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ABSTRACT. Lactose permease with Cys154Gly (helix V) binds substrate with high affinity but catalyzes

little or no transport. The purified, detergent-solubilized mutant protein exhibits much greater thermal
stability than the wild type and little tendency to aggregate. Stabilization is also observed in vivo with an
unstable mutant that is expressed at significantly higher levels when the Cys1G4/ mutation is
introduced. In addition, ligand-induced conformational changes are markedly reduced or abolished by the
Cys154— Gly mutation: (i) Although the fluorescence of purified single Trp33 (helix I) permease is
enhanced by ligand binding, introduction of the Cyst54ly mutation abolishes the effect. (ii) The rate

of 2-(4-maleimidylanilino)naphthalene-6-sulfonic acid (MIANS) labeling of permease with a single Cys
residue in place of Val331 (helix X) is increased in the presence of ligand but reduced when the Cys154
— Gly mutation is present. (iii) Fluorescence emission intensity of MIANS-labeled single Cys331 permease
is enhanced and blue shifted in the Cys1545ly mutant background, indicating that the latter mutation
causes position 331 to become exposed to a less polar environment. The results indicate that the Cys154
— Gly mutation causes a more compact structure and decreased conformational flexibility, an alteration
that specifically blocks the structural changes necessary for substrate translocation with little or no effect
on ligand binding.

Typical of many transport proteins fromrchaeato the dynamic state. Most remarkably, as reported recerdy, (
mammalian central nervous system, the lactose permease ofhe N-terminal half of LacY adopts an inverted conformation
Escherichia coli(LacY)! transduces free energy stored in relative to the C-terminal half in cells lacking phosphati-
electrochemical ion gradients into a solute concentration dylethanolamine, and the conformation is reversed when the
gradient and vice versd). LacY is a polytopic cytoplasmic  phospholipid is synthesized. Furthermore, as shown by
membrane protein that forms a 12-helix bundie with the N attenuated total reflectance Fourier transform infrared spec-
and C termini on the cytoplasmic face of the membrane andtroscopy (3), the average helix tilt in LacY is ca. 8ht a
catalyzes the stoichiometric translocation of galactosides and,, ., lipid:protein ratio and decreases to abouf 38 high

H* (galactoside/F symport) @—4). Several lines of evi- linid: : - - ; -
L . i ipid:protein ratios, and this change is reflected by an increase
dence indicate that LacY is both functionally (see5pand in transport activity. In addition, about 85% of the backbone

structurally a monomer6{-8). Application of a variety of protons exchange with deuterium in 10 mir(15), while

site-directed biochemical, spectroscopic, and immunologica KesA. th K ‘o K ch | i®3 h h
techniques to an extensive library of mutants, particularly CSA, the prooaryqtlc channel, require3 h toexc lange
single Cys mutants at each position of the prot@i bas only about 45% of its backbone prgtons for deuterium)
allowed the formulation of a tertiary structure mod#0y, In view of these and other properties of LacY (seelf,
Furthermore, experimental observations from structural andit is not surprising that LacY, as well as some of its
extensive mutational analysis have led to a postulated homologues, has resisted rigorous attempts at crystallization
mechanism for lactose/Hsymport 1). for over a decade.

Although approximately 70% of the side chains in LacY  gaqy site-directed mutagenesis experiments on the native
are hydrophobic, the protein appears to be in a highly Cys residues in LacY led to the isolation and characterization

" This work was supported in part by NIH Grant DK51131:07 to of a mutant with Gly in place of native Cys_l54 (hellx V)
HRK. (16, 17). Remarkably, the C154G mutant binds ligand as

* To whom correspondence and reprint requests should be addressedye|| as or better than wild-type LacY but does little or no
at HHMI/UCLA, 5-748 Macdonald Research Laboratories, Box 951662, .
Los Angeles, CA 90095-1662. Telephone: (310) 206-5053. Telefax: ranslocation across the membrane. Thus, the mutant appears
(310) 206-8623. E-mail: RonaldK@HHMI.UCLA .edu. to be locked in an outwardly facing conformation that binds

e AN S b opale. | 19and with high afinity but is unable to undergo the

guﬁonicp);dd’ sodium salt: TDGﬁ-D-galagtopyranosyrl)-l-thigﬁ-D- structural changes required for transport of sugar across the
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DMSO, dimethyl sulfoxide. presence of ligandl@).
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In this paper, we describe the properties of the C154G to a final concentration of 0.4 or 4 mM, as indicated.
mutant, both in the membrane and after solubilization and Reactions were quenched at given times by addition of 2.0
purification in dodecyls-p-maltopyranoside (DDM). The  mL of 100 mM KR (pH 5.5)/100 mM LIiClI followed by
results demonstrate clearly that this single amino acid changeimmediate filtration 23). Radioactivity retained on the filters
remarkably alters the physical properties of LacY, causing was assayed by liquid scintillation spectrometry.
it to bind ligand with higher affinity in a manner that is Western BlotsMembrane fractions from the cells used in
resistant to inactivation by heat. In addition, the protein does transport assay were prepared by osmotic lysis and sonication
not aggregate readily in the cold, unlike wild-type LacY, as described2d). Protein was assayed on each sample by
nor does it exhibit certain long-range conformational changes using the MicroBCA method (Pierce, Rockford, IL) prior to
observed upon ligand binding. electrophoresis in sodium dodecy! sulfat?% polyacryl-

amide gels (NaDodS©-PAGE). Proteins were electroblotted
S S e S S onto polyvinylidene fluoride membrane (Immobilon-PVDF;

Materials. Deoxynucleotides were purchased from Sigma- Millipore, Badford, MA) and probed with HRP-conjugated
Genosys (Woodlands, TX), restriction endonucleases and T4antibody directed against the His tag or with avidiHRP
DNA ligase were from New England Biolabs (Beverly, MA), using Super Signal West Pico chemiluminescent substrate
and Pfu-turbo DNA polymerase was from Stratagene (La (Pierce, Rockford, IL). After exposure of the membrane to
Jolla, CA). E. coli HB101 was purchased from Promega film, the density of the bands was quantitated by scanning
(Madison, WI) and XL1-Blue was from Biocrest Mfg. (Cedar with a Chemiimager 4400 (Alpha Innotech, San Leandro,
Creek, TX). Penta-His antiboehHRP conjugate was ob-  CA).
tained from Qiagen (Valencia, CA) and avigiRlRP from Purification of LacY LacY was purified from membranes
Pierce (Rockford, IL)p-Nitrophenyl a-p-[6-*H]galactopy- from E. coli XL1-Blue transformed with a given plasmid
ranoside (NPG) was kindly provided by faed Leblanc essentially as describe®q) except that extraction with DDM
(Laboratoire J. Maetz/Commissariat a 'Energie Atomique, was carried out in 50 mM sodium phosphate (NaP! 7.2)
Ville Franche-sur-Mer, France). Yeast inorganic pyrophos- in the absence of phospholipids. After insoluble material was
phatase was from Sigma (St. Louis, MO). His-tagged biotin removed from the DDM extract by centrifugation, affinity
ligase (L9) was expressed i&. coli XL1-Blue cells grown chromatography was carried out by either of two means: (i)
at 30°C in Luria—Bertani broth with 10Q:g/mL ampicillin LacY mutants with a His tag were purified on3iNTA
and purified on Ni-NTA resin (Qiagen, Valencia, CA) Sepharose (QIAGEN, Chatsworth, CA) as descritigf).
according to manufacturer’s instructions. Pefabloc was from Protein eluted with 300 mM imidazole was dialyzed against
Centerchem (Norwalk, CT). All other materials were of 50 mM NaR (pH 7.5)/10% glycerol/0.008% DDM, concen-
reagent grade and obtained from commercial sources. trated by centrifugation with a Vivaspin 20 concentrator (30

Construction of LacY Mutant3he C154G mutation was  kDa cutoff; Vivascience, Germany), and stored on ice. (ii)
introduced into pT7-5/cassetacY (EMBL X56095) encod- Mutants with a biotin acceptor domain were purified on
ing LacY with single Trp33 and a biotin acceptor domain in monomeric avidin-Sepharose (Pierce, Rockford, IL) as
the middle cytoplasmic loo2Q, 21) or a His tag at the C describedZ6) after in vitro biotinylation 27). The membrane
terminus by using the QuickChange PCR method (Strata- fraction (total volume of 15 mL from 2025 g cells wet
gene, La Jolla, CA) with a 30-base PCR primer (serise 5 weight) was incubated for 3640 min at 30°C in 30 mM
GCGCTGGGCGCCTCAATTGTCGGGATCATG). Aunique  Tris-HCI (pH 8.0)/3.0 mM ATP/5.0 mM MgS&2.0 mM
Mfel site was created in order to facilitate mutant detection. d-biotin/10 mM -mercaptoethanol/0.12 mg/mL Pefabloc/1
Spontaneous primer duplication during PCR was eliminated unit/mL inorganic pyrophosphatase/0.1 mg/mL biotin ligase.
by using a lower temperature during extension<6e °C). Biotinylated membranes were washed twice in 50 mM NaP
The same method was used to replace Val154 with Gly in (pH 7.5) to eliminate unbound biotin before solubilization
Cys-less LacY 22) with a C-terminal biotin acceptor domain  with DDM. The detergent extract was slowly (0.5 mL/min)
followed by a Hig tag. The DNA fragment from cassette loaded onto a monomeric aviditepharose column pre-
lacY encoding single Cys331 permease was then insertedtreated with biotin according to the manufacturer’s instruc-
into Cys-lesslacY or lacY encoding mutant C154G by tions and washed extensively with column buffer [50 mM
restriction fragment replacement. The full length oflady NaR (pH 7.5)/0.01% DDM], and LacY was eluted with 5
genes was sequenced to confirm the mutations introducedmM d-biotin in column buffer. Eluted protein was concen-
and detect unwanted mutations. The plasmids were thentrated by centrifugation with a Vivaspin 20 concentrator{50
transformed intcE. coli HB101 (acZ*Y ™) for qualitative 100 kDa cutoff) and stored on ice before use. The Micro
assessment of downhill lactose transport on MacConkey BCA method (Pierce, Rockford, IL) was used to measure

indicator plates containing 20 mM lactose. protein. All LacY preparations were at least-996% pure
Transport MeasurementsActive transport of [1¥C]- as judged by silver staining after NaDodS@PAGE.

lactose (5 mCi/mmol) was measured B coli T184 Flow Dialysis.Binding of p-nitrophenylo-p-[6-*H]galac-

(lacZz"Y") harboring given plasmids. Cells were grown at topyranoside (NPG) was measured by flow dialysis)(

37 °C in Luria—Bertani broth containing 100g/mL ampi- NPG bound to LacY was calculated from the flow dialysis

cilin and induced with 0.3 mM isopropyl 1-thig-p- profile as a percentage of the radioactivity released after

galactopyranoside. Cells were harvested by centrifugation addition of3-p-galactopyranosyl-1-thig-p-galactopyrano-
after 2 h, washed with ice-cold 100 mM potassium phosphateside (TDG). Dissociation constantX{ for NPG were
(KP;, pH 7.2)/10 mM MgSQ, and adjusted to an QR of calculated from the equation:

10 (0.7 mg of protein/mL). Aliquots (5@L) were equili-

brated at room temperature, and'fG]lactose was added Kq = [PLIN]#/[PN],
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where [P] is concentration of free protein, [Nf concentra-
tion of unbound NPG, and [PWis the concentration of NPG
bound to LacY.

Thermal Inactiation. Protein solutions in 50 mM NaP
(pH 7.5)/150 mM NacCl/0.02% DDM were incubated at 50
°C for given times and transferred to ice for a minimum of
20—30 min. Prior to use, the samples were equilibrated to
room temperature. Where indicated, precipitated protein was
removed by centrifugation.

MIANS LabelingThe concentration of 2-(4naleimidyl-
anilino)naphthalene-6-sulfonic acid (MIANS, sodium salt)
was determined in dimethyl sulfoxide (DMSO) by absor-
bance at 322 nm using an extinction coefficient of 17000
(29). To record the time course of MIANS labeling, protein
was preincubated for 10 min in 50 mM NafPH 7.5)/150
mM NacCl/0.02% DDM, and the reaction was initiated by
addition of a given concentration of MIANS (0.5% DMSO
final concentration). For complete modification of Cys
residues in single Cys331 mutants, a 10-fold molar excess
of MIANS over protein was added, and after overnight
incubation at 4°C, unbound MIANS was removed by
passage through a Sephadex G-50 spin column.

Fluorescence Measuremenfduorescence was measured
at room temperature in an SLM-Aminco 8100 instrument
(Urbana, IL) using 1x 1 cm cuvettes (2 mL) with constant
stirring. Emission spectra and time courses were recorded
with slits of 4 and 8 mm, respectively, for excitation and
emission.

RESULTS

Transport.As shown previouslyX6, 17), replacement of
native Cysl154 with Gly in wild-type LacY drastically
decreases transport activity to almost the same level as tha
of cells devoid of LacY (Figure 1A). Similar effects of the
C154G mutation are observed in different mutant back-
grounds. Thus, LacY with single Trp33 catalyzes lactose
accumulation at high rate to a steady-state level comparabl
to that of wild-type LacY 20). However, after introduction
of the C154G mutation, transport activity is almost abolished
(Figure 1A). Similarly, Cys-less LacY2@) or single Cys331
LacY (30) exhibits robust transport activity (560% of wild
type), but both mutants are practically inactive when the
C154G mutation is introduced (Figure 1B). Although data
are not shown, the same results are obtained when the lactos
concentration is increased 10-fold.

Effect of C154G on LacY Expressidgithough expression
of the C154G mutant is consistently increased to only a minor
extent relative to wild-type LacY (Figure 1C, compare lanes
1 and 2), introduction of the mutation into single Trp33
reproducibly results in a-23-fold increase in the level of
expression (compare lanes 3 and 4), and a similar effect is
observed when the mutant is expresse#.ircoli HB101 or
XL1-Blue (not shown). In contrast, the C154G mutation has
little effect on Cys-less or single Cys331 LacY, both of which
are more stable [Figure 1D; note the higher apparent MW
of the biotinylated mutants (D) relative to the His-tagged
mutants (C)]. Generally, the expression level of wild-type
LacY or the C154G mutant is 0% of the total
membrane protein, about 10% with Cys-less or single
Cys331, and 24% for single Trp33.

Effect of C154G on Substrate Binding and Thermal
Stability. A typical flow dialysis profile for purified wild-
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Ficure 1: Effect of C154G mutation on transport activity and
membrane expression of LacY mutants. Aliquots (&0 of cell
suspensions containing 3& of total protein were assayed at 0.4
mM lactose as described in Experimental Procedures. (A) Time
courses of active lactose transportibycoli T184 expressing wild-
type LacY (curve 1), mutant C154G (curve 2), single Trp33 (curve
3), single Trp33/C154G (curve 4), or no LacY (cells transformed
with pT7-5 with nolacY insert; curve 5). (B) Time courses of active
lactose transport bi. coli T184 expressing Cys-less LacY (curve
6), Cys-less/C154G (curve 7), single Cys331 (curve 8), single
Cys331/C154G (curve 9), or no LacY (cells transformed with pT7-5
with nolacY insert; curve 5). (C and D) Expression levels of LacY
in membrane fractions isolated from cells used for the transport
experiments shown in panels A and B. Membrane preparations
containing 40ug of protein per sample were subjected to Na-
DodSQ—PAGE and Western blot analysis using a His-tagged
antibody-HRP conjugate (C) or avidinHRP (D) as described in
Fxperimental Procedures.

type LacY solubilized in DDM is shown in Figure 2A (solid
symbols). At the inception of the experimentd]NPG is
added to the upper chamber containing purified, solubilized
LacY, and radioactivity in the dialysate increases rapidly to
a maximum (fraction 4) and then decreases at a slow rate.
When excess TDG is added to the upper chamber, bound
[BHINPG is displaced, and the concentration of radioactivity
in the dialysate increases. Relatively high concentrations of
protein (126-140uM) are required in order to detect NPG
ginding, because the affinity of wild-type LacY decreases
y about an order of magnitude in DDM (fromkg of ca.

14 uM to ca. 250uM) (31, 32). Wild-type LacY is unstable

at 50 °C, and after 15 min, the protein precipitates and
completely loses the ability to bind substrate. Thus, addition
of excess TDG does not cause an increase in dialyzé#tje [
NPG (Figure 2A, open symbols).

In marked contrast, purified C154G LacY in DDM exhibits
about 10-fold higher affinity for NPG (i.eKq of 30—60uM)
and much greater thermal stability. Precipitation is much
slower, and even afte h at 50°C, the mutant binds NPG
at least half as well as the unheated control sample with an
unalteredKq (Figure 2B, Table 1). It is also noteworthy that
mutant C154G can be frozen in liquid nitrogen and thawed
with little or no aggregation or loss of binding activity and
that the mutant is stable for at least 2 months &CQdata
not shown).

MIANS LabelingLigand protection against MIANS label-
ing of LacY provides a more convenient binding assay than
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Ficure 2: Effect of C154G mutation on substrate binding and
thermal stability of purified LacY in DDM. Given samples of
purified LacY were heated at 5TC for the times indicated, and
precipitated protein was removed by centrifugation at 25000

5 min. The supernatant was aspirated, and 20Qvas placed in
the upper chamber of a flow dialysis apparatusud0 [*H]NPG
(950 mCi/mmol) was added at fraction 1. As indicated by the arrow,
TDG (2 uL) was added to a final concentration of 10 mM to
displace bouncd®HINPG. (A) Flow dialysis profiles comparingHi]-
NPG binding to 14Q«M wild-type LacY before @) and after ©)
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Ficure 3: Thermal inactivation of substrate protection against
MIANS labeling of wild-type LacY. Time courses of MIANS
fluorescence emission were recorded at 420 nm (excitation wave-
length 330 nm). The reaction was carried out in 50 mM NaPl
7.5)/150 mM NaCl/0.02% DDM containing 50g/mL purified
wild-type LacY. Fluorescence labeling was initiated by addition
of 4 uM MIANS at zero time. Traces were recorded without added
TDG or with 10 mM sucrose (trace 1) or after addition of 10 mM
TDG (trace 2). Panels: (A) without heating; (B) samples preincu-
bated for 15 min at 50C.

DDM results in a rapid, almost linear increase in fluorescence
emission intensity for over 5 min, and preincubation with

15 min incubation at 50C. Results are expressed as a percentage TDG clearly decreases the rate of the reaction, while sucrose,

of the maximumH]NPG level in dialysate (fraction 4) after protein
thermal inactivation. (B) Flow dialysis profiles compariftgiINPG
binding to C154G LacY (5%M) before incubation at 50C (®)
and after 10 min®), 30 min @), 60 min (1), and 125 min M) at
50°C. Results are expressed as a percentage of the maxifhilm [
NPG level in the dialysate (fraction 4) when 10 mM TDG was
added prior toJH]NPG @). The pellets recovered by centrifugation
after heating did not bind NPG to any degree whatsoever.

Table 1: Effect of C154G Mutation on Thermal Inactivation of
NPG Binding

preincubation at protein in
50°C (min) solution M)  NPG bound (%) Kg (uM)
57 61 32
10 41 58 25
30 30 53 22
60 26 41 32
125 19 37 26

aData are taken from Figure 2B.

flow dialysis, as it is more sensitive, requires less protein,
and is much less dependent upon the affinity of LacY for
ligand (1, 33—35). At low MIANS concentrations (48
uM), the reagent covalently labels primarily one of the eight
native Cys residues in LacY, Cys148, in a manner that is
blocked by ligand36). Since MIANS is a sulfhydryl-specific
probe that is not fluorescent until the maleimide group
undergoes chemical reactia®d( 37), the time course of the
reaction can be studied readily (Figure 3). Addition of
MIANS to a reaction mixture containing purified LacY in

which is not a ligand for LacY, has no effect (Figure 3A).
On the other hand, after the sample is treated atG@or

15 min, the rate of reaction increases significantly, and TDG
protection is completely abrogated (Figure 3B).

When similar experiments are carried out with the C154G
mutant, several differences are observed (Figure 4): (i) the
rate of the reaction is slower than observed with wild-type
LacY (compare Figure 3A and Figure 4A; note difference
in scales); (ii) heating at 58C does not increase the rate of
the reaction but causes a slow decrease (upper traces in
Figure 4B-D); and (iii) the protective effect of TDG is only
moderately affected after 30 min at 8G, and even after 2
h, significant protection is still observed (lower traces). Thus,
the C154G mutation appears to make Cys148 less accessible
to/reactive with MIANS and ligand binding more resistant
to thermal inactivation.

Effect of the C154G Mutation on Ligand-Induced Con-
formational ChangesAlthough the C154G mutant binds
ligand with higher affinity than wild-type Lacy, it is
essentially unable to transport sugar across the membrane,
suggesting that the protein is locked conformationally and
unable to undergo the structural changes required for
translocation. Several positions in LacY that are not directly
involved in ligand binding have been shown to reflect long-
range conformational changes. For example, Trp33 at the
periplasmic end of helix | exhibits about a 60% increase in
fluorescence emission intensity upon ligand binding (Figure
5A) (21). Strikingly, introduction of the C154G mutation
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Ficure 4: Thermal inactivation of substrate protection against Emission wavelength (nm)
MIANS labeling of mutant C154G. The experiments were carried
out as described in Figure 3. (A) Mutant C154G labeled with
MIANS prior to incubation at 50C, (B) after 30 min at 50C,

(C) after 60 min at 50C, and (D) after 120 min at 5TC. MIANS

was added at zero time. Traces were recorded without TDG (trace
1) or after addition of 10 mM TDG (trace 2).

1500 1

10001

completely eliminates the effect of TDG on Trp fluorescence
in the single Trp33 mutant (Figure 5B) with little or no effect
on the ability of the mutant to bind ligand, as judged by
TDG protection of Cys148 against MIANS labeling (Figure 0 -
5C). 0 250 500

V331C LacY (cytoplasmic end of helix X) is another Time (sec)
mutant that reflects ligand-induced conformational changes. F'GL}REI51 Ef;%C]fl of C154G mutation on SUbStratef-if]dulced ngnge
Membrane vesicles containing a single Cys residue in pla_ceg]rSslirg%li-[rrfpSS/ggrSisgeLn;f\'(I%l?)ﬁ?rS fgceg:{j%g Vi:?h%%/ A)
of Val331 become less accessible to/reactive with NEM in ) ‘hrotein at an excitation wavelength of 295 nm before (scan 1)
the presence of TDG and simultaneously label more effici- and after (scan 2) addition of 10 mM TDG. Addition of 10 mM
ently with the more hydrophobic sulfhydryl reagent 7-(di- sucrose had no effect in either the absence or presence of TDG.
ethylamino)-3-(4maleimidylphenyl)-4-methylcoumari3@). (C) TDG protection of Cys148 against alkylation by MIANS in
Moreover, purified single Cys331 permease reacts with single Trp33/C154G LacY. Fluorescence was recorded using 40

o - . . ug/mL protein and 2uM MIANS in the absence (trace 1) or

MIANS, and addition of TDG elicits an increase in the rate presence of 10 mM TDG (trace 2) as described in Figure 3. The
of MIANS labeling with a decrease in the maximum level arrow indicates MIANS addition.
of fluorescence. The C154G mutation was introduced into ) )
single Cys331 LacY to test its effect on ligand-induced [N the rate of MIANS labeling between single Cys331 and
changes in MIANS labeling. Purified single Cys331 and Single Cys331/C154G LacY in the presence of TDG is very
single Cys331/C154G LacY were adjusted to the same final Marked (Figure 6C; estimated half-times are about 1 and 14
protein concentration, and the time course of MIANS labeling Min, respectively).
was studied (Figure 6). Single Cys331 LacY reacts at a The emission spectra qf the MIANS-_IabeIed mutants also
relatively slow rate with MIANS, and in confirmation of ~demonstrate important differences (Figure 7). Clearly, the
previous results38), TDG increases the rate of the reaction, fluorescence intensity of MIANS-labeled single Cys331
but the maximum level of fluorescence is decreased (Figure -@CY (curve 1) is enhanced by about 30% by introduction
6A). Introduction of the C154G mutation causes dramatic ©f the C154G mutation, and the emission maximum is blue
changes: (i) The rate of MIANS labeling is significantly ~Shifted (curve 2). The findings indicate that the C154G
decreased, and the level of fluorescence achieved is slightlymutation causes the fluorophor at position 331 to become
enhanced (compare trace 1 in panels A and B of Figure 6)_acce35|ble to an environment with the lower dielectric.
(i) In contradistinction to the effect observed with single
Cys331, addition of TDG markedly decreases the rate of DISCUSSION
MIANS labeling (compare traces 2). (iii) When the data are  Despite an increase in high-resolution membrane protein
normalized to the same final level of fluorescence for structures that have been solved in the past few years, the
comparative purposes, it is clear that single Cys331/C154Gnumber of such structures remains miniscule relative to the
LacY exhibits a reduced rate of MIANS labeling by a factor soluble protein structures that have been solved, which now
of 2.5 in the absence of ligand. Furthermore, the difference well exceeds 12000. In addition to their hydrophobicity

Fluorescence (au)
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§ Cys 331 (scan 1) and single Cys331/C154G LacY (scan 2).
S 10004 Emission spectra were recorded at an excitation wavelength of 330
0 nm after MIANS labeling was complete. The extent of labeling by
MIANS and the final concentrations of both labeled proteins (85
0 ' ug/mL) were precisely the same as determined by UV absorption.
100{ ¢ V%8 less LacY, each of the native Cys residues was mutated
S individually. Site-directed mutagenesis was used initially to
< 751 replace Cys148 with Gly3@, 40) or Ser @1, 42). Although
§ Cys148 is required for substrate protection against alkylation
2 501 by NEM, it is not important for lactose/H symport.
S V3310101846 Subsequently, it was showrB,(16) that replacement of
L o5 Cys154 with Gly leads to complete loss of transport activity
although the permease binds the high-affinity ligand NPG
04 : : : normally. In contrast, replacement of Cys154 with Ser or
0 300 600 900 1200 Val yields permease with 10% or 30%, respectively, of the

Time (sec) wild-type rate, indicating that although Cys154 is needed
FIGURE 6: Effect of C154G mutation on the rate of MIANS labeling ~ fOr full activity, it is not mandatory. Cys176 or Cys2343]
of single Cys331 LacY. (A) TDG effect on labeling of single and Cys117, Cys333, or Cys353 and Cys3&4 (vere then
Cys331 LacY. (B) TDG effect on labeling of single Cys331/C154G replaced with Ser with little or no effect on activity.
LacY. The experiments were carried out as described in Figure 3 Therefore, out of a total of eight Cys residues in LacY, only

with 85 ug/mL (1.5u4M) protein and 2«M MIANS. Traces were - .
recordeﬁgwitho(ut TMDG) F()trace 1), aftzgr addition of 10 mM TDG Cys154 appears to be important for transport, but even this

(trace 2), or in the absence of protein (trace 3). (C) All traces were 'esidue is not essential. _ . .
normalized to the same maximum fluorescence intensity after Since the C154G mutant binds ligand but catalyzes little

subtraction of the fluorescence observed without protein and fit or no transport, it seems reasonable to conclude that the

with an exponential equation (Sigmaplot 2001 software; SPSS i i i
Science, Chicago, IL). Estimated half-times are 1.0, 3.3, 8.5, and mutant is locked in a form that binds substrate but cannot

14 min for V331C+ TDG. V331C. V331C/C154G. and v33ic/, undergo the structural changes required for translocation. In
C154G+ TDG, respectively. ' ' addition, in inside-out membrane vesicles, the C154G mutant

does not undergo the conformational change(s) required for

necessitating detergent for solubilization and the frequent IIA S binding in the presence of ligand§). With this
sparsity of hydrophilic domains which appear to be important reasoning in mind, C154G was purified and characterized
for stabilizing a crystal lattice, many membrane proteins, ion- in the hope that it would make a better candidate for crys-
coupled transport proteins in particular, require a high degreetallization than the structurally dynamic wild-type protein.
of flexibility for function. LacY is a relatively small, In confirmation of previous findings, although C154G
hydrophobic, 12 transmembrane helix bundle with small LacY catalyzes transport at an almost negligible rate, after
exposed hydrophilic domains that is in a highly dynamic solubilization and purification in DDM, the protein binds
state. These properties and the strong tendency of LacY toNPG with an affinity that is about 10 times better than that
aggregate in detergent have foiled rigorous attempts atof wild-type LacY. Since the affinity of the mutant is only
crystallization for over a decade. This difficulty has led to slightly better than that of the wild type in sitd?), the
the development of a battery of site-directed techniques for increased affinity observed with purified C154G LacY in
approximating tertiary structurelQ) which are also useful  DDM relative to the wild type is likely due to decreased
for studying the mechanism of lactosé/dymport (1). conformational flexibility of the mutant. In any event, it is
However, a high-resolution crystal structure is sorely neededclear that C154G LacY is remarkably more stable than the
in order to verify conclusions derived from the indirect wild type with respect to temperature, as judged by binding
approaches to structure and function. experiments using either flow dialysis or substrate protection

Most of the site-directed techniques that have been against MIANS labeling. It is also important that mutant
developed involve replacement of specific residues with Cys C154G does not aggregate after freezing and thawing and
in a functional LacY mutant devoid of its eight native Cys that it is stable at 4C for at least 2 months with respect to
residues 22). Prior to the construction of functional Cys- ligand binding.
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Site-directed fluorescence studies on single Trp33 and 16. Menick, D. R., Sarkar, H. K., Poonian, M. S., and Kaback, H. R.

mutant V331C demonstrate that long-range conformational
changes induced by ligand binding in these mutants are either
completely blocked or markedly slowed when the C154G 18.

mutation is introduced. In addition, MIANS-labeled single

Cys331/C154G exhibits an increase in fluorescence and a
blue shift in the emission spectrum, indicating that the oq

cytoplasmic end of helix X is displaced to a more hydro-

phobic environment. Taken together, the observations provide 21-

a strong indication that replacing native Cys154 with a Gly

residue dramatically changes the physical properties of LacY,

locking the protein in a more compact conformation that

binds ligand but cannot efficiently catalyze substrate trans-
location. Therefore, the C154G mutant may be a good

candidate for crystallization.
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