after 10 min by the addition of 15 mM DTT,
H. R., preceding paper in this issue). and the permease was solubilized, purified, electrophoresed,

Methods. Plasmid Constructio@onstruction of permease and analyzed by autoradiography as described (Venkatesan,
mutants containing single-Cys replacements at positions 45,P., Kwaw, I., Hu, Y., and Kaback, H. R., preceding paper
46, 49, 52, 53, 56, 57, 60, 62, 63, 65, 67, and 70 in a Cys- in this issue).
less background has been describBd To facilitate avidin MTSES Labeling.The reactivity of given single-Cys
_aff|n|ty pur|f|cat|on, a bIOtI.n acceptor domam was inserted mutants in RSO membrane vesicles toward MTSES was
into the middle cytoplasmic loop of each single-Cys mutant determined as described (Venkatesan, P., Kwaw, I., Hu, Y.,

by restriction fragment replacement of the DNA fragment ! L
from plasmid pKR35/Cys-leskcY-L6XB [encoding Cys- and Kaback, H. R., preceding paper in this issue).

less permease with a biotin acceptor domain in cytoplasmic \Western Blot AnalysisFractions containing affinity-
loop VI/VII (7, 16)] into plasmid pT7-5/C-leskcY encoding purified biotinylated permease were analyzed electrophoreti-
a given single-Cys mutant using tRst and Kpnl restriction cally on sodium dodecyl sulfate (NaDod$Q2% polyacryl-
sites. Mutations and insertions were verified by sequencing amide gels, and proteins were electroblotted and quantified
double-stranded plasmid DNA using the dideoxynucleotide as described (Venkatesan, P., Kwaw, 1., Hu, Y., and Kaback,
termination method1(7). H. R., preceding paper in this issue).

Membrane PreparationRSO membrane vesicles were
prepared as described (Venkatesan, P., Kwaw, I., Hu, Y.,
and Kaback, H. R., preceding paper in this issue).
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TasC G46C F49C S53C normalization for protein (Figure 2, G46C, compare lanes 1

A B8 AY ES Ax Ee e s and 3), indicating that the accessibility of the Cys side chain

™G — + — + —+ —+ —+ -+ — + — + to NEM is not dependent on thermal motion of the protein.
S —— - No ligand-induced change in labeling of mutant G46C is

apparent at £C (Figure 2, compare lanes 1 and 2). It is
Sleae SHO® SSdee eooew essential to note that alkylation of sulfhydryl groups with

NEM is rapid at 25°C, given a reaction time of 10 min.

With a sterically accessible thiol group, as in G46C permease,

e L See LT the reactivity of the Cys residue is not decreased upon
_— '___"_ l_"'_ L_-L l__'!_ _1_1+ _'__I'_ lowering the temperature of the reaction téG. Hence, any
difference in labeling of a Cys residue at°@ relative to
Teaee seee seww that at 25°C can be ascribed to an alteration in the
environment of the Cys side chain. With T45C or S53C
Seas S86s asss permease, the marked increase in labeling observed at 25

Ficure 2: Effect of TDG and temperature on NEM labeling of ?C '|n the preser]ce of TDG .'S almost absept 4C4 which .
given S|ng|e.CyS mutants in RSO membrane vesicles. RSO |nd|CateS that WIthOUt pI’OtEIn thel’ma| mOtIOI’l, the CyS Slde
membrane vesicles [0.4 mg of protein in B0 of 100 mM KR chain is not labeled even in the presence of ligand (Figure
(p't'|h7-5)/|10 m,'zj/l MQS(gl prepar?ddffoﬁ coli '|;18é tranSf?mled 2, compare lanes 1 and 2 with lanes 3 and 4 in the appropriate
Wi a plasmia encoding an Indicatea single-Cys mutant were H H H

incubatgd with {f‘C]NEM (%O mCi/mmol; 0.4 mgM fir¥a| concentra- phanel).hLabet:Ing Ode49C2E£rmeasle. ai@“ﬁ Sllghtlly Iow%r

tion) for 10 min in the absence or presence of 10 mM TDG at 4 or than that o .Serve at » 1MPp ylng' t ‘f"t po ypeptl' Fj'

25 °C as shown. Reactions were terminated with DTT (15 mM thermal motion makes a small contribution to reactivity/
final concentration), and biotinylated permease was solubilized and accessibility of the Cys at this position (Figure 2, F49C,
purified by avidin-affinity chromatography as described in Experi- compare lanes 1 and 3). Interestingly, in the presence of

mental Procedures. Aliquots containing approximatelydb of ; ; ;
prote_in were _sepqrated by NaDo_d:EQ% PAGE, and the Iabeled_ ngang.’ Iabelg'lg of mutantl F49C és Cocrjnaarable at é‘t[_andtr2]5t
protein was visualized by autoradiography (upper panels). A fraction ‘C (Figure 2, compare lanes 2 and 4), suggesting tha

of the protein (0.5:g) eluted from the avidin-Sepharose beads was accessibility at position 49 is no longer influenced by protein
analyzed by Western blotting with anti-C-terminal antibody to thermal motion. As a result, TDG-induced enhancement in

quantify the amount of permease in each sample (lower panels).the labeling of F49C permease is more pronounced°a 4
. o ] . than at 25°C (Figure 2, compare lanes 1 and 2 with lanes 3
Protein DeterminationsProtein was assayed using a gp( 4). Labeling of Q60C permease dQtis slightly lower
Micro BCA protein determination kit (Pierce Inc., Rockford, than that observed at 25C, although ligand-induced
IL). attenuation in labeling is comparable at both temperatures
RESULTS (Figure 2, Q60C, compare lanes 1 and 2 with lanes 3 and
4). Lowering the temperature of alkylation t6@ also results
NEM Labeling at 25°C. Mutant G46C, F49C, Q60C, in decreased labeling of S67C or L70C permease (Figure 2,
S67C, or L70C reacts with*fCJNEM in 10 min at 25°C compare lanes 1 and 3 in the appropriate panels), which
(Figure 2, lane 3 in the appropriate panel). In contrast, T45C indicates that thermal motion contributes to the strong
or S53C permease reacts with NEM only in the presence of labeling observed at 2%. With S67C permease, no ligand-
the high affinity substrate analogue, TDG, (Figure 2, compare induced change in labeling is observed at'25 but at 4°C
lanes 3 and 4 in the appropriate panels), suggesting thatwhen protein thermal motion is minimized, there is a slight
binding of substrate elicits a conformational change that decrease in labeling in the presence of TDG (Figure 2, S67C,
causes these Cys side chains to become reactive/accessibleompare lanes 1 and 2 with lanes 3 and 4). With L70C
to the reagent. A ligand-induced conformational alteration permease, TDG does not induce any change in labeling at 4
is also reflected at position 49 or 60. Labeling of F49C °C (Figure 2, L70C, compare lanes 1 and 2).
permease is slightly enhanced, and labeling of Q60C Effect of Auy+ on NEM LabelingImposition of Aun+
permease is attenuated in the presence of TDG (Figure 2,across the membrane has been reported to alter the NEM
compare lanes 3 and 4 in the appropriate panels). Labelingreactivity of V315C or V331C permeaséd). Therefore,
of mutants G46C, S67C, or L70C is unchanged in the NEM labeling of each mutant in helix 1l was examined in
presence of TDG (Figure 2, compare lanes 3 and 4 in thethe absence or presence oAan+ generated by ascorbate
appropriate panel), implying that conformational changes oxidation in the presence of phenazine methosulfate. No
induced by ligand are either not reflected at these positions significant changes were observed (data not shown).
or not apparent at 28C. No labeling of permease 152C, Accessibility to MTSESThe NEM-reactive single-Cys
S56C, L57C, L62C, F63C, or L65C is observed even when permease mutants were tested for accessibility to methaneth-
incubation with NEM is carried out for 30 min, and with iosulfonate ethylsulfonate (MTSES), a hydrophilic, membrane-
the exception of mutant 152C, which is very weakly labeled impermeant sulfhydryl reagent4, 20—22). Pretreatment of
in the presence of TDG, ligand has no effect on alkylation G46C, A67C, or L70C permease with MTSES in either the
of these mutants (data not shown). absence or the presence of TDG leads to a marked decrease
NEM Labeling at £C. Labeling with F4CJNEM was also in labeling by NEM, which indicates that positions 46, 67,
carried out at 2C to minimize thermal motion of the protein  and 70 are accessible to solvent and that ligand binding does
and thereby facilitate detection of possible ligand-induced not alter the solvent exposure of these positions (Figure 3,
conformational change$,(19). Alkylation of G46C per- appropriate panels). Labeling of permease mutants T45C or
mease at 4C is comparable to that observed at°Z5after S53C by NEM after preincubation with MTSES in the
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T45C G46C F49C s53C accessible to this relatively small, membrane-permeant

TG — + — + — + — 4+ — 4+ — + — + — + reagent. Accessibility and/or reactivity may be determined
MISES — — + + ——++ — -+ + — -+ + by tertiary structure, thermal motion of the protein, and steric
O ﬁﬁ .- 8 constraints imposed by the lipid bilayer and/or local environ-

5 ¥z oA ment, thereby providing structural information. Moreover,

: a change in reactivity/accessibility toward thiol reagents
oese 6‘“ *e8s acse brought about by ligand binding oAuy+ is generally

indicative of an alteration in the local environment around

Q60C S67C L70C the Cys residue of interest and provides a convenient means
TG — + — + — 4+ — + — + — + to detect conformational changes within the protei—
MTSES — — 4+ + — — + + — — + + 15).

Mutants G46C, F49C, Q60C, S67C, and L70C are
alkylated by NEM at 25C. However, the low reactivity of
- B85 mutants G46C and F49C relative to the high reactivity of
.... o8 8e m‘ Q60C, S67C, and L70C suggests that Cys residues in the

. 3 A bility of ai nle.C fants t periplasmic half of helix Il may be less accessible to NEM
IGURE 3: Accessibility of given single-Cys permease mutants to ; ; ; ; ;
MTSES and the effect of TDG. RSO membrane vesicles<{0.6 relqtlve to Cys residues in th_e Cytoplasm_lc half_. Poss!bly,
mg of protein in 0.5 mL of 100 mM KRpH 7.5)/10 mM MgSQ) tertiary C(_)ntacts_ between_ helix !I and n_elghborlng hellc_es
prepared fromE. coli T184 transformed with plasmid encoding (23) are tighter in the periplasmic than in the cytoplasmic
the indicated single-Cys mutant were incubated without or with half. Mutants T45C and S53C react with NEM only in the
MTSES (200uM final concentration) for 5 min at 28C in the presence of substrate, while 152C, S56C, L57C, L62C, F63C,

absence or presence of TDG (10 mM, final concentration), as : : : .
indicated. The vesicles were washed twice with ice-cold buffer and and L65C permeases that contain Cys residues in the middle

resuspended in 5L of the same buffer, and TDG (10 mM final  Of the transmembrane domain do not react. Except for
concentration) was added back to the samples initially treated with positions 56 and 63, which are located on the NEM-sensitive

TDG. The samples were then treated WithCJNEM (40 mCi/ face of helix II, positions 52, 57, 62, and 65 lie on or close
mmol; 0.4 mM final concentration) for 30 min at 2&. Reactions to the opposite, hydrophobic face, which may be embedded

were quenched with DTT, and biotinylated permease was solubi- . -
lized and purified as described in Experimental Procedures. Aliquots in the hydrocarbon phase of the membrane and/or in close

containing approximately g of protein were separated by opppsition to hydr_op_hobic face_s of n_eighbor_in_g h_elices.
NaDodSQ/12% PAGE, and the NEM-labeled protein was visual- Tertiary contacts within the protein or with the lipid bilayer

ized by autoradiography (upper panels). A fraction of the protein may disfavor sterically and/or electronically alkylation of the
(0.5u9) eluted from the avidin-Sepharose beads was analyzed by cys residue in these mutants. In any case, it is not clear why
Western blotting with anti-C-terminal antibody to quantify the S56C d L65C hich ! d b
amount of permease in each sample (lower panels). mutants an » which were reported to be
) . ] ] inactivated by NEM 1), are not labeled. However, it is
presence of TDG is almost nil, demonstrating that ligand noteworthy that the NEM inactivation studies were carried
binding not only causes these Cys side chains to becomegyt with intact cells and 1 mM NEM, while the labeling

reactive but also leads to solvent exposure (Figure 3, stydies reported here were performed with RSO vesicles and
appropriate panels). No labeling with NEM is evident when ¢ 4 mM [4CINEM.

FA9C permease is treated with MTSES in either the absence - siryctural changes occurring within the permease upon
or the presence of TDG, indicating that position 49 is gypstrate binding are manifest at certain positions on the
accessible to solvent independent of ligand binding (Figure NEM-sensitive face of helix 11 by altered reactivity toward
3, panel F49C). Treatment with MTSES also causes ane alkylating agent (Figure 4). In the presence of TDG, Cys
pronounced decrease in labeling of Q60C permease, showingesidues at positions 45 and 53 in the periplasmic half of
that the Cys side chain at position 60 is exposed to solventine pelix become reactive, the Cys at position 49 undergoes
(Figure 3, Q60C, compare lanes 1 and 3). Interestingly, an increase in labeling, while Cys residues at positions 60
pretreatment with MTSES in the presence of TDG causes gnq 67 in the cytoplasmic half of the helix undergo a decrease
partial restoration of NEM labeling, indicating that position i, japeling. The results indicate that the face of helix Il with
60_ becomes less accessible to solvent upon ligand bi”dingpositions 45, 49, 53, 60, and 67 participates in structural
(Figure 3, compare lanes 3 and 4). changes induced by ligand binding and support the conclu-
sion (@, 3, 5, 6) that this face of helix Il is important for
DISCUSSION conformational changes that occur during protein turnover.
Cys-scanning mutagenesis of helix Il and the flanking  Thermal motion of the protein which contributes to the
loops has identified nine positions where Cys substitution structural flexibility of the permease may mask ligand-
followed by treatment with NEM significantly decreases induced alterations in the reactivity/accessibility of single-
activity (1). The finding that 8 of the 9 NEM-sensitive Cys replacement residues toward sulfhydryl reagents. De-
positions are located on one face of helix Il (Figure 4) creasing the temperature of the alkylation reaction t&€4
suggests that this face may be involved in conformational minimizes polypeptide motion, thereby enabling detection
changes important for turnover. In the present study, alky- of ligand-induced conformational changes, particularly with
lation of 13 single-Cys permease mutants in situ, including mutants strongly labeled by NEM. With S67C permease, a
the nine NEM-sensitive Cys-replacement mutants, was small ligand-induced decrease in labeling that is not apparent
undertaken to further study this face of helix II. Modification at 25°C becomes discernible afZ. Similarly, mutant F49C
of a given single-Cys residue in the permease by NEM exhibits a significantly greater substrate-induced increase in
clearly indicates that the thiol-containing side chain is labeling at 4°C than at 25°C. In contrast, mutants T45C

BE - - e
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Ficure 4: NEM labeling and the effect of ligand on single-Cys replacements in helix Il. The results from Figure 2 are shown in a 3D
representation of helix Il as follows. Positions that label with NEM are presented as colored spheres: red, labels with NEM with no change
in the presence of TDG; green, increased labeling in the presence of TDG; and blue, decreased labeling in the presence of TDG. Positions
that do not label are shown as white spheres. Helices other than helix Il are shown as rods, and their positions are derived from modeling
studies 88) using approximately 100 constrainta3j.

and S53C, which label with NEM at 25C only in the in helix VII are highly reactive/accessible to NEM at 25,
presence of TDG, exhibit almost no labeling &G} which and ligand-induced conformational changes at positions 241,
suggests that polypeptide thermal motion is largely respon-242, and 245 become apparent only when alkylation is
sible for the observed reactivity of the Cys at positions 45 performed at £C. In contrast, Cys residues at positions 45,
and 53 in the presence of ligand. The contribution of protein 49, and 53 in helix 1l exhibit a low degree of labeling at 25
thermal motion to alkylation is also evident in mutants Q60C, °C, and conformational changes elicited by substrate binding
S67C, and L70C where the extent of labeling &4C4s lower are apparent at this temperature. Thermal motion of the
than at 25°C. On the other hand, comparable reactivity of protein appears to be primarily responsible for the pro-
G46C permease at the two temperatures suggests thahounced reactivity/accessibility of the Cys side chains at
accessibility of the Cys side chain to NEM is independent positions 241, 242, and 245 at 28, but in the presence of
of protein dynamics. ligand, labeling at these positions is not determined by protein
Site-directed thiol cross-linking studied—-6, 24) show dynamics. Likewise, thermal motion makes a small contribu-
that the cytoplasmic halves of helices Il and Xl are in close tion to the reactivity of the Cys residue at position 49,
proximity, while helices Il and VII are close to each other although labeling in the presence of TDG is not affected by
at the periplasmic side of the membrane. Furthermore, TDG protein dynamics. The Cys side chains at positions 45 and
binding causes a scissors-like or translational movement of53 behave differently from the other Cys replacements at
helices VII and/or Il that increases the distance between the helix [I/VII periplasmic interface. Neither mutant is
helices VIl and Il at the periplasmic ends and decreases thelabeled, and labeling observed in the presence of ligand
distance at the approximate middle of the helices. An increaseappears to stem from thermal motion. Thus, despite spatial
in distance between helices VII and Il may increase acces-proximity, the periplasmic halves of helices Il and VII have
sibility of residues located at this interface to thiol reagents. distinct properties conferred by tertiary structure, thermal
Consistently, in the presence of TDG, there is marked motion of the protein, and/or constraints imposed by the
enhancement of NEM labeling of Cys residues at positions bilayer.
45, 49, and 53 located at the interface between helices Il Two-thirds of helix 1l forms a continuous hydrophobic
and VII. Similar increases in labeling in the presence of TDG face composed mostly of Leu, Phe, lle, and Ala residues
are also observed with Cys residues at positions 241, 242 that probably face the interior of the bilay@3j. Most Cys-
and 245 in the periplasmic half of helix VIl at the same replacement mutants on this face exhibit good transport
interface (Venkatesan, P., Kwaw, I., Hu, Y., and Kaback, activity, and with the exception of L65C, none are markedly
H. R., preceding paper in this issue). However, these residuesnhibited by NEM (). The present study shows that the
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Ficure 5: Solvent accessibility of single-Cys replacements in helix 1l as judged by MTSES blockade of NEM labeling. Results from
Figure 3 are shown in a 3D representation of helix Il. Positions where NEM labeling is significantly blocked by MTSES are shown as
yellow spheres. Positions 45 and 53 are represented as green spheres to indicate increased accessibility to solvent in the presence of TDG;
position 60 is represented as an orange sphere to indicate a ligand-induced decrease in accessibility. Helices other than helix Il are shown
as rods, and their positions are derived from modeling stu@@susing approximately 100 constrain&3j.

remaining third of the transmembrane face of helix Il microscopy 83—37). It may also be highly significant that
containing NEM-sensitive positions is exposed to solvent. the solvent-accessible face of helix Il reflects structural
Labeling of all the single-Cys replacements on this face with changes induced by substrate binding, especially if the water-
NEM is blocked by MTSES, indicating that this face is filled cleft represents the translocation pathway through the
accessible to periplasmic solvent throughout the thicknesspermease.
of the membrane (Figure 5). Cys residues at positions 45
and 53 become accessible to MTSES in the presence of TDGACKNOWLEDGMENT
while those at positions 46, 49, 67 (located at the cytoplasmic
end of helix II; Figure 1), and 70 (loop II/1ll) are accessible
to MTSES in the absence or presence of ligand. The Cys at
position 60 is also exposed to solvent, and TDG binding
results in a decrease in the solvent accessibility of the Cys o EFERENCES
at this position. Although the conclusion that one face of
helix Il appears to be accessible to periplasmic solvent 1. Frillingos, S., Sun, J., Gonzalez, A., and Kaback, H. R. (1997)
throughout the thickness of the membrane may seem  Biochemistry 36269-273.
heretical, the permease is a very flexible molec@8) n 2. Jessen-Marshall, A. E., Paul, N. J., and Brooker, R. J. (1995)
which the backbone is highly accessible to water despite its J. Biol. Chem. 2701625%-16257. :

. 3. Jessen-Marshall, A. E., and Brooker, R. J. (1996Biol.
overgll hydrophobic nature?). Furth_ermore_, a large bod_y Chem. 2711400-1404.
qf evidence derr_lonstrates that ther_e is _I|ttle if any contamina- 4 \wy, J., and Kaback, H. R. (199BJoc. Natl. Acad. Sci. U.S.A.
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