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ABSTRACT. Glul26 and Arg144 in helices IV and V, respectively, in the lactose permed&schérichia

coli, which play an indispensable role in substrate binding, are charge-paired and in close proximity
[Venkatesan, P., Kaback, H. R. (1998joc. Natl. Acad. Sci. U.S.A. 989802-9807; Zhao, M., Zen,

K.-C., et al. (1999Biochemistry 3874077412]. Since hydropathy plots indicate that these residues are

at the membranewater interface at the cytoplasmic surface of the membrane, site-directed nitroxide
scanning electron paramagnetic resonance (EPR) has been carried out on this region of the permease.
Thirty-one single-Cys permease mutants were spin-labeled and examined by conventional and power
saturation EPR. The motional freedom of the side chains, as well as accessibilitydiopdtassium
chromium oxalate (CrOXx), indicates that the loop between helices IV and V (loop 1V/V) is considerably
smaller than predicted by hydropathy plots, extending only from about Val132 to Phe138 and that Glu126
and Argl44 are probably within the membrane. Although ligand binding has no effect on the mobility of
the labeled side chains, a marked increase in CrOx anacCessibility is observed at position 137, as

well as significant changes in accessibility to CrOx on one face of helix V. It is concluded that ligand
binding induces a conformational change in the vicinity of the binding site, resulting in increased
accessibility of position 137 in loop IV/V to solvent.

The lactose permease (lac permehséEscherichia coli on the cytoplasmic face of the membrane (reviewed in refs
is representative of secondary active transport proteins that7 and 8) (Figure 1).
convert free energy stored in electrochemical ion gradients —Site-directed mutagenesis of wild-type permease and Cys-
into work in the form of a concentration gradient. This scanning mutagenesis of a functional mutant devoid of Cys
hydrophobic, polytopic cytoplasmic membrane protein en- residues (C-less permease) reveals that only six out of 417
coded by thdacY gene of theac operon () catalyzes the  residues in the protein are irreplaceable with respect to active
coupled stoichiometric translocation of galactosides with H ~ transport (reviewed in ref8 and 10). Glu269 (helix VIII),
(reviewed in ref2—4). The permease has been solubilized Arg302 (helix IX), His322 (helix X), and Glu325 (helix X)
from the membrane, purified, reconstituted into proteolipo- Play critical roles in H translocation and coupling, while
somes in a fully functional state (reviewed in ®f and  Glul26 (helix IV) and Arg144 (helix V), which were among
shown to be solely responsible f@rgalactoside transport ~ the last residues to be mutateldl), are major determinants
as a monomer (see réj. All available evidence indicates ~for substrate binding1@, 13). Moreover, replacement of
that the permease consists of 12 transmembeahelices either Glul26 or Arg144 with Ala markedly decreases the

connected by hydrophilic loops with the N and C termini reactivity of Cys148, a residue that interacts weakly and
hydrophobically with the galactosyl moiety of the substrate

: : (14, 15). In contrast, interchanging the residues, double-Ala
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supported by a fellowship from the GP Catalonian Studies Program. little or no effect on Cys148 reactivity, thereby indicating
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Biochemistry. with high affinity in a pH-dependent fashion, and the

1 Abbreviations: lac permease, lactose permease; Cys-less permeas@ppropriately labeled double-Cys mutant exhibits excimer
functional lactose permease devoid of Cys residues; SDSL, site-directedf|yorescence or spiaspin interactions, demonstrating that
spin labeling; EPR, electron paramagnetic resonance; DPPH, 2,2-
diphenyl-1-picrylhydrazyl; NaDodSQsodium dodecyl sulfate; PCR,

polymerase chain reaction; DM;dodecyls-p-maltopyranoside; OG, 2 Site-directed mutants are designated by the single-letter amino acid
octyl 5-p-glucopyranoside; TDGp-p-galactopyranosyl 1-thig-p- abbreviation for the targeted residue, followed by the sequence position
galactopyranoside; CrOx, potassium chromium oxalate (potassium of the residue in the wild-type lac permease, and followed by a second
trioxalatochromate); DTT, dithiothreitol; KPpotassium phosphate. letter indicating the amino acid replacement.
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Ficure 1: Secondary structure of lac permease, as modified by Wolin and Kab8gkshowing regions subjected to nitroxide-scanning

EPR. The one-letter amino acid code is used, and putative transmembrane helices are shown in boxes. Residues irreplaceable with respect
to active transport are enlarged: those involved in substrate translocation are shown as open letters [Glu-126 (helix 1V) and Arg-144 (helix
V)], and those involved in Htranslocation and coupling are shown in black [Glu-269 (helix VIII), Arg-302 (helix 1X), His-322 (helix X),

and Glu-325 (helix X)]. Asp-237 (helix VII) and Lys-358 (helix Xl), as well as Asp-240 (helix VII) and Lys-319 (helix X), which are
charge-paired, are numbered. Nonessential residues thought to be involved in substrate translocation [Met-145 and Cys-148 (helix V), and
Val-264, Gly-268, and Asn-272 (helix VIII)] are encircled. The region studied here is shaded.

positions 126 and 144 are in close proximif). Although chased from Toronto Scientific, Inc. (Toronto, Canada).
Glul26 and Arg144 were initially placed at the membrane Deoxyoligonucleotides were synthesized on an Applied
water interface at the cytoplasmic ends of helices IV and V, Biosystems 391 DNA synthesizer. All restriction endonu-
respectively {7), amino acid deletion analysid§) and lac cleases and T4 DNA ligase were from New England Biolabs
permease fusions with the NG domain ltfsY (E. Bibi, (Beverly, MA). Sequenase enzyme was purchased from U.S.
personal communication) indicate that both residues areBiochemical Corp. (Cleveland, OH). All other materials were
embedded in the membrane, probably about two helical turnsreagent-grade and were obtained from commercial sources.
from the cytoplasmic ends of helices IV and V.

Site-directed spin labeling (SDSL) is a powerful tool for Méthods
investigating topography, secondary structure, tertiary struc-  Construction, Expression, and Purification of Lac Per-
ture, interresidue distances, and dynamics of membranemease MutantConstruction of the single-Cys mutants used
proteins (for general reviews, see réf-22). In this study,  in this study was described previousB8( 24). To facilitate
permease mutants with a single-Cys residue at positionspurification, the biotin acceptor domain fromkdebsiella
126-156 were derivatized with a thiol-specific nitroxide spin pneumoniaeoxaloacetate decarboxylase was inserted into
label and studied by conventional electron paramagneticloop VI/VII or at the C-terminusZ5). The desired mutations
resonance (EPR) to reveal side-chain dynamics, as well aswere confirmed by using dideoxynucleotide sequence analy-
power saturation EPR to reveal local environmental featuressis 6, 27). E. coli T184 (acZY") transformed with plasmid
in terms of solvent accessibility. Taken together, the results encoding a given mutant was grown aerobically af@7n
indicate that the loop IV/V is much smaller than predicted, Luria—Bertani broth with streptomycin (1@g/mL) and
extending from Val132 to Phel138. Furthermore, results are ampicillin (100xg/mL). Fully grown cultures were diluted
presented indicating that ligand-binding induces conforma- 10-fold in a 12 L fermenter and grownrf@ h at 37°C

tional changes in this region of the permease. before induction with 1 mM-propyl 1-thiof3-p-galactopy-

EXPERIMENTAL PROCEDURES ranoside. After additional growth f@ h at 37°C, cells were
harvested and disrupted by passage through a French pressure

Materials cell. A membrane fraction was isolated by centrifugation,

(1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane- membrane proteins were extracted with 2% DM, and
thiosulfonate (methanethiosulfonate spin label) was pur- permease was purified by affinity chromatography on im-
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Ficure 2: EPR spectra of nitroxide-labeled single-Cys mutants in
DM. First-derivative EPR spectra of given nitroxide-labeled single-

Cys lac permease mutants at positions from 126 to 156 solubilized

in DM in the presence of 20 mM sucrose (gray lines) or 20 mM
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FiIGURE 3: EPR spectra of nitroxide-labeled single-Cys mutants
reconstituted into proteoliposomes (left) or solubilized in DM
(right). First-derivative EPR spectra of nitroxide-labeled single-
Cys lac permease mutants at positions from 137 to 140 after
reconstitution into proteoliposomes or solubilized in DM as
indicated are shown in the presence of 20 mM sucrose. The spectra
were corrected for free spin label and scaled vertically for
convenience. The magnetic field scan width is 100 G.

amplitude optimized for the natural line width of the
individual spectra were used during recording under field-
frequency lock. Signal-averaged spectra were obtained with
a 100 G sweep at 40 s scan time.

Power saturation of the central resonance was carried out

TDG (dotted black lines) are shown. The spectra were corrected in the presence of £n equilibrium with air or under Nin

for free spin label and scaled vertically for convenience in order to
contrast differences in the presence of 20 mM sucrose or TDG.
The magnetic field scan width is 100 G, and the line width of the
central resonanceAH) is indicated on the spectrum of mutant
E126C.

mobilized monomeric avidin beads as describ®g).(Puri-
fied protein was then incubated with 50 mM methanethio-
sulfonate spin label fol h at 4°C to derivatize the Cys
with the nitroxide spin label. After the column was washed
with a minimum of 200 mL of column buffer [50 mM
potassium phosphate (KBpH 7.5)/150 mM NacCl/0.02%
DM], the permease was eluted with 2 mM biotin in column
buffer and concentrated with a Micro-ProDiCon membrane
(Spectrum, Houston, TX)28).

the absence or presence of 20 mM potassium chromium
oxalate (CrOx). The paramet&;,,, which is proportional

to 1/T1eT2e (31),% is the microwave power that saturates the
signal amplitude to half the value it would have reached in
the absence of saturation. Spin exchange with a fast-relaxing
paramagnetic species such ag @ CrOx results in an
increase in the relaxation rate T44) in proportion to collision
frequency 81). The change ifPy; due to the presence of a
paramagnetic species such asi®©defined as

AP )(0,) = P1(O;) = Py(Np) 1)

and is a direct measure of the collision frequency of the
nitroxide with Q. To account for the effect of,. and

To prepare proteoliposomes, spin-labeled permease (5 mgyariations in spectrometer performanégy, is normalized

mL) in the column buffer was mixed with 1.2% octfip-
glucopyranoside (OG) before adding 1-palmitoyl-2-ole-
oylphosphatidylethanolamine and 1-palmitoyl-2-oleoylphos-
phatidylglycerol (3:1 mol/mol) to yield a lipid-to-protein ratio
of 100. After 15 min of incubation on ice, the mixture was
rapidly diluted 40-fold into 50 mM KP(pH 7.5). Proteoli-

to give the accessibility parametEl, which is defined as

_ AP1(O,) AH(DPPH)
~ P,(DPPH) AH

&)

whereP,(DPPH) isPy; for a 2,2-diphenyl-1-picrylhydrazyl

posomes were then harvested by ultracentrifugation, resus{PPPH) crystal AH(DPPH) is the peak-to-peak line width

pended in 50 mM KRpH 7.5), and subjected to three cycles
of freeze-thaw/sonication §) prior to EPR spectroscopy.
EPR Spectroscopy-band EPR spectra of spin-labeled
permeases were obtained at 22 with 10 uL of purified
protein at a final concentration of ca. a® in 50 mM KP,
(pH 7.5)/150 mM NaCl/0.02% DM. The samples were
contained in a TPX capillary, which was placed in a Varian
E-109 X-band spectrometer fitted with a loegap resonator
(29, 30). A microwave power of 2 mW and a modulation

of the DPPH resonance, amH is the corresponding line
width of the nitroxide centralny = 0) resonance32).

RESULTS

EPR SpectraEPR spectra of nitroxide-labeled permease
with single-Cys replacements at positions +266, which

3 Tieis the spin-lattice relaxation timeT e is the transverse relaxation
time.
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the permease may be more “loosely packed” in DM, the fold

is the same, a conclusion consistent with previous findings
SUCROSE (see ref8). It is also noteworthy that TDG has little or no

effect on the line shapes after reconstitution (data not shown).

Loop IMV. The motional freedofof a nitroxide side chain
e can be measured by the inverse of the peak-to-peak line width
; t‘\:‘ RN /’ of the central resonancAK ™), as indicated in the spectrum
N \ N for nitroxide-labeled E126C permease (Figure 23,(39.
Loowe A plot of AH™! versus the position of the nitroxide (Figure
o4 4A) reveals that positions 135 and 137 display significantly
B | higher motional freedom than the other nitroxide-labeled side
03 chains. Increased nitroxide side-chain mobility at these
positions is consistent with weak tertiary interactions.
Interestingly, the other residues in the vicinity of positions
135 and 137 do not exhibit high mobility. The constraint of
motion may be due to tertiary interactions with residues in
other loops (e.g., a Cys residue at position 134 forms a
1.0% -00 disulfide spontaneously with certain Cys replacements in loop
0.8 . VII/IX; I. Kwaw and H.R.K., unpublished observation) and/
] e, or partial embedding of the residues within the membrane.
8 04l : \ DL “, In addition, a periodicity corresponding approximately to that
E , \__._ of an a-helix is observed from about position 140 to 156
027, .' \ \/ o2 r&/ g \'\/\. / -~. (dotted line). Although a similar pattern is also observed from
00+ __ ¢ - , position 127 to 131, the sequence scanned is too short to
128 132 1% 140 14 148 152 166 draw conclusions regarding the secondary structure of
RESIDUES transmembrane domain IV. A close examination of Figures
FIGURE 4: Side-chain mobility and accessibility of nitroxide side 4 and 5 suggests that one or both of these helices may be
chains to Q or CrOx in the presence of sucrostH™ (A, @), one turn longer, ending at approximately position 134 and

I1(O,) (B, a), andIT(CrOx) (C, m) versus the position of the P : h
nitroxide-labeled side chain in single-Cys mutants solubilized in beginning at approximately 136, respectively. However, the

DM in the presence of 20 mM sucrose. Open symbols representresumng loop would then contain only a single residue
data obtained with nitroxide-labeled single-Cys mutants at positions (position 135), and it is unlikely that a single residue can
135-140 reconstituted after reconstitution into proteoliposomes. bridge two antiparallel transmembrane helices. In contrast,

The dotted line represents the periodicity expected for a typical g periodicity consistent with helical structure is observed
o-helix. See Experimental Procedures for details. I
from position 131 to 139.
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span the C-terminal third of helix IV, helix V, and the Determination of the collision rates of nitroxide side chains
intervening loop (loop IV/V; Figure 1), are shown in Figure ~With diffusible paramagnetic agents such aso®CrOx is a
2. A component corresponding to small amount&%) of complementary approach to topological mappib§)(The

free spin was subtracted, and the spectra were scaledccessibility parametefl), proportional to the collision rate,
vertically for convenience in order to contrast differences is a direct measure of nitroxide accessibility to either water
observed in the presence of sucrose, which is not a substrat@r the lipid bilayer 85). The pattern of accessibility toO
for the permease, with-n-galactopyranosyl 1-thig-p- (Figure 4B) and CrOx (Figure 4C) in the sequence scanned
galactopyranoside (TDG), a high-affinity ligand. As shown, generally mirrors that for side-chain mobility, as found in
TDG has little or no effect on the line shape of the spectra, hitroxide scanning EPR studies of helix VII and loop VII/
indicating that side-chain dynamics are not significantly VIII (36), as well as helix Xl 87), in lac permease. Thus,
altered by ligand binding. However, as reflected by spectral there is a weak but discernible periodic variation[&fO,)
line width and breadth3g), the side-chain dynamics vary —and I1(CrOx) with positions in the region 127131 and
widely from relatively mobile (e.g., positions 135 and 137) 140-156 compatible with helical segments. In the regions
to highly immobilized (e.g., position 140), suggesting marked 132-138, neitherI1(O;) nor I1(CrOx) reflects a simple
differences in tertiary contacts between this region and otherhelical geometry. Moreover, the relatively high values of
domains. I1(O,) and II(CrOx) at position 137 clearly indicate a
Since the data shown were obtained with the permease insolvent-exposed region. Throughout the sequence-126,
DM, nitroxide-labeled mutants at positions £3540, where  the absolute values and general patteri1¢D,) are similar
the side chains display the most dramatic contrast in to those found in helixturn—helix motifs of rhodopsin in
dynamics, were also studied after reconstitution (Figure 3). DM micelles @4). Importantly, the results are consistent with
Although the inverse line width of the central resonance the findings obtained by using amino acid deletion analysis
(AH™Y) remains essentially unchanged (see Figure 4A), itis to estimate loop-helix boundaries in this region of the
clear from the upfield and downfield regions of the spectra permeaselg).
that nitroxides at positions 136, 138, and 139 are more
immobile after reconstitution. In contrast, the spectra obtained , ;. . . .
. . . . e term motional freedom is used in a general sense, and a change
with the other reconstituted nitroxide-labeled mutants are j, motional freedom can arise from a change in either the rate or
almost identical to those observed in DM. Thus, although amplitude of motion or both.
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Ficure 6: Effect of ligand on side-chain mobility and accessibility
of nitroxide side chains to Dor CrOx. Differences are shown
between values foAH™! (A, @), T1(O,) (B, a), andII(CrOx) (C,
M) obtained in the presence of 20 mM sucrose, which is not a ligand
for the permease (Figure 4), or 20 mM TDG, a ligand for the
permease (Figure 5), versus the position of the nitroxide-labeled
K Side chain in single-Cys mutants solubilized in DM in the presence
of 20 mM TDG. Open symbols represent data obtained with
nitroxide-labeled single-Cys mutants at positions 1380 after
reconstitution into proteoliposomes. Note the break inythgis in
panels B and C.

Ficure 5: Side-chain mobility and accessibility of nitroxide side
chains to Q or CrOx in the presence of TD@AH™1 (A, @), I1(Oy,)

(B, A), andII(CrOx) (C,m) are shown versus the position of the
nitroxide-labeled side chain in single-Cys mutants solubilized in
DM in the presence of 20 MM TDG. Open symbols represent data
obtained with nitroxide-labeled single-Cys mutants at positions
135-140 after reconstitution into proteoliposomes. Note the breal
in they axis in panels B and C. The dotted line represents the ©
periodicity expected for a typicabi-helix. See Experimental
Procedures for details.

Itis also noteworthy that the data (Figure 3) obtained with configuration is to be expected, as helices IV and V are
mutants 135140 after reconstitution into proteoliposomes probably tilted relative to each other (see rEJ), and
follow a pattern similar to that obtained in DM. However, periodicity in the vicinity of position 144 may be interrupted
theII(O;) value of position 135 is significantly higher after because the charge pair Glu126/Arg144 is critical for local
reconstitution, while thelI(CrOx) value is significantly  conformation {2). It is also interesting that the interface
lower. In addition,IT1(O,) values of positions 137, 138, and where Glul26 and Argl44 are located appears to be
139 are significantly lower after reconstitution, while the relatively hydrophobic and sequestered from water, as
I1(CrOx) value for position 137 is much lower. Possibly, suggested by relatively low side-chain mobility and CrOx
position 135 is exposed to water when the permease isaccessibility €0.2) of resides on the same face of helix V
solublized in DM and becomes buried in the interior of the as Arg144 (i.e., positions 140, 148, 151, 154, and 155).
protein after reconstitution. Effect of Ligand BindingEither in DM or after reconstitu-

Helices IV and VFor buried to completely exposed sites, tion, the mobility of the nitroxide-labeled side chains are
respectively, in water-soluble proteing,(O,) varies from essentially unaffected in the presence of TDG%o in helix
about 0.05 to 0.6. For water-exposed parts of membraneV), suggesting that backbone motion remains unchanged
proteins,I1(O,) is generally less, reaching a maximum of upon ligand binding (Figures 5A and 6A; see Figures 2 and
about 0.4. For rhodopsir84) and bacteriorhodopsir88) in 3 in addition). With respect to £accessibility (Figures 5B
DM, the surface residues in transmembrane helices haveand 6B), little change is observed in the presence of ligand
I1(O,) values of 0.15-0.2, similar to those reported here. (<20% in helix V). On the other hand, CrOx accessibility
The apparent periodicity observed for side-chain mobility, (Figures 5C and 6C) exhibits a generalized flattening effect
as well as accessibility to £and CrOx, from positions 126  (ca. 50%), particularly from position 142 to 156, due
to 131 and from positions 140 to 156 suggests that one faceprimarily to decreased accessibility of positions 142, 146,
of the C-terminal third of helix IV and one face of helix V 149, 153, and 156, suggesting that helix V may become more
are exposed to a solvated environment, while the oppositeburied within the protein upon ligand binding. In the
faces are sequestered from water due to packing with otherdifferential plot (Figure 6C), the residues affected from 140
transmembrane helices in the permease (Figure 4). Ato 156 appear to be located at the maxima of an oscillation
periodicity that does not correspond precisely taamelical with a periodicity of between 3 and 4, while a zigzag pattern
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with a periodicity approximating 2 is observed from position the lipid, and IT(CrOx) would be extremely low at all
132 to 138. Furthermore, after reconstitution into proteoli- positions due to the insolubility of the charged reagent in
posomes, accessibility of the nitroxide at position 137 o O nonpolar media and the interior of a packed protein. An
increases almost 8-fold, while accessibility to CrOx increases examination of the data shows that the periodic functions of
about 30-fold (Figure 6B,C; compare Figures 4A,B to Figure AH™!andII(O,) are indeed in phase in the sequence-138
5A,B, respectively). However, the relatively high accessibility 156. However, there is also an in-phase periodic variation
of position 137 to CrOx versus QOndicates that position  of IT(CrOx) with maxima that are too high to reflect
137 remains solvent-accessible. In contrast, little change incollisions with lipid exposed sites.
O, or CrOx accessibility is induced by TDG with nitroxides The EPR spectra themselves aid in resolving this apparent
at position 135, 136, or 138140 after reconstitution. discrepancy. The absolute mobility of all nitroxide-labeled
DISCUSSION s_ide chains.in the sequence 1368, reflected by the EPR _
] ] line shape, is much lower than that observed for most helix

Cytoplasmic Loop IX. The topology of the region  grface sites in a micelle or membrane interior in other
subjected to nitroxide-scanning EPR here was initially tansmembrane proteindX, 34. Rather, the mobility more
predicted from hydropathy analysidq) to extend from  (josely resembles sites in tertiary interaction with other parts
Glul26 to Argl44, with these residues at the cytoplasmic of the protein. Together with the unusually high accessibility
surface of the membrane. However, as indicated by a varietyy, crOx, the mobility data suggest that helix V is in tertiary
of site-directed approache&Z 16), Glul26 and Argl44,  contact with protein on all surfaces, but an asymmetry is
which are major determinants for substrate binding, are created by the penetration of water along one side, that facing
probably charge-paired and therefore likely to be located the center of the protein. Presumably, this surface would have
within the low dielectric of the membrane. Further studies he weakest tertiary interactions and correspond to residues

utilizing amino acid deletion analysid§) indicate thatloop  \yith the highest mobility andI(CrOx) (141, 146, 149, 153,
IV/V is much smaller than predicted, probably extending gnq 156).

from Vall32 to Phel38, and that Glul26 and Argl44 are s gifficult to draw any conclusions frofI(Oy) in this
probably located about two helical turns from the cytoplasmic ¢4se Collisions appear to be low for residues on the exposed

ends of helices IV and. \Z respef:tively. . face in the micelle headgroup region and cannot be distin-
It has been shown with bacteriorhodopsa$)(and visual  guished from sites buried in a loosely packed inter&x) (
rhodopsin 84), as well as lac permeasgq( 37), that residues For the sequence 12@.31, the situation is similar. The

within a loop exposed to the aqueous phase exhibit a model suggests a lipid-solvated surface, and although limited,
relatively high degree of side-chain mobility and a high the EPR data are consistent with this notion. Lipid-exposed
collision frequency with polar paramagnetic species. As sites can be immobilized by local tertiary contact interactions
shown here, there is a marked increase in side-chainfor particular helix packing geometries, as shown for KcsA,
dynamics at positions 135 and 137 and a marked increasethe prokaryotic K channel 40).
in CrOx accessibility at position 137, as well as an increase  Based on various site-directed techniques, a helix packing
in O, accessibility. Furthermore, with the exceptions of model that includes tilts has been proposé@).(In the
positions 135 and 137, the other residues in the region model, helices IV and V are next to each other, with helix
scanned exhibit relatively low side-chain mobility and low v in the interior and helix IV on the periphery of the 12-
accessibility to both @and CrOx. Possibly, tertiary contacts  helix bundle. Possibly, with the permease in DM, helices
between loop IV/V and other loops in the permease account|y and V each have one face solvated in water with the
for the findings. In any case, it is apparent that conclusions interface between the helices motionally hindered and
regarding the boundaries between cytoplasmic ends of helicesequestered from water. Since Glu126 is ion-paired with
IV or V and loop IV/V cannot be approximated by differ-  Arg144 (12, 16), it is likely that residues on the same face
ences in accessibility of nitroxide-labeled side chains 10 O as Glu126 and Arg144 are located at the interface. On the
or CrOx. On the other hand, an approximate helical periodic- pasis of the data presented, helices IV and V, as well as
ity is observed for side-chain mobility, as well as énd loop IV/V, are modeled (Figure 7A). In support of the model,
CrOx accessibility, from positions 126 to 131 and from residues exhibiting relatively high motional freedor0(1)
positions 140 to 156, while no distinct periodicity is observed and relatively high CrOx accessibility>0.25) occupy the
from position 132 to 138. Therefore, more weight is given same helical face (spheres). Residues at the interface between
to the apparent periodicity observed in the mobility and helices IV and V, which contains Glu126, Arg144, and
accessibility profiles with respect to defining loop IV/V, and  Cys148, are relatively immobilized and less accessible to
it seems apparent that the change in periodicity from position solvent. Thus, the interface between helices IV and V where
132 to 138 corresponds to the region identified as loop IV/V' the major determinants for substrate binding are located is
by amino acid deletion analysi4§). relatively hydrophobic and sequestered from wated). (It
Helices IV and V.To observe a periodic dependence in is also relevant that permease with bis-His replacements at
the parametera\H™%, T1(O,), and IT(CrOx) for a helical positions 126 and 144 binds Mn(ll) with relatively high
segment, the helix must have asymmetric interactions with affinity at pH 7.5 (L6), a finding consistent with the notion
its environment 22). For a putative transmembrane helix, that metal-binding sites are usually centered in a shell of
one obvious situation is to have one face of the helix solvated hydrophilic ligands surrounded by more hydrophobic side
by the hydrocarbon chains of the bilayer (or micelle) interior chains 41).
and the opposing face interacting with the remainder of the  Effect of Ligand BindingThe observation that TDG has
protein. In this caseAH™! and I1(O,) would have local no demonstrable effect on side-chain dynamics suggests that
maxima that are in phase corresponding to residues facingbackbone motion of helices IV and V remains the same upon
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Ficure 7: Modeling of helices IV and V and loop IV/V in lac
permease. Positions 126831 and 139156 are presented in

a-helical conformation as gray ribbons, and the positions—-132

138 that represent the intervening loop are shown gklige

structure in light gray. The Glu126/Arg144 charge pair are the only

Zhao et al.

most of the other 29 Cys-replacement mutants used in this
study display good transport activit®,(23).
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