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LacY mutant Cys154 → Gly exhibits a periplasmic-closed crystal
structure identical to the WT, but is periplasmic-open in the mem-
brane. The mutant hardly catalyzes transport, but binds galacto-
sides from either side of the membrane with the same affinity and
is resistant to site-directed proteolysis relative to the pseudo-WT.
Site-directed alkylation was also applied to 11 single-Cys mutants
in Cys154 → Gly LacY in right-side-out membrane vesicles or after
solubilization and purification in dodecyl-β-D-maltopyranoside
(DDM). Unlike the pseudo-WT, Cys replacements on the periplasmic
side of the Cys154 → Gly mutant label rapidly in the membrane
without sugar, but labeling decreases markedly after the mutant
proteins are purified. Thus, Cys154 → Gly LacY likely favors a
higher-energy intermediate periplasmic-open conformation in situ,
but collapses to a lower-energy periplasmic-closed conformation
in DDM after purification. Notably, branched-chain or neopentyl
glycol maltoside detergents stabilize Cys154 → Gly LacY in the
membrane-embedded form.
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The lactose permease of Escherichia coli (LacY), a paradigm
for the Major Facilitator Superfamily of membrane transport

proteins, catalyzes stoichiometric translocation of a galactoside
and an Hþ across the cytoplasmic membrane (galactoside∕Hþ
symport) (reviewed in refs. 1, 2). LacY has been solubilized,
purified, and reconstituted into proteoliopsomes in a fully func-
tional state (3). Initial X-ray structures of the conformationally
restricted C154G mutant (4, 5) and a subsequent crystal structure
of WT LacY (6), as well as a single-Cys construct with a cova-
lently bound inactivator (7), exhibit the same inward-facing
conformation. In both structures, twelve mostly irregular trans-
membrane α-helices are organized into two pseudosymmetrical
six-helix bundles surrounding a cavernous hydrophilic cleft open
to the cytoplasm only. A single sugar-binding site is located at the
apex of the cavity in approximately the middle of the molecule
across from residues that form an Hþ-binding site; both sites are
inaccessible from the sealed periplasmic side (Fig. 1). However,
LacY is highly dynamic, and sugar binding induces a global con-
formational change in which the cytoplasmic cavity closes with
opening of a comparable hydrophilic cavity on the periplasmic
side (2, 4, 8). A wealth of biophysical and spectroscopic data,
which includes site-directed alkylation (SDA) (9–12), single-
molecule fluorescence resonance energy transfer (13), double
electron-electron resonance (14), site-directed cross-linking (15)
and Trp fluorescence studies (8, 16, 17) provide converging
evidence that the sugar- and Hþ-binding site(s) in LacYare alter-
natively accessible from either side of the membrane [the
alternating access model (reviewed in refs. 18, 19.)]

Recently, the reactivity/accessibility of single-Cys replacements
in Cysless LacY (henceforth Cysless LacY is referred to as ‘WT’)
was examined in RSO membrane vesicles and after solubilization
and purification in the detergent dodecyl-β-D-maltopyranoside
(DDM) by SDA with the hydrophobic, membrane-permeant
thiol reagent teramethylrhodmine-5-maleimide (TMRM) (12).
The results indicate that ‘WT’ LacY in the native bacterial

membrane or solubilized and purified in DDM retains much
the same periplasmic-closed conformation in the absence of
sugar as in the crystal structure. Moreover, binding of galactopyr-
anoside induces a similar global conformational change to a peri-
plasmic-open conformation in right-side-out (RSO) membrane
vesicles or with solubilized, purified protein. Thus, upon sugar
binding to ‘WT’ LacY, Cys replacements on the periplasmic side
become 6- to 10-fold more reactive/accessible, while Cys replace-
ments on the cytoplasmic side become 6- to 10-fold less so.

The conformationally restricted mutant C154G, which was
crystallized initially (4, 5), exhibits unique properties compared
to wild-type LacY. Although transport is almost negligible, the
mutant binds galactopyranosides as well as or even better than
the wild type (20–23). The crystal structures yield a clue as to why
the C154Gmutant is conformationally restricted. Helices I and V
cross in the approximate middle of the membrane where Cys154
(helix V) and Gly24 (helix I) are close (5, 6). Abutting Gly resi-
dues in adjacent helices may lead to significantly tighter helix
packing (24–27), which may partially explain the lack of confor-
mational flexibility of the mutant (28). Most remarkably, several
lines of evidence (11, 13, 14) demonstrate that, unlike wild-type
LacY, the mutant favors a periplasmic-open conformation in con-
tradistinction to the X-ray structures currently available.

We demonstrate here that C154G LacY likely represents an
intermediate conformation of LacY in the native bacterial mem-
brane by showing that although transport activity is minimal,
galactopyranoside can access the sugar-binding site from either
side of the membrane with essentially the same affinity. More-
over, in contradistinction to ‘WT’ LacY, single-Cys replacements
on the periplasmic side of the mutant label rapidly in the mem-
brane in the absence of sugar, and galactoside binding has little or
no effect on labeling rates. Surprisingly, however, the reactivity/
accessibility of periplasmic single-Cys replacements is much lower
after solubilization and purification in DDM, and the effect of
sugar on labeling is minimal or reversed at some positions. The
findings are consistent with the conclusion that the membrane-
embedded conformation of C154G LacY collapses from a higher-
energy intermediate conformation with a periplasmic-open con-
formation to a lower-energy periplasmic-closed conformation.
Because crystals are formed from LacY purified in DDM, the
periplasmic-closed conformer may be selected preferentially.
Importantly, solubilization and purification with branched-chain
or neopentyl glycol maltoside detergents stabilize C154G LacY in
the membrane-embedded conformation, as judged by SDA,
which holds promise with regard to obtaining a crystal structure
of the mutant in an intermediate conformation(s).
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Results
Sugar Binding. Binding of the lactose homologue β-D-galactopyr-
anosyl-1-thio-β-D-galactopyransoside (TDG) by wild-type or
C154G LacY in RSO or inside-out (ISO) membrane vesicles was
measured by flow dialysis (Fig. 2). As shown previously (29),
RSO or ISO membrane vesicles containing wild-type LacY bind
TDG under conditions where transport is minimal with KD values
of 0.43 or 0.55 mM, respectively, an insignificant difference

(Fig. 2A). Vesicles of either orientation with C154G LacY bind
TDG with slightly better affinity (in addition see refs. 21–23, 28),
exhibiting KD values of 0.22 or 0.21 mM in RSO or ISO vesicles,
respectively (Fig. 2B). In this regard, it is notable that the rate of
binding by C154G LacY in reconstituted proteoliposomes or in
detergent is at least as fast or faster than wild-type (8).

Ligand protection against alkylation of Cys148, a position in
close proximity to bound galactoside, was also utilized to test
binding (30, 31). RSO or ISO vesicles containing C154G LacY
with a single native Cys at position 148 bind TDG with K0.5 values
of 1.9 μM (Fig. 3A) or 1.1 μM (Fig. 3B), respectively, which is
within experimental error. Therefore, despite the almost negligi-
ble ability of the C154G mutant to catalyze translocation across
the membrane (22), the mutant binds sugar as well as wild-type
LacY from either side of the membrane.

Proteolysis. Previous studies show that LacY remains functional
after insertion of tandem factor Xa protease sites between
Ser136 and Asn137 on the cytoplasmic loop between helix IVand
V (15, 32) (Fig. 1). As shown in Fig. 4, factor Xa protease cleaves
‘WT’ LacY at this site much faster than what it does with the
Cysless C154G mutant. ‘WT’ LacY is almost completely digested
by 4 h (Fig. 4A), while complete digestion of the C154G mutant
takes ∼12 h (Fig. 4B). Furthermore, addition of 10 mM TDG
markedly decreases the rate of proteolysis for both ‘WT’ LacY
and the C154G mutant. The data clearly indicate that the
conformation of the C154G mutant is different from ‘WT’ LacY
and suggest that sugar binding induces similar conformations in
both proteins.

Fig. 1. Single-Cys replacements in C154G LacY. Positions of single-Cys repla-
cements are shown superimposed on the backbone of C154G LacY (PDB ID:
1PV7). LacY is viewed perpendicular to the membrane with the N-terminal
helix bundle on the left and C-terminal helix bundle on the right. Blue
spheres represent single-Cys replacements on the cytoplasmic side: Q60C,
S67C (helix II), A279C (helix VIII), L329C, and V331C (helix X); red spheres re-
present single-Cys replacements on the periplasmic side: P31C (helix I), K42C,
D44C (helix II), Q241C, Q242C, and N245C (helix VII). The position of Gly154 is
shown in green, and the position of Cys148 is shown in purple. Yellow spheres
at the apex of cavity represent TDG. The tandem factor Xa protease sites are
indicated with a red arrow.

Fig. 2. TDG binding by wild type LacY and C154G LacY. Binding of TDG to
RSO or ISO membrane vesicles containing wild-type LacY (A) or C154G LacY
(B) was assayed by flow dialysis as described in Materials and Methods.

Fig. 3. Protection of C154G/Cys148 LacYagainst alkylation by sugar binding.
RSO (A) or ISO (B) membrane vesicles were incubated with a given concen-
tration of TDG and then labeled with 40 μM TMRM for 5 min at 0 °C. K0;5

values were obtained by quantifying the labeling intensity as described in
Materials andMethods. The concentration of TDG in each sample is indicated
at the top of the gels.

Fig. 4. Proteolysis of ‘WT’ LacY and C154G mutant. ‘WT’ LacY (A) or C154G
LacY (B) with tandem factor Xa sites in loop IV/V were digested with factor Xa
protease in the absence or presence of 10 mM TDG for given times at 0 °C and
Western-blots were performed with anti-C-terminal antibody as described in
Materials and Methods.
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SDA on the Periplasmic Side of C154G LacY.To approximate the open
probability of the periplasmic cavity, the reactivity/accessibility
of six single-Cys replacement mutants lining the potential peri-
plasmic cavity in the C154G mutant (Fig. 1) was tested by using
the fluorescent alkylating agent TMRM (10) (Fig. 5). With the
exception of C154G/D44C LacY, which labels slowly and exhibits
about a twofold increase in the presence of p-nitrophenyl-α,D-
galactopyranoside (NPG), labeling of the other single-Cys replace-
ments occurs so rapidly that it is not possible to obtain initial rates.
For example, labeling of C154G/N241C in RSO membrane vesi-
cles is almost complete at 5 s, the earliest time that can be assayed,
and plateaus by approximately 10 s in the absence of NPG (Fig. 5).
In the presence of NPG, essentially the same kinetics are observed.
Each of the other fivemutants labels relatively rapidly with TMRM

in the absence ligand. NPG binding increases the rate of label-
ing with mutants C154G/P31C, C154G/K42C, C154G/D44C, and
C154G/N245C while the labeling rate with mutants C154G/Q241C
or C154G/Q242C is essentially the same whether or not NPG is
present. Maximum intensity of the bands at 60 s with each mutant
is approximately the same in the absence or presence of NPG with
the exception of C154G/D44C where maximum labeling increases
by about twofold in the presence of NPG. Relative to similar stu-
dies with ‘WT’ LacY (12), the data presented here demonstrate
clearly that the periplasmic side of C154G LacY is in an open con-
formation in the native bacterial membrane.

Unexpectedly, labeling of each single-Cys replacement mutant
is markedly decreased after solubilization and purification (Fig. 5;
triangles). At 60 s, labeling is diminished by 50%–90% depending

Fig. 5. SDA of periplasmic C154G/single-Cys mutants. Single-Cys mutants C154G/Q241C, C154G/Q242C, C154G/N245C, C154G/P31C, C154G/K42C, or C154G/
D44C in RSO membrane vesicles (solid circles) or after solubilization and purification in DDM (solid triangles) were incubated with 40 μM TMRM for given times
at 0 °C in the absence (blue) or presence of 1 mM NPG (red). RSO membrane vesicles containing a given mutant and labeled with TMRM were solubilized and
purified in DDM by monomeric avidin chromatography and then subjected to SDS-PAGE. Alternatively, protein was solubilized and purified in DDM prior to
labeling with TMRM. The gels were assayed for TMRM fluorescence (bands above the dotted lines) and silver stained for protein (bands below the dotted lines).
The data were treated semiquantitatively as described in Materials and Methods by setting the highest 60 s point obtained with RSO vesicles to 1.
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on the position of the Cys replacement, and with mutant C154G/
P31C, there is no labeling whatsoever. Moreover, NPG binding
increases labeling of mutant C154G/N245C only, but inhibits
labeling with the other five single-Cys mutants. Clearly, a signifi-
cant structural change likely occurs with C154G LacY after the
protein is solubilized and purified in DDM.

SDA on the Cytoplasmic Side of C154G LacY. Single-Cys mutants at
positions 60, 67, 279, 329, and 331 on the cytoplasmic side (Fig. 1)
label with TMRM. As observed with both ‘WT’ LacY (9) and the
C154G mutant (11), galactopyranoside binding inhibits labeling
of the cytoplasmic single-Cys mutants (Fig. 6). As an example,
C154G/L329C LacY reacts relatively faster with TMRM in RSO
membrane vesicles in the absence of NPG. As observed in the
‘WT’ background (12), incubation with a galactopyranoside re-
duces the labeling rate and decreases maximum labeling by about
75%. Mutants C154G/Q60C, C154G/S67C, C154G/A279C, and
C154G/V331C in RSO membrane vesicles also exhibit decreased
rates of labeling in the presence of NPG. These effects are con-
siderably more dramatic when the mutant proteins are solubilized
and purified in DDM (triangles) in all probably due to the ab-
sence of the membrane, which represents a permeability barrier
to TMRM. The findings are consistent with the conclusion that
galactopyranoside binding induces closure of the cytoplasmic

cavity despite paralysis of the C154G mutant, which has an open
conformation on the periplasmic side.

Branched-Chain or Neopentyl Glycol Maltoside Detergents. A new
group of branched-chain or neopentyl glycol maltoside detergents
appears to be useful for membrane protein solubilization and crys-
tallization (33, 34) (Fig. 7A). Therefore, single-Cys N245C/C154G
LacY was solubilized and purified in given branched-chain or
neopentyl glycol maltoside detergents and labeled with TMRM
in the absence of sugar (Fig. 7B). Specific labeling inDDM is about
10% of that observed in RSO vesicles, as shown above (Fig. 5).
However, when solubilized and purified with the branched-chain
detergents, specific labeling is increased to various levels. Com-
pared to DDM, Mal 11_2 or Mal 12_1 give significant increases in
specific labeling by about seven and sixfold, respectively. Further-
more, specific labeling of single-Cys N245C/C154G after solubili-
zation and purification in decyl maltose neopentyl glycol (DMNG)
or lauryl maltose neopentyl glycol (LMNG) is about six or eight-
fold higher than in DDM, respectively (Fig. 7 B and C), which is
comparable to that observed in RSO vesicles. In contrast, solubi-
lization and purification in octyl glucose neopentyl glycol (OGNG)
leads to poor specific labeling.

Cytoplasmic single-Cys mutants P31C, K42C, D44C, Q241C,
and Q242C were also purified and labeled in DDM, Mal 11_2,

Fig. 6. SDA of cytoplasmic single-Cys mutants. Single-Cys mutants C154G/Q60C, C154G/S67C, C154G/A279C, C154G/L329C, or C154G/V331C were labeled in
RSO membrane vesicles (solid circles) or in DDM as purified protein (solid triangles) for indicated times at 0 °C in the absence (blue) or presence of 1 mM NPG
(red) as described in Fig. 5. Relative labeling was calculated and plotted as described in Materials and Methods.
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DMNG, and LMNG (Fig. 8 A and B). In Mal 11_2 (red), each
mutant exhibits higher specific labeling relative to DDM (black).
With DMNG (yellow), specific labeling increases at positions 42,
241, 242, and 245, and with LMNG (blue) increases in specific
labeling at positions 42, 44, 242, and 245. Moreover, labeling of
each single-Cys mutant on the cytoplasmic side in Mal 11_2 ex-
hibits a clear decrease in specific labeling upon NPG binding
(Fig. 8C), as observed in RSO vesicles or with the purified pro-
teins in DDM (Fig. 6). Thus, C154G LacY clearly binds sugar in
Mal 11_2.

Discussion
Mutant C154G exhibits radically different properties from wild-
type LacY (11, 13, 14), a conclusion confirmed and extended
here. However, the X-ray crystal structures are indistinguishable
from wild-type. As shown by direct binding measurements (Fig. 2)

or by sugar protection against alkylation of Cys148 (Fig. 3), the
sugar-binding site is accessible from either side of the membrane,
as shown previously for ‘WT’ LacY (29). However, the C154G
mutant exhibits extremely low transport activity and is not leaky
to Hþ, thereby suggesting that the C154G mutant likely assumes
an intermediate conformation upon sugar binding. The conclu-
sion is supported by site-directed proteolysis experiments with
‘WT’ and C154G LacY (Fig. 4). Clearly, C154G LacY is proteo-
lyzed approximately 3-times slower than ‘WT’ LacY, and both
proteins are stabilized by ligand binding.

Use of SDA has provided decisive information regarding struc-
ture/function relationships in LacY: (i) In the absence of sugar,
the predominant population of ‘WT’ LacY is in an inward-facing
or cytoplasmic-open conformation in both RSO membrane
vesicles (9, 12) and after purification in DDM (12). (ii) In both

Fig. 7. SDA of periplasmic C154G/N245C in branched-chain maltoside detergents and glucose or maltose neopentyl glycols. (A) Structures of DDM, branched-
chain maltoside detergents and maltose or glucose neopentyl glycols used. (B) SDA of C154G/N245C LacY in branched-chain maltoside detergents and maltose
or glucose neopentyl glycols. RSO membrane vesicles containing C154G/N245C (0.1 mg total protein) were incubated with given detergents at a final con-
centration 20-fold above the critical micelle concentration. LacY was purified with monomeric avidin followed by labeling with 40 μMTMRM for 1min at 0 °C in
the absence of NPG. The concentrations (%; wt∕vol) of detergents used in washing and chromatography were: DDM, 0.02; Mal 9_3, 0.06; Mal 10_2, 0.06; Mal
10_3, 0.06; Mal 11_1, 0.06; Mal 11_2, 0.02; Mal 11_3, 0.02; Mal 12_1, 0.02; OGNG, 0.2; DMNG, 0.02; LMNG, 0.02. The variability observed with respect to the
proteins bands with each detergent is due primarily to differences in the retention of LacY on the monovalent avidin affinity columns under the conditions
used for elution. (C) Relative specific labeling of C154G/N245 LacY in selected detergents. Specific labeling in each detergent was calculated by dividing the
TMRM signal by the intensity of the protein band, and the specific labeling in DDM was set as 1.

Fig. 8. SDA of periplasmic single-Cys mutants in DDM, Mal 11_2, DMNG and LMNG. (A) Single-Cys replacements P31C, K42C, D44C, Q241C, Q242C, and N245C
were labeled with TMRM in RSO membrane vesicles (R) or as purified protein (P) in the given detergent. RSO membrane vesicles were solubilized with DDM,
Mal 11_2, DMNG, and LMNG at a final concentration 20-times the critical micelle concentration and the single-Cys LacY mutants were purified by monomeric
avidin affinity chromatography. RSO membrane vesicles or purified proteins were labeled with 40 μM of TMRM for 1 min at 0 °C in the absence of NPG.
(B) Relative specific labeling of periplasmic single-Cys mutants after purification in DDM (black), Mal 11_2 (red), DMNG (yellow) or LMNG (blue). For each
detergent, relative specific labeling in RSO membrane vesicles was set at 1. (C) Effect of NPG on labeling of cytoplasmic single-Cys mutants in Mal 11_2.
RSO membrane vesicles containing single-Cys replacement Q60C, S67C, A279C, L329C, or V331C were solubilized with 0.12% Mal 11_2 (wt∕vol), and the
proteins were purified with monomeric avidin affinity chromatography. Purified LacY in 0.02% Mal 11_2 was labeled with 40 μM of TMRM for 1 min at
0 °C in the absence or presence of 1 mM NPG as indicated.
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RSO membrane vesicles and after purification in DDM, sugar
binding to ‘WT’ LacY causes closing of the cytoplasmic cavity
with opening of a complementary hydrophilic pathway on the
periplasmic side, thereby allowing alternating access of the sugar-
binding site to either side of the membrane, a conclusion sup-
ported by a number of converging lines of evidence (reviewed
in refs. 18, 19). (iii) Initial findings (11) indicate that the confor-
mationally restricted mutant C154G is paralyzed in a periplasmic-
open conformation in the membrane and relatively unaffected
by sugar binding. The observations presented here strongly rein-
force the preliminary observations; however, the conclusion
clearly conflicts with X-ray crystal structures of the mutant where
the periplasmic side is closed (4, 5). Thus, unlike ‘WT’ LacY (12),
Cys replacements on the periplasmic side of the sugar-binding
site in C154G LacY are highly reactive/accessible in the absence
of sugar (Fig. 5). But on the cytoplasmic side, labeling of the sin-
gle-Cys mutants decreases markedly upon sugar binding (Fig. 6),
as observed with ‘WT’ LacY. Taken together with the binding
data, it seems likely that sugar binding causes the mutant protein
to assume an intermediate conformation that is periplasmic-open
and cytoplasmic-closed from which it escapes only rarely.

Remarkably, when the C154G/single-Cys mutants on the peri-
plasmic side are solubilized from the membrane and purified
in DDM, labeling is markedly decreased relative to that in the
native membrane with or without sugar (Fig. 5). Thus, the struc-
ture of C154G LacY is altered when the mutant protein is
solubilized and purified in DDM in such a manner that the
periplasmic pathway collapses, and the molecule assumes a con-
formation that is likely at a lower free energy than the membrane-
embedded structure.

The observations reported here for C154G LacY may also be
relevant to wild-type LacY. With wild-type, isothermal calorimetry
indicates that galactopyranoside binding induces an increase in
entropy predominantly, in contrast to increased enthalpy with the
C154G mutant (23). Thus, sugar binding with wild-type LacY in-
duces multiple conformations, while the C154G protein is limited
in the number of conformations that can be occupied upon sugar
binding. As discussed above, this conclusion is consistent with a
number of independent experimental approaches demonstrating
that sugar binding induces a global change in the conformation
of wild-type LacY, while the C154G mutant remains in a periplas-
mic-open conformation.

Taken as a whole, the findings indicate that, unlike wild-type
LacY, mutant C154G is adversely affected by solubilization and
purification in DDM. In the membrane, C154G LacY is in a peri-
plasmic-open conformation, and upon sugar binding, the protein
assumes another probably intermediate conformation that is
open on the periplasmic side and closed on the cytoplasmic side.
However, the periplasmic-closed conformation observed in the
crystal structure predominates after solubilization and purifica-
tion in DDM. Therefore, it seems reasonable to deduce that
the periplasmic-closed conformation is selected during crystalli-
zation. Because it is likely that wild-type LacY also partially
populates a similar conformation(s) (14), solubilization and crys-
tallization in DDM may also preferentially select against an in-
termediate conformation(s) with wild-type LacY.

In order to obtain a crystal structure that represents the mem-
brane-embedded structure of C154G LacY, detergents other
than DDM may be useful. Thus, maltose neopentyl glycol (33)
or branched-chain maltoside (35) detergents can improve solubi-
lity and stability of membrane proteins and may lead to different
crystal structures relative to DDM (34, 35). As shown here,
solubilization and purification of mutant C154G with such deter-
gents, Mal 11_2, Mal 12_1, DMNG, and LMNG in particular,
lead to labeling behavior very similar to that observed in situ.
Apparent stabilization by these detergents may be due to the size
of the micelles, their compactness, enhanced hydrophobicity, or a
combination of all three. In any case, we anticipate that use of

these new types of detergents will be useful with respect to
obtaining an X-ray crystal structure(s) of the C154G mutant in
a membrane-embedded intermediate conformation.

Materials and Methods
Materials. [14C]NEM was purchased from DuPont/New England Nuclear.
p-Nitrophenyl-α,D-[6-3H]galactopyranoside ([3H]NPG) was generously pro-
vided by G. Leblanc (Laboratoire J. Maetz/Commissariat a l’Energie Atomi-
que). TMRM (T-6027) was obtained from Molecular Probes, Invitrogen Corp..
ImmunoPure immobilized monomeric avidin was obtained from Pierce, Ther-
mo Scientific Inc.. Branched-chain detergents were synthesized as described
(34). OGNG, DMNG, and LMNG were obtained from Affymetrix Inc.. All other
materials were reagent grade and obtained from commercial sources.

Plasmid Construction. Plasmids encoding single-Cys replacements in the
C154G/Cysless LacY background with a C-terminal biotin acceptor domain
followed by a 6-His tag were constructed as described (10, 11).

Growth of Bacteria. E. coli T184 (lacy− z−) (36) transformed with plasmid pT7-5
encodingwild-type LacY, C154G LacYor a given single-Cys replacements were
grown, induced, and harvested for the preparation of RSO or ISO membrane
vesicles as previously described (10, 12).

Preparation of RSO and ISO Membrane Vesicles. RSO membrane vesicles were
prepared from 1.0 L cultures of E. coli T184 expressing a specific mutant by
lysozyme-EDTA treatment and osmotic lysis (37, 38). ISO membrane vesicles
were prepared by passage of cells through a French press at 5–8,000 psi as
described (39). RSO or ISO membrane vesicles were resuspended to a protein
concentration of 10–20 mg∕mL in 100 mM potassium phosphate (KPi ; pH 7.5)
containing 10 mM MgSO4, frozen in liquid nitrogen and stored at −80 °C
until use.

Flow Dialysis. Binding of TDG to membrane vesicles containing LacY (20 mg
protein/ml; total volume, 0.15 mL) was measured by flow dialysis as described
(40). Briefly, [6-3H]NPG (840 mCi∕mM) was added to the upper chamber at a
final concentration of 10 μM, and a given concentration of TDG was added
to displace bound [3H]NPG. NPG displaced from C154G LacY was expressed
as percentage of total bound NPG, and plotted as a function of given TDG
concentrations. KD values were determined by fitting the data to a hyper-
bolic function using the ORIGIN computer program (Microcal Software) as
described previously (29).

Protection of Cys148 Against Alkylation. Protection of C154G LacY single-
Cys148 against TMRM labeling in RSO and ISO membrane vesicles was carried
out at 0 °C as described (41). RSO or ISO membrane vesicles (50 μL final
volume containing 0.1 mg protein) preincubated with TDG at given concen-
trations were labeled with 40 μM TMRM for 5 min at 0 °C. Reactions were
then terminated by addition of 20 mM dithiothreitol (DTT), and LacY was
solubilized and purified as described (42). Fluorescent signals were imaged
after SDS-PAGE and analyzed by ImageQuant 5.0 (Molecular Dynamics,
GE Healthcare Bio-Sciences Corp). K0.5 values were calculated by GraFit 6
(Erithacus Software Limited).

Proteolysis. RSO vesicles [40 μg total protein] containing ‘WT’ LacY or C-less
C154G LacY with two tandem factor Xa protease sites between Ser136 and
Asn137 (loop IV/V) were mixed with 20 mM Tris-HCl ðpH 7.5Þ∕100 mM
NaCl∕2.0 mM CaCl2∕1% DDM. Factor Xa protease (2 μg) and 10 mM TDG
(where indicated) were added to a final volume of 80 μL. The mixture
was incubated at 0 °C, and 2 μL samples [1.0 μg total protein] were taken
at each time point for Western-blotting with anti-C-terminal antibody.

TMRM Labeling of LacY in RSO and DDM. Labeling experiments were carried
out following the procedure described previously (12, 42). RSO membrane
vesicles [0.1 mg total protein in 50 μL 100 mM KPi ðpH 7.5Þ∕10 mM
MgSO4] containing a given single-Cys replacement were incubated with
40 μM TMRM in the absence or presence of 1 mM NPG at 0 °C. After adding
DTT (20 mM, final concentration) at given times to stop the reaction, vesicles
were solubilized with 2.0% DDM and incubated with 50 μL monomeric avidin
beads for 10 min at room temperature. The mixture was loaded on to a mini
column followed by washing with 3 mL of washing buffer [50 mM NaPi
(pH 7.5), 0.1 M NaCl, 0.02% DDM] and biotinylated LacY was eluted with
50 μL of elution buffer [50 mM NaPi ðpH 7.5Þ∕0.1 M NaCl∕5 mM biotin/
0.02%DDM]. For labeling purified proteins in DDM, given single-Cys mutants
were purified from the same amount of RSO membrane vesicles as described

Jiang et al. PNAS ∣ March 20, 2012 ∣ vol. 109 ∣ no. 12 ∣ E703

BI
O
CH

EM
IS
TR

Y
PN

A
S
PL

U
S



and then labeled with 40 μM TMRM in the absence or presence of 1 mM NPG
at 0 °C for given times. Aliquots (10 μL out of 50 μL total of purified protein)
were subjected to SDS-PAGE. The gels were immediately scanned by using
Amersham Typhoon 9410 Workstation (λex ¼ 532 nm and λem ¼ 580 nm
for TMRM), and the protein bands were developed subsequently by silver
staining.

Density and area of fluorescent signals from TMRM labeled or silver-
stained LacY bands were quantified by using ImageQuant 5.0 (Molecular
Dynamics, GE Healthcare Bio-Sciences Corp). A background from the appro-
priate gel was subtracted. Maximum specific labeling at 60 s was calculated
by dividing the fluorescent signal by the protein signal and normalizing to 1.
Each set of data was fit by using GraFit 6 (Erithacus Software Limited) with
the first order kinetics equation (Eq. 1):

At ¼ A∞ð1 − e−ktÞ [1]

Detergent Screening. RSO membrane vesicles [0.1 mg total protein in 50 μL
100 mM KPi ðpH 7.5Þ∕10 mM MgSO4] containing a single-Cys replacement
on the periplasmic side were incubated with the selected detergent at a final
concentration of 20-times the critical micelle concentration, and biotinylated
LacY was purified by immobilized monomeric avidin Sepharose chromatogra-
phy. Purified single-Cys LacY was labeled with 40 μMTMRM for 1 min at 0 °C in
the absence of a galactoside and the reaction was terminated by adding
20 mM DTT. After addition of sample buffer, 10 μL samples were subjected
to SDS-PAGE. Fluorescent and protein band intensities were quantified by
using ImageQuant 5.0, and relative labeling was calculated as described.
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