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ABSTRACT: The membrane-bound complex of theSalmonella typhimuriumhistidine permease, an ABC
transporter (or traffic ATPase), is composed of two membrane proteins, HisQ and HisM, and two identical
copies of an ATP-hydrolyzing protein, HisP. We have developed a technique that monitors quantitatively
the sulfhydryl modification levels within the intact complex, and we have used it to investigate whether
the HisP subunits behave identically within the complex. We show here that they interact differently with
various thiol-specific reagents, thus indicating that, despite being identical, they are arranged asymmetrically.
The possible basis of this asymmetry is discussed. We have also analyzed the occurrence of conformational
changes during various stages of the activity cycle using thiol-specific reagents, fluorescence measurements,
and circular dichroism spectroscopy. Cys-51, located close to the ATP-binding pocket, reflects
conformational changes upon binding of ATP but does not participate in changes involved in signaling
and translocation. The latter are shown to cause secondary structure alterations, as indicated by changes
in R-helices; tertiary structure alterations also occur, as shown by fluorescence studies.

The superfamily of ABC transporters (also called traffic
ATPases;1, 2) comprises both prokaryotic and eukaryotic
membrane transporters that translocate a wide variety of
substrates, ranging in size from several atoms to pentapep-
tides and even proteins. Extensive similarities in the general
organization of the various domains and substantial sequence
homology in the ATP-binding domain (NBD) is likely to
reflect a common mechanism of action. Eukaryotic ABC
transporters include medically important systems such as the
human cystic fibrosis transmembrane conductance regulator
(CFTR), P-glycoprotein (multidrug resistance protein or
MDR), the heterodimeric transporter associated with antigen
processing (Tap1/Tap2), the presumed cholesterol transporter
defective in Tangier disease patients (ABC1,3), the retina-
specific transporter involved in recessive Stargardt macular
distrophy encoded by the ABCR gene, and several others

(see ref4 and references therein). Eukaryotic transporters
are usually composed of a single polypeptide chain. In con-
trast, prokaryotic transporters generally comprise individual
polypeptides forming separate domains (5). Such a modular
architecture has permitted the assignment of separate func-
tions to the various domains through the use of genetic,
biochemical, and molecular biological techniques. The most
studied prokaryotic members of the superfamily are peri-
plasmic permeases, among which the histidine permease,
responsible for translocatingL-histidine across the bacterial
inner membrane inSalmonella typhimuriumandEscherichia
coli, has been extensively characterized (6, 7). This permease,
together with another extensively studied bacterial permease,
the maltose permease (8), provide good model systems for
the ABC transporters superfamily.

The histidine permease comprises a membrane-bound
complex, HisQMP2, composed of four subunits, two of
which, HisQ and HisM, are integral membrane proteins, and
two, called HisP, that are identical nucleotide-binding pro-
teins (or domains, i.e., NBDs) with a hydrophilic sequence,
yet with a strong tendency to associate with the membrane
(9, 10). The energy for translocation is supplied via the
hydrolysis of ATP by HisP (11-13). HisQMP2 (G. F.-L.
Ames, manuscript in preparation) and the soluble form of
HisP (14) have been purified and characterized biochemi-
cally. The complete permease system includes, in addition
to HisQMP2, a water-soluble receptor, the histidine-binding
protein HisJ, which binds the ligand, interacts with HisQMP2,
and transmits a signal across the membrane, thus triggering
the hydrolysis of ATP by the HisP subunits and ligand
translocation (13, 15-18). Soluble HisP has been crystallized
and its three-dimensional structure has been resolved (19).
The crystal structure shows a dimer, in agreement with
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bromobimane; qBBr, monobromotrimethylammoniobimane bromide;
IAEDANS, 5-[(2-iodoacetyl)amino]naphthalene-1-sulfonic acid; NEM,
N-ethylmaleimide; DTT, dithiothreitol.
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biochemical results, and each subunit has two arms in the
shape of an L. One of the arms contributes many of the ATP-
binding pocket residues and the other contains a region,
called the helical domain, that has been postulated to interact
with HisQ and HisM (20) and is most likely to be involved
in the signaling mechanism. Since the liganded soluble
receptor binds the membrane-bound complex at the peri-
plasmic aspect, while ATP binding and hydrolysis occur at
the inner (cytoplasmic) membrane surface, conformational
changes must occur during signaling and/or during ATP
hydrolysis and ligand translocation. The transport process
can be dissected for practical purposes into the following
main steps (5, 7, 21-23): (i) signaling across the trans-
membrane components upon interaction between the liganded
receptor and the membrane-bound complex, via conforma-
tional changes propagating from the receptor-binding site-
(s) to the ATP-binding site(s) in the HisP subunit(s); (ii)
induction of ATPase activity in the HisP subunit(s); and (iii)
ligand translocation through the complex, which may require
additional conformational changes and in which translocation
of each ligand molecule appears to be separately coupled to
hydrolysis of one ATP molecule (23).

Here we have used three approaches, monitoring of thiol-
specific chemical labeling, CD spectroscopy, and intrinsic
fluorescence measurements, to demonstrate that conforma-
tional changes occur during various phases of the transport
process. Transmembrane signaling in HisQMP2 is shown to
involve clear-cut secondary structure and marginal tertiary
structure conformational changes; steady-state ATP hydroly-
sis is accompanied by substantial tertiary structure confor-
mational changes; and ligand translocation requires tertiary
structure conformational changes, which are more pro-
nounced than those accompanying signaling and ATP hy-
drolysis. The nature of the observed conformational changes
is discussed with regard to possible translocation mecha-
nisms.

Since in the case of eukaryotic ABC transporters the NBDs
are usually different and have been shown and/or proposed
to behave differently, it was of particular interest to determine
whether the HisP subunits of the histidine permease, which
have identical sequences, also behave differently. This is
shown here to be the case, which implies that the NBDs are
designed to perform different functions and supports the
contention that these prokaryotic systems are appropriate
models for the ABC family in general.

EXPERIMENTAL PROCEDURES

Purification of HisJ and HisQMP2 and PLS Preparation.
All transport genes are derived fromSalmonella typhimu-
rium. Unliganded wild-type HisJ is purified as described (14),
and its concentration is determined by absorbance at 280
nm, using an extinction coefficient of 0.71 for 1 mg/mL
protein in a 1 cmpath-length cell (24). HisQMP2, containing
a carboxyl-terminal extension in each HisP subunit (25), is
purified by use of Talon (Clontech), a metal affinity resin,
from membrane vesicles solubilized for 1 h, on ice, in 1%
DS (Calbiochem) in buffer containing 10% glycerol, 10 mM
MgSO4, 10 mM ATP, 50 mM NaCl, and 50 mM Tris-HCl,
pH 8.0 (G. F.-L. Ames, manuscript in preparation). Recon-
stitution into PLS is performed by dialysis followed by
LiposoFast treatment (Avestin Inc., Canada) as described

(17), using purified HisQMP2 concentrations of 0.6-1.0 mg/
mL purified protein. If the LiposoFast treatment is omitted,
the PLS are designated as PLScrude. For CD measurements
and for occasional labeling experiments as indicated, mem-
branes are solubilized in 1.2% OG (Calbiochem) in buffer
containing 20% glycerol, 20 mM MgSO4, 10 mM ATP, 50
mM MOPS, pH 7.5, and 10 mg/mL totalE. coli lipid extract
(Avanti Polar Lipids, Inc.) (25) and reconstituted in PLS as
described (18) with 0.1-0.2 mg/mL purified protein. Trans-
port and ATPase activities are determined as described (17,
18); occasionally, as indicated, the MgSO4 and ATP con-
centrations are 2 mM each. When PLS are to be used for
thiol-specific modification experiments, dithiothreitol (DTT)
is omitted from the last two changes of the dialysis buffer
(with no effect on the ATPase and transport activities).
PLScrudeobtained from DS-solubilized HisQMP2 are imper-
meable to HisJ but permeable to low molecular weight
compounds, such as MgATP and sulfhydryl-modifying
reagents. PLS obtained from OG-solubilized HisQMP2 are
impermeable to both HisJ and low molecular weight
compounds (17).

Site-Directed Mutagenesis and Purification and Charac-
terization of Mutant HisJ Protein W130F. Trp-130 in HisJ
was changed to a Phe residue by in vitro mutagenesis of
plasmid pFA54 [which carries thehisJgene under the control
of the TAC promoter (26)] to give plasmid pFA297, which
contains thehisJgene carrying the Phe-130 codon. Plasmid
pFA297 was introduced into TG1 cells by electroporation
and the entirehisJ gene was sequenced to ascertain the
presence of the mutation and the absence of PCR errors.
pFA297 was then electroporated into TA2918 (dhuA1
hisF∆645hisJ∆6776), yielding strain GA665, which allows
assay of the properties of the mutant receptor in vivo. The
mutant protein thus encoded, W130F, was purified to 98%
purity from GA665 cells employing essentially the same
protocol as for wild-type LAO, with 5 mM Tris-HCl buffer,
pH 8.3 (27). The final DEAE HPLC column was washed
extensively (1.5 h, 5 mL/min) with 5 mM Tris-HCl buffer,
pH 8.3, which removes the endogenous ligands (27), prior
to elution with a NaCl gradient from 0 to 300 mM. A single
peak of W130F was eluted at 185 mM NaCl (wild-type HisJ
is eluted at 17 mM NaCl). Tyrosine intrinsic fluorescence
titration upon addition ofL-histidine confirmed that W130F
was unliganded. Protein concentration was determined by the
Lowry method (28), with wild-type HisJ as a standard. The
affinity of W130F towardL-histidine was characterized by
equilibrium dialysis employing radiolabeledL-histidine (L-
[3H]histidine, Amersham Corp.) (29). The apparentKd value
for the complex ofL-histidine-liganded W130F and HisQMP2

was estimated from the dependence of the ATPase activity
in HisQMP2 on receptor concentration (21).

Fluorescence and CD Measurements.For intrinsic fluo-
rescence measurements PLScrude are frozen/thawed 5 times
in a liquid nitrogen/water bath at 25°C to equalize the
exterior and interior environment of PLScrude. Measurements
are performed on a Hitachi-4000 spectrofluorometer equipped
with a thermostated cell holder, at 24°C, in a 1.0× 1.0 or
a 0.3 × 0.3 cm cuvette with the slits for excitation and
emission both set at either 5 or 2 nm. The excitation wave-
length is 296 nm unless otherwise stated. For measurements
of the intrinsic fluorescence quenching by I-, samples are
prepared at various KI concentrations using a fresh solution
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of 3 M KI and 1 mM Na2S2O3 (to prevent the formation of
I-) in water. The total ionic strength corresponding to the
maximum KI concentration used in the experiments (0.3 M)
is maintained constant by corresponding amounts of KCl.
Measurements are performed at 24°C immediately after the
last thawing, before any substantial accumulation of the
products of ATP hydrolysis. All fluorescence spectra are
corrected for the contribution due to the corresponding buffer.
The fluorescence intensity obtained for HisQMP2 in the
presence of W130F is corrected by subtraction of the
intensity of W130F (with and without ligand) at each KI
concentration. The fluorescence intensity of the corrected
spectra at 337 nm is used to construct Stern-Volmer plots.

CD measurements are performed with PLS reconstituted
from OG-solubilized HisQMP2. An Aviv 62DS spectropo-
larimeter equipped with a thermostated cell holder is
employed. Spectra are recorded at 25°C, with a 0.01 or 0.02
cm path-length cuvette, in the wavelength range 186-250
nm at 0.2 nm intervals, at a scan rate of 20 nm/min.
Experimental data representing the average of 8 scans are
expressed in millidegrees and are corrected for the contribu-
tion due to the corresponding buffer. The absolute value of
ellipticity for HisQMP2 is calculated from a protein concen-
tration value obtained by a modified Lowry method (30) with
bovine serum albumin as a standard.

Chemical Modification with SH Reagents. The sulfhydryl
reagents employed are PyMPO, mBBr, MIANS, IAEDANS,
qBBr, NEM, and HgCl2 (all from Molecular Probes, Inc.,
Eugene, OR, except for NEM and HgCl2, which were
obtained from Sigma). The first four are charged (either
positively or negatively) and penetrate hydrophobic regions
poorly (31). All these reagents, except for NEM and HgCl2,
are or become fluorescent upon derivatization. mBBr gener-
ates upon reaction the smallest fluorescent moiety (molecular
mass 271); qBBr has a similar structure and utilizes the same
chemistry of modification but is positively charged. IAEDANS
utilizes similar chemistry of modification but is substantially
larger (molecular mass 434) and is negatively charged.
MIANS (molecular mass 416) has a structure similar to that
of IAEDANS and is also negatively charged but utilizes its
maleimide group for modification. PyMPO (molecular mass
471), which is only slightly larger than MIANS and utilizes
the same maleimide chemistry, is positively charged. Thiol-
specific modification is performed in the dark, with 0.5 mL
of PLS or PLScrudecontaining 0.6 mg/mL protein, in 50 mM
Tris-HCl buffer, pH 8.0, preequilibrated at 44°C. The
presence of 100 mM NaCl did not change the results. When
mBBr, IAEDANS, or PyMPO is used, the reagent is added
to a final concentration of 2, 2, or 0.8 mM, respectively
(unless otherwise stated), and the reaction is allowed to
proceed at 44°C for 40 or 120 min. When MIANS, qBBr,
or NEM, each of which is unstable in water (31), is used,
fresh reagent is added every 5 min in 10 aliquots, each aliquot
yielding a final concentration of 0.2, 1.0, and 1.0 mM,
respectively, to reach a calculated total of 2, 10, and 10 mM,
respectively. Modification by HgCl2 (1 mM) is for 40 min
at 44 °C, although this reagent almost instantly eliminates
ATPase activity (see text). The reactions are monitored by
removing aliquots (10µL) at various times and mixing them
with 1 µL of a quenching solution (1.0 M DTT and 10%
SDS), followed by resolution by SDS-15% polyacrylamide
gel electrophoresis in the absence ofâ-mercaptoethanol

(unless otherwise stated), with the pH of the resolving gel
adjusted to 8.45 (32). The resolved gel is washed four times
(15 min each) in 50% methanol, to remove low molecular
weight products of the modifying reagent (33), and if the
reaction yields fluorescent derivatives, fluorescence in the
gel is excited on a UV light box (FOTO/UV26, Fotodyne).
The image is collected through a Petri dish filled with a 4%
solution of CuSO4 in water (1.5 OD units at 800 nm), which
acts as a filter that is not transparent to the excitation light,
and quantified by an IS-1000 Digital Imaging System (Alpha
Innotech Corp.). The degree of modification2 within each
band is expressed as a percentage of the fully modified de-
natured HisQMP2 subunits. Fully modified denatured samples
()100% labeling) are prepared by centrifuging an aliquot
of PLS or PLScrude in an Airfuge (Beckman) in an ice-cold
rotor for 10 min, solubilizing the pellet in 1% SDS, 8 M
urea, and 50 mM Tris-HCl, pH 8.0 (SDS/urea) for 30 min
at 24°C, adding modifying reagents (50µM), and incubating
for 20 min, at which time the reactions have reached comple-
tion. Raw band fluorescence values are corrected by sub-
tracting background fluorescence and normalized to the mean
fluorescence in the completely modified samples (in tripli-
cate) also corrected for the background. MIANS modification
is also monitored continuously by adding MIANS or buffer
directly to a PLS-containing solution in a 1.0× 1.0 cm or
in a 0.3× 0.3 cm cuvette equilibrated at 37 or 44°C in the
thermostated cell holder of the spectrofluorometer and by
recording continuously the fluorescence at 440 nm (31). Both
slits are set at 10 nm, and the excitation wavelength is 330
nm. The kinetics of modification is linear for the first 5 min.

8-Azido-ATP Labeling of PyMPO-Modified PLS.PLScrude

(400 µL, 0.6 mg of protein/mL) are treated with 0.8 mM
PyMPO for 25 min at 44°C, followed by quenching with
0.2 M DTT. DTT, which interferes with 8-azido-ATP
labeling, is removed by addition of 4 mL of 50 mM Tris-
HCl, pH 8.0, and centrifugation for 15 min at 45 000 rpm
in a Beckman TL ultracentrifuge. The pellet is resuspended
in 4 mL of 50 mM Tris-HCl buffer, pH 8.0, ultracentrifuged
for 15 min, and resuspended at a final protein concentration
of 0.6 mg/mL. 8-azido-ATP (Sigma) is added to 0.2 mL of
this preparation to a final concentration of 0.07 mM, followed
by UV irradiation with a short-wave, 254 nm UV lamp
(Ultraviolet Products, San Gabriel, CA), as described (34).
Aliquots are removed at 0, 5, 30, 60, 120, and 240 s and
subjected to SDS-PAGE, and an image of the fluorescence
of the gel is obtained as described above.

RESULTS

Thiol-Specific Labeling.Sulfhydryl reagents are useful in
a variety of ways to help understand the structure and
function of proteins because of the specificity of the
sulfhydryl modification reaction (35). They allow investiga-
tion of the accessibility of particular protein areas (36-38),
characterization of the sulfhydryl environment (39-42),
manipulation of the protein stability (43-45), and incorpora-

2 The fluorescence intensity of water-soluble proteins as determined
from SDS-polyacrylamide gel bands has been shown generally to be
proportional to the number of modified thiol groups (see ref33 and
references therein). Since membrane proteins may retain some tertiary
and secondary structure in the presence of SDS, the ratio of derivatized
SH groups in HisQ, HisM, and HisP does not necessarily correspond
to the ratio of the actual number of the respective SH groups.
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tion of steric hindrance (37, 38). Of particular interest for
this project have been thiol-specific reagents that can be used
to analyze protein structure and protein conformational
changes (31, 46, 47). A number of such reagents yield
fluorescent derivatives, which are particularly useful for
monitoring continuously the reaction progress. In HisQMP2

there is a total of six cysteines: one in each HisP subunit,
Cys-51; one in HisQ, Cys-197; and three in HisM, Cys-104,
Cys-114, and Cys-149 (48). None of these cysteines is
conserved among ABC transporters (10, 20), suggesting that
they do not perform an essential function. Disulfide bonds
in HisQMP2 appear to be absent because the mobility of each
of the subunits, HisQ, HisM, and HisP, in SDS-PAGE in
the presence and absence ofâ-mercaptoethanol does not
change (data not shown). Treatment of HisQMP2 in PLScrude

by denaturation in SDS/urea in the presence and absence of
2 mM DTT at pH 8.0 (1 h, 24°C), followed by treatment
with MIANS, IAEDANS, mBBr, or PyMPO (at final
concentrations of 1 and 5 mM in the absence and presence
of DTT, respectively), results in identical levels of modifica-
tion of all the denatured subunits regardless of whether DTT
is present; the maximum modification level is reached for
all subunits at 20 min and no further change is seen after
incubation for 40 or 60 min. The inability to detect disulfide
bonds is consistent with the topological prediction in the case
of HisM; its membrane-spanning domain containing Cys-
104 and Cys-114 is predicted to be in anR-helix within the
lipid bilayer (10), which would make it unlikely that they
form a disulfide bond either between each other (because
energetically unfavorable bending and twisting of theR-helix
would be required) or with Cys-149, which is in the
hydrophilic cytoplasmic loop. In the crystal structure of HisP
the only cysteine residue, Cys-51, is buried and is too far
from the Cys-51 in the other subunit to form a disulfide bond
(19). Thus, none of the cysteine residues is engaged in a
disulfide bond, and therefore, all of them should be rendered
accessible to sulfhydryl reagents under suitable conditions,
even without treatment with a reducing agent.

Modification with Sulfhydryl Reagents.mBBr is a small
hydrophobic molecule that modifies protein thiols readily
(49; see also ref31 and references therein). Its ability to
react with HisQMP2 was tested at various temperatures.
Incubation of PLScrude (which are permeable to reagents
comparable in size to ATP; G. F.-L. Ames, manuscript in
preparation) with mBBr, as described under Experimental
Procedures, results in 100% modification of HisM, 50%
modification of HisQ, and no modification of HisP when
performed at 23°C; raising the incubation temperature to
34 °C (for 2 h) increases the level of HisQ modification to
80% and that of HisP to 17% (Figure 1A). At 44°C the
modification level is 100% for all three subunits (data not
shown).3 An Arrhenius plot summarizing the results of
chemical modification at various temperatures shows that
the slope is steeper for HisP than that for HisQ, which is
steeper than that for HisM (Figure 1B), indicating a
substantially higher Arrhenius energy barrier for Cys-51 in
HisP. This may indicate either that Cys-51 is in an environ-
ment which maintains an abnormal pK of its SH group or
that it is buried in a tightly packed surrounding. Because

the rate of modification of HisP is essentially the same at
pH 8.5 and 7.5 (data not shown), the pK value may not be
a factor and the latter possibility appears more likely. The
fact that in the HisP crystal structure Cys-51 is completely
buried (19) provides the most likely explanation for the high
energy barrier for its modification. The modification of HisP
at 44°C could be quantitated separately from that of HisQ
and HisM. The time curve of modification (Figure 1C) is
biphasic, with half the level of modification being reached
within the first 5 min, after which time the reaction pro-
ceeds much more slowly, reaching 100% after 2 h. Such a
biphasic reaction rate suggests that the two cysteines in HisP
have different reactivities, with one of them being readily
accessible and the other one considerably less so. Below we
provide additional evidence for differences in HisP reactivi-
ties.

Sulfhydryl reagents with properties different from those
of mBBr were then tested under the same conditions of full

3 It should be noted that transport (18) and ATPase activities are
not impaired by incubation of the complex at 44°C for up to 4 h.

FIGURE 1: Kinetics of chemical modification of HisQMP2 by mBBr.
The modification in PLScrude of HisP (b), HisQ (0), and HisM
(O) and quantitation were performed as described under Experi-
mental Procedures. (A) Time course of modification at 34°C.
Modification levels are expressed as percent of the modification
level of the respective fully modified component. The error in
fluorescence band quantitation is(5%. (B) Arrhenius plots for the
modification reactions. Modification was performed and quantitated
as described for panel A. The error in the determination of the half-
times for modification for each subunit,t0.5 (minutes), was(20%,
except for HisP at 34°C, which was(50%. It is technically difficult
to obtain more data point for HisP because of the very low level
of modification at the lower temperatures, even upon prolonged
incubation; the value for HisP modification at 34°C has therefore
been obtained by extrapolation. HisQ modification at 0°C was
marginal. (C) Kinetics of modification of HisP in HisQMP2. The
modification was performed at 44°C and monitored as described
for panel A. The percentage of HisP modified is plotted versus
time and best-fitted (GraFit 3.0 program) by the curvey ) 1 - 0.5
exp(-0.50t) - 0.5 exp(-0.02t), which corresponds to the inde-
pendent modification at different rates, 0.5 and 0.02 min-1, of the
two HisP subunits.
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labeling. PyMPO, which is positively charged and larger than
mBBr, modifies HisQ and HisM to 100% but modifies only
about half of HisP (Figure 2). Raising the PyMPO concen-
tration, making repeated reagent additions, or prolonging the
incubation time increases the level of HisP labeling slightly,
but 100% modification is not achieved within 4 h and at
concentrations up to 2 mM PyMPO.

Experiments were designed to exclude the possibility of
artifacts resulting in partial HisP labeling. The possibility
that the HisQMP2 population is heterogeneous is unlikely
because the results are the same under a variety of conditions,
including different purified batches of HisQMP2, reconstitu-
tion in PLScrude or PLS, and a wide variation in the lipid
concentration during reconstitution (data not shown). Other
possible explanations are that half of the cysteines have been
chemically altered in the course of PyMPO treatment and
have become unreactive or that both cysteines react with
PyMPO but half of the modified residues are not fluorescent.
These possibilities were excluded by various experiments.
A mild treatment, i.e., exposure to 1% DS or OG, which
does not change the activity of the complex and is very
unlikely to change the chemical reactivity of the cysteines,
allows 100% modification with PyMPO (40 min at 44°C).
The presence of 15 mM MgCl2 also results in 100%
modification. The unmodifiable SH groups are available to
other reagents even after PyMPO treatment and thus are
unreacted. This was shown by exposing a preparation, in
which HisP had been modified with PyMPO to the 50%
level, to MIANS for 20 min at 44°C; the PyMPO-labeled
HisP band acquired additional fluorescence, corresponding
to a 50% level of modification by MIANS, indicating that
the 50% of the sulfhydryls that are not modified by PyMPO
remain accessible to other reagents.

An important explanation of this phenomenon would be
that since only half of the HisP molecules has been shown
to face the exterior in PLS (18), PyMPO, being impermeant,
would only label these externally exposed molecules. How-
ever, the PLScrude used in these experiments are permeable
to ATP (G. F.-L. Ames, manuscript in preparation) and
therefore PyMPO should also be able to access the interior.
To completely exclude the possibility that limited perme-
ability is involved, PLS were also used. PLS are fully
impermeable to ATP, HisJ,L-histidine, and carboxyfluores-
cein (17, 18) and to dipicolinic acid (G. F.-L. Ames,
manuscript in preparation) and presumably to PyMPO. If
impermeability of PLScrude were the problem, then labeling

in PLS should allow the same labeling level as PLScrude.
However, while MIANS modifies half of HisP, as would be
expected for an impermeant reagent [MIANS is comparable
to PyMPO in size, charge (although it is negatively charged),
and has the same chemistry of modification] (Figure 3,2
andO, respectively), only about a quarter of HisP in PLS is
labeled with PyMPO. Thus, PyMPO labels only half as many
of the accessible HisP molecules as can be labeled with
MIANS. This supports the contention that only half of the
accessible HisP is PyMPO-modifiable.

Finally, it should be noted that the phenomenon of partial
modification is not peculiar to PyMPO because another
positively charged SH reagent, qBBr, also modifies only 50%
of HisP in PLScrude upon incubation at 44°C (data not
shown). As additional controls, treatment of PLScrude with
other sulfhydryl reagents, such as MIANS (see later) and
IAEDANS (data not shown), which are also charged,
although negatively, and also larger than mBBr, modified
all subunits to 100%. In conclusion, it appears that perme-
ability is not an issue and that the two HisP sulfhydryls
indeed behave differently in their reactivity to PyMPO, qBBr,
and mBBr.

The reactivity of the PyMPO-modified protein was also
tested with an entirely different type of reagent, the photo-
reactive ATP analogue 8-azido-ATP. This reagent also labels
only 50% of HisP in HisQMP2 (32, 34, 50), which is
consistent with the notion that the two subunits are different
in the complex. By use of the decreased mobility of 8-azido-
ATP-modified HisP in SDS-PAGE as an assay (50),
8-azido-ATP was confirmed to modify HisP up to a
maximum of 50%. To determine whether the selectivity of
8-azido-ATP labeling is the same as that of PyMPO,
PyMPO-modified HisP (to the 50% level) was treated with
8-azido-ATP and resolved by SDS-PAGE. Two bands are
obtained and both are fluorescent: a lower one at the position
of unmodified HisP and PyMPO-modified HisP, and an
upper one of lower mobility at the position of 8-azido-ATP-
modified HisP (data not shown). Thus, the upper band must
contain two forms of HisP, one modified with 8-azido-ATP
and the other with both 8-azido-ATP and PyMPO; the lower

FIGURE 2: Time course of modification of HisQMP2 subunits by
PyMPO. Modification and monitoring of the reaction were per-
formed as described under Experimental Procedures and in the
caption to Figure 1A. The error in fluorescent band quantitation
was(5%.

FIGURE 3: Kinetics of HisP modification by PyMPO (O) and
MIANS (2) in PLS. Modification and monitoring were performed
in PLS as described under Experimental Procedures and in the
caption to Figure 1A. PLS are completely impermeable to charged
reagents under the conditions of the experiment. The error in
fluorescent band quantitation was(5%.
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band must contain unmodified HisP and PyMPO-modified
HisP. Thus, the basis for the partial modification by 8-azido-
ATP is different from that dictating PyMPO modification.
In conclusion, the fraction of the sulfhydryls not modified
by PyMPO remains chemically intact.

Correlation between Sulfhydryl Modification and ATPase
ActiVity or CooperatiVity for ATP.To use these reagents for
the study of conformational changes, it is necessary that the
modification does not disrupt excessively the protein struc-
ture. In the previous section it was shown that PyMPO does
not alter drastically the ATP-binding pocket, because the
ability to bind and react with the ATP analogue is maintained.
The ATPase activity, used as a sensitive indicator of an
undisturbed structure, was assayed in HisQMP2 modified
with MIANS, and the level of modification was determined
simultaneously by the continuous fluorescence assay. A
complex fully modified with MIANS retains 80% of the
ATPase activity (Figure 4A); the same is true upon modi-
fication with NEM (20 mM),4 as was also shown previously
(18). Modification with PyMPO, under conditions of com-
plete labeling of HisQ and HisM and about half of HisP,
results in about 50% loss of ATPase activity. HgCl2 and

mBBr inhibit more extensively. Although HgCl2 yields total
inhibition, it does not appear to damage the protein irrevers-
ibly, because the inhibition can be completely reversed by
DTT (Figure 4A).

The possibility that the 50% loss of activity observed in
PyMPO-modified HisP might reflect the complete modifica-
tion and consequent inactivation of one of the two subunits
in a dimer can also be investigated by determining whether
the modified protein retains positive cooperativity for ATP
(14, 18). If the 50% inhibition of ATPase activity upon
labeling with PyMPO (when 50% of HisP is modified) were
due to complete inactivation of one of the two HisP subunits,
the cooperativity for ATP should be eliminated (23). Figure
4B shows that the ATPase activity of the modified protein
retains cooperativity, which indicates that both subunits have
retained activity. It appears that the modification decreases
the activity of each of the subunits of the dimer by 50%,
even though only one subunit is modified.

In conclusion, the modification of cysteines can result in
various levels of inhibition depending on the nature of the
modifying moiety, the residual activities are not directly
correlated with the extent of modification, and cooperativity
is retained. These results demonstrate that the cysteine resi-
dues of HisP are not essential for hydrolysis and that their
modification does not disrupt the structure drastically. At
the same time, the changes in ATPase activity suggest that
these residues and their environment are sensitive to struc-
tural rearrangements. In particular, MIANS modifies all sub-
units of HisQMP2 completely while maintaining an almost
unaltered activity level and is therefore a good candidate for
the analysis of conformational changes.

Detection of Conformational Changes.The ability to mon-
itor quantitatively the modification of the various components
of the complex was used to start an investigation of con-
formational changes during a cycle of activity. Under steady-
state conditions, various conformational species of HisQMP2

should coexist at concentrations that depend on their respec-
tive life spans. As the system is locked in a particular opera-
tional state, the relative proportions of some of these con-
formational species change. Such a shift might be detected
by a variety of measurements. Several such operational states
can be generated individually in this system: (i) signaling
by unliganded or liganded receptor [at the periplasmic
(external) membrane surface] in the absence of ATP (abortive
signaling); (ii) signaling by liganded or unliganded receptor
at the periplasmic surface, resulting in induction of ATP
hydrolysis by HisP at the cytoplasmic (inner) membrane
surface (productive signaling); (iii) binding of ATP to HisP
at the cytoplasmic membrane surface in the absence of
receptor. Having established the useful characteristics of
MIANS modification of the complex, an analysis of various
conformational changes at several states was performed with
this reagent. These thiol modification experiments were then
supplemented by studies with far-UV CD, intrinsic tryp-
tophan fluorescence analysis, and quenching of tryptophan
fluorescence.

HisP Undergoes a Conformational Change in the Presence
of ATP As Detected by Sulfhydryl Modification.The rates

4 It is most likely that NEM modifies all cysteines under these
conditions because it is less bulky than MIANS and mBBr and it is
used at a 10-fold higher concentration.

FIGURE 4: Effect of sulfhydryl modification on the ATPase activity.
(A) The ATPase activity was assayed as described under Experi-
mental Procedures after treatment of HisQMP2 in PLScrudewith the
indicated reagents for 40 min in each case. The extent of
modification by NEM and HgCl2, which yield no fluorescence, is
unknown. The ATPase activity is expressed as a percentage of the
activity in the nonmodified sample. The error was(5%. The
products of the modification reaction are present in the ATPase
assay mixture, except in the case of HgCl2, which has been removed
by extensive dialysis prior to assaying of the activity. Addition of
DTT (100 mM, 5 min at room temperature) to the HgCl2
modification reaction mixture reverses the inhibition almost com-
pletely. (B) ATPase activity of PYMPO-modified HisQMP2 as a
function of ATP concentration. The MgSO4 concentration was
adjusted to be always 10 mM above the ATP concentration (18).
The inset shows that the Hill coefficient is 1.87.
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of labeling of the individual subunits of HisQMP2 with
MIANS were determined by quantification of the fluores-
cence of the individual protein bands upon resolution by
SDS-PAGE. The subunits display somewhat different initial
rates of labeling, although they all reach full labeling within
25 min (Figure 5A). The initial rate of modification of HisP
is decreased by about 50% in the presence of MgATP (Figure
5B, 9 and0), whereas there is no significant change in the
rates of modification of HisQ2 and4) and HisM (b and
O). The rate of labeling was also monitored continuously
by following the time-dependent fluorescence increase. This
method has the advantage of being considerably more sen-
sitive than analysis of fluorescence in SDS-PAGE (discon-
tinuous assay); however, it does not discriminate between
the individual subunits. Figure 5C shows that, upon addition
of MgATP, the overall modification rate decreases and the
decrease is consistent with the 50% decrease in labeling of
HisP shown in Figure 5B (assuming that the fluorescence
intensities of the subunits are the same in the two assays).
The apparent affinity for MgATP with respect to its effect
on MIANS labeling was determined to be approximately 1

mM (Figure 5D). This value is similar to the K0.5 value of
0.6 mM measured for the affinity of the ATPase for ATP
(18). These results indicate that accessibility of Cys-51 to
MIANS decreases in the presence of ATP, presumably as a
consequence of a conformational change occurring in HisP
upon binding ATP. A possible effect of signaling by the HisJ
receptor or by ATP hydrolysis on the rate of modification
was also tested. No additional changes were observed on
the rate of the sulfhydryl modification if either liganded or
unliganded HisJ was added in the presence of ATP, as
determined by both continuous and discontinuous measure-
ments (data not shown).5 Neither did the addition of receptor
in the absence of ATP have any effect on the rate of MIANS
and IADEANS labeling (data not shown). Thus, HisP
undergoes conformational changes that involve Cys-51 upon
binding ATP. Signaling, either abortive or productive as

5 Since the two cysteine residues in HisJ are engaged in a disulfide
bridge (51, 52) and therefore are inaccessible to sulfhydryl reagents
under nonreducing conditions, they do not contribute to the MIANS
modification results.

FIGURE 5: Conformational changes in MIANS-modified HisQMP2. Modification by MIANS and quantitation was performed as described
under Experimental Procedures. (A) Time course of modification of the individual subunits, with the level of modification expressed as a
percentage relative to a totally labeled sample: HisP, squares; HisM, circles; HisQ, triangles. (B) Effect of ATP on the kinetics of modification
of the individual subunits. A single addition of MIANS at the final concentration of 0.2 mM was made in the presence (solid symbols) or
absence (open symbols) of 10 mM MgATP. (C) Continuous assay of HisQMP2 modification, with and without ATP. The formation of
fluorescent MIANS-protein conjugate was monitored continuously as described under Experimental Procedures, for 2 min, at which time
10 µL of 10 mM ATPMg was added to the cell containing 200µL of reaction mix, and the reaction was monitored for 2 min more (curve
2). As a control, 10µL of buffer was added to an identical reaction mix (curve 1). The ordinate of curve 2 is shifted for ease of comparison.
(D) Effect of varying the Mg/ATP concentration on the modification reaction. Various concentrations of Mg/ATP were added (abscissa)
and the level of modification was analyzed as described in panel C. The change in the rate of modification is expressed as the relative
change in the slope of the fluorescence kinetics as determined at time intervals from 1 to 2 min and from 3 to 4 min. The curve, generated
by the KaleidoGraph program, is the binding isotherm characterized by aKd value of 1.0( 0.4 mM (and a final level for the change in
fluorescence increase rate of 0.50( 0.05). The results shown in Figure 5C,D were obtained in a single experiment; two other independent
experiments gave essentially the same results.
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defined above, does not appear to involve this residue, at
least as detectable by this technique.

Conformational Changes As ObserVed by CD in the Far
UV. The far-UV CD spectrum of a protein provides informa-
tion about its secondary structure and can be used to detect
structural rearrangements resulting from conformational
changes. This technique is most sensitive to rearrangements
in R-helical structures. HisQMP2 is expected to undergo
conformational changes upon its interactions with HisJ (the
receptor), MgATP, and ligand. The far-UV CD spectrum of
HisQMP2 in PLS (Figure 6A,b) is typical of a highly
r-helical protein, as deduced from the presence of minima
at 208 and 222 nm. A maximum at 195 nm (rather than at
190 nm, as is typical of anR-helical structure) suggests
substantial contribution(s) from other secondary structural
elements (53). The totalR-helical content of the complex,
Fh, as determined from the absolute value of ellipticity at
222 nm, [Θ]222 from the equationFh ) -([Θ]222 + 260)/
35 740 (54), is 43.5%( 5.2%.6 This R-helical content is
consistent with the value calculated for HisP from its resolved
crystal structure (19) and for HisQ and HisM from sequence
analysis (10).

Artifacts, such as light scattering and nonhomogeneity in
the distribution of protein molecules (known as absorption
flattening effects), could substantially affect the spectrum
of membrane proteins (53, 55-57). If such artifacts were
present in the PLScrude system, addition of detergent would
eliminate them. OG at a concentration of 1.2% was chosen
because the structure of HisQMP2 is preserved in its presence,
as demonstrated by the finding that HisQMP2 binds several
analogues of ATP, such as TNP-ATP (25) and 8-azido-ATP
(34), and retains full activity, for both ATPase and transport
(17, 18). Addition of 1.2% OG has no effect on the far-UV

CD spectrum of HisQMP2 (data not shown), indicating the
absence of the above artifacts. The effects of decreasing the
protein/lipid ratio 4-fold while maintaining the lipid con-
centration constant and of changing the path length of the
cell from 0.01 to 0.02 cm were also investigated. Neither
resulted in spectral changes (data not shown). Thus, the shape
of the spectrum of HisQMP2 appears to be free of artifacts
(53, 55, 57). All further data were collected in the absence
of detergent.

The CD spectra of unliganded HisJ (2) and of HisQMP2
in the presence of 25µM HisJ ([) are shown in Figure 6A.
The difference between the mathematical sum of the
individual spectra of HisQMP2 and of HisJ (O) and the
spectrum obtained for HisQMP2 in the presence of HisJ (()
is shown in Figure 6B. It has a maximum at 192 nm, with
an increase in ellipticity of 23%. An essentially identical
differential spectrum is obtained if the receptor is liganded
(Figure 6C,D). No significant effect is observed if 0.5 mM
L-histidine or 0.5 mM MgATP [which binds to HisQMP2

with an apparent affinity of 0.6 mM (18)] or both are added
in the absence of HisJ (data not shown). Thus, the interaction
of liganded or unliganded HisJ with HisQMP2 (abortive
signaling) is accompanied by secondary structure reorganiza-
tion as detectable by far-UV CD spectroscopy. This rear-
rangement presumably occurs in HisQMP2, although it may
also involve HisJ upon its interaction with the complex.
Given that liganded and unliganded HisJ yield the same
effect, despite the dramatic difference between these two
forms (58-60), it is likely that the observed change in the
secondary structure involves mostly HisQMP2. Measure-
ments in the presence of both liganded HisJ and ATP, which
results in ATP hydrolysis (productive signaling), are not
possible due both to optical interference from the high
concentration of ATP required and to the long time necessary
for spectral data collection (about 1 h), during which time6 Mean of six samples, four independent preparations.

FIGURE 6: Far-UV CD spectra of PLS in the presence and absence of liganded and unliganded HisJ. The final concentrations of the
reagents, when present, are (in 50 mM NaPO4 buffer, pH 8.0): HisQMP2, 1 µM (in PLS prepared from OG-solubilized membranes); P
lipid, 3 mg/mL; HisJ, 25µM. Spectra were collected from a 0.01 cm path-length cell. All experimental spectra are corrected for the
corresponding buffer baseline. (A) HisQMP2 (b), HisJ (2), HisQMP2 in the presence of HisJ ([), and mathematical sum of the spectra of
HisQMP2 and HisJ (O). Under these conditions the HisQMP2 available for interaction is 71% saturated with HisJ [HisJ binds to HisQMP2
with a Kd value) 10 mM (ref21)]. (B) Residual spectrum, i.e., difference between the experimental spectrum of HisQMP2 in the presence
of HisJ ([) and the mathematical sum (O), as smoothed by the KaleidaGraph program. Panels C and D are the same as panels A and B
but in the presence ofL-histidine (0.1 mM) in the HisJ-containing samples.
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substantial consumption of ATP and accumulation of inhibi-
tory ADP occurs (17).

Conformational Changes As ObserVed by Intrinsic Fluo-
rescence.In tryptophan-containing proteins, the intrinsic
fluorescence intensity is mostly determined by tryptophanyls
(61). If tryptophan residues are located so that changes occur
in their microenvironment, i.e., in nearby amino acid residues
(within the distance of several angstroms;62-64), confor-
mational changes could be detected as changes in intrinsic
fluorescence. In HisQMP2, each of the two HisP subunits
contains a single tryptophan residue (Trp-105); HisQ and
HisM contain two and five tryptophan residues, respectively;
and the soluble receptor, HisJ, contains a single tryptophan
residue, Trp-130. The HisQMP2 spectrum has a peak at 337
nm (data not shown), which suggests that (some of) the
tryptophanyls are in a hydrophobic environment.

To use changes in fluorescence intensity of HisQMP2 to
analyze the effect of the interaction with HisJ, the level of
fluorescence of the latter must be negligible in comparison
to that of HisQMP2. However, the HisJ concentration
necessary for efficient interaction with HisQMP2 must be at
least 10µM, which would result in an unacceptably high
fluorescence signal that would mask the HisQMP2 signal.
Raising the HisQMP2 concentration above 1.0µM to obviate
this problem is not possible because of excessive light
scattering. Therefore, a tryptophanless HisJ, W130F, was
created by in vitro mutagenesis by replacing Trp-130 of HisJ
with phenylalanine (see Experimental Procedures). W130F
was shown to be identical to the wild type with respect to
numerous biochemical and physiological properties: theKd

of W130 for L-histidine binding is 43 nM, which is
experimentally indistinguishable from that of wild-type HisJ
[30 nM (59)]; the affinity of L-histidine-liganded W130F for
HisQMP2 is 6 µM, which is similar to that of wild-type HisJ
[10 µM (18, 21)]; W130F induces the ATPase activity of
HisQMP2 in the absence ofL-histidine to the same level as
that induced by wild-type HisJ (18); and W130F supports
D-histidine transport (65) through the HisQMP2 complex in
vivo as well as the wild type. The fluorescence emission
spectrum of W130F upon excitation at 296 nm (at which
wavelength mostly tryptophanyls are excited) was deter-
mined. Figure 7 shows that it has a flat maximum at 340
nm, which does not increase upon addition ofL-histidine, in
contrast to the behavior of wild-type HisJ.7 Thus, W130F
does not contribute significantly to fluorescence excited at
296 nm and has biochemical properties that are the same as
those of the wild type, and it can be used to analyze whether,
upon interaction, it induces conformational changes in
HisQMP2.

Figure 8 (line 1) shows the HisQMP2 spectrum in the
presence of 2 mM MgATP and in the absence of receptor,
after correction for the inner filter effect.8 This spectrum

displays a lower fluorescence intensity (by about 5%) than
in the absence of ATP (latter spectrum not shown). This
decrease presumably reflects conformational changes due to
ATP binding, which might occur in any of the subunits.9

7 Upon excitation at 280 nm (which excites both tyrosine and
tryptophan fluorescence), W130F displays a peak with a maximum at
308 nm, which is typical of a tyrosine-containing, tryptophanless protein
(61), the intensity of which increases linearly with increasing concentra-
tions of L-histidine, up to a maximum of 21% when the histidine
concentration equals that of W130F. The small peak with a flat
maximum at about 340 nm, which does not increase in the presence of
L-histidine, is presumably due to Trp-containing contaminant proteins.
These data also confirm that W130F is unliganded (see Experimental
Procedures).

FIGURE 7: Intrinsic fluorescence emission spectra of wild-type HisJ
and W130F. Measurements were performed in a 1.0× 1.0 cm cell,
with both slits set at 2 nm. HisJ (curves 1 and 2) and W130F (curves
3 and 4) were both 10µM in 50 mM Tris-HCl, pH 8.0;L-histidine,
when present (curves 2 and 4), was 0.1 mM.

FIGURE 8: Effect of W130F on the intrinsic fluorescence spectrum
of HisQMP2 in the presence of MgATP. All samples contain 50
mM Tris-HCl buffer, pH 8.0, and 2 mM MgATP, plus the following
components, if present: 1µM HisQMP2 in PLScrude, 10µM W130F,
0.1 mM L-histidine. Line 1, HisQMP2; line 2, W130F; line 3,
W130F andL-histidine; line 4, HisQMP2 and W130F; line 5,
HisQMP2, W130F, andL-histidine. Lines 6 and 7 are calculated
from spectra 4 and 5 by subtracting the receptor contribution given
by spectra 2 and 3, respectively. All spectra are corrected for the
corresponding buffer baselines. Measurements are performed in a
0.3 × 0.3 cm cell, with both slits set at 5 nm. The samples are
prepared by freezing-thawing as described under Experimental
Procedures. Line 1 displays a decrease of about 5%( 2% in
fluorescence intensity in the HisQMP2 spectrum at 337 nm, with
no peak shift, as compared to the same sample in the absence of
ATP (spectrum not shown).
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Upon addition of either liganded or unliganded W130F to
HisQMP2 in the absence of ATP, the spectrum of HisQMP2

is affected slightly (data not shown; in all cases the spectrum
has been corrected for the fluorescence due to receptor alone).
In three independent experiments there was a 4%( 2%
intensity decrease without a shift in the peak. Thus, abortive
signaling results in minor structural changes that involve the
tryptophan residues and that might occur in any of the
HisQMP2 subunits. The addition of both ATP and liganded
W130F results in an increase in fluorescence intensity that
is different from that obtained with ATP and unliganded
W130F (Figure 8, lines 5 and 4, respectively). Correction
of these spectra for the contribution by unliganded and
liganded receptor alone (lines 2 and 3, respectively), results
in lines 6 and 7, which display decreases of 12%( 3% and
7% ( 2% at 337 nm, respectively, with no shift in the peak
maximum, suggesting that the two forms send different
signals. In fact, the decrease induced by unliganded receptor
is larger than that by the liganded form (three independent
experiments). Thus, changes occur (in any of the tryptophan
residues in HisQMP2) following productive signaling, even
if only the intrinsic ATPase is induced. It is possible that
the difference seen in conformational changes when the
system is complete (HisQMP2, the receptor, the ligand, and
ATP, i.e., full productive signaling; line 5), as compared to
those present in the absence of ligand (line 4), reflects
specifically ATP hydrolysis and its consequences, (such as,
for example, translocation and/or a return signal for the
release of the receptor).

Conformational Changes As ObserVed by Fluorescence
Quenching. Another approach to detect conformational
changes involves quenching of tryptophanyl fluorescence
with iodide anions. Quenching occurs if a tryptophan residue
is exposed because I- ions penetrate poorly the hydrophobic
core of a protein and the lipid bilayer (61, 62, 66). The extent
of quenching is described by the slope of the quenching curve
by use of Stern-Volmer coordinates10 and it is a measure
of the exposure of the tryptophanyl(s) to the solvent; a change
in such a slope reflects a conformational change (66). Figure
9A (O) shows that I- ions quench the fluorescence of
HisQMP2, with 0.2 M KI resulting in a decrease of 12%
(corresponding to a value of F0/F of 1.14 in the Stern-
Volmer plot). Increasing the KI concentration further has
only a small additional effect. The leveling off of the
quenching curve suggests that the tryptophanyls are clas-
sifiable in two groups: exposed to the solvent and buried
(61). Of all the tryptophanyls present in HisQMP2, Trp-105
in HisP is 80% exposed (19), while Trp-158 in HisQ and
Trp-28 in HisM are likely to be inaccessible, being in the
middle of hydrophobic membrane-spanning stretches (10).
Given that Trp-105 is present in two copies and is partially

exposed, at least as it appears in the crystal structure (19), it
appears likely that the changes observed reflect at least
movement of these residues. Flattening of the curve may
reflect, at least in part, the inaccessibility of Trp-158 and
Trp-28 (in HisQ and HisM, respectively). The addition of
ATP does not change the slope at KI concentrations below
0.1 M (compareO in Figure 9A with B in Figure 9B),
whereas a small difference is apparent at concentrations
higher than 0.1 M KI. Addition of unliganded or liganded
receptor (W130F) in the absence of ATP (abortive signaling)
causes small changes (Figure 9A,0 and ), respectively),
which might reflect minor conformational changes, corre-
sponding to those detected by intrinsic fluorescence measure-
ments. If ATP is present in addition to unliganded receptor
(productive signaling for the intrinsic ATPase), the quenching
curve has a steeper slope and a higher final level than in its
absence (Figure 9B; compare9 with b). Liganded W130F
in the presence of ATP (() results in a slope that is even
steeper than that with unliganded receptor, although the final
levels are similar. Thus, in agreement with the conclusions

8 The inner filter effect of MgATP is taken into account by correction
of the observed fluorescence intensity according to the formulaFcorr )
Fobs antilog(OD296nm/2) (61), where OD296nm is the optical density at
296 nm of the MgATP solution measured in the same cell (0.3× 0.3
cm).

9 It is also possible that slow ATP hydrolysis via the intrinsic ATPase
activity (18) contributes at least in part to these changes.

10 The Stern-Volmer coordinates are the reversed relative fluores-
cence intensity and the quencher concentration; a linear dependence is
generally indicative of a single class of fluorophores, all equally
accessible to quencher. Such an analysis also eliminates the contribution
of the inner filter effect of ATP.

FIGURE 9: I- ion quenching of the intrinsic fluorescence of
HisQMP2. The reaction is performed in 50 mM Tris-HCl buffer,
pH 8.0, containing 1µM HisQMP2 in PLScrude. Additions, when
present, are (final concentrations) 10µM W130F, 0.1 mM L-
histidine, and 2 mM MgATP. KI and KCl are added at the indicated
final concentrations (abscissa), as described under Experimental
Procedures. The fluorescence intensity at 337 nm at zero concentra-
tion of KI (F0) and at various KI concentrations (F) is obtained
from the HisQMP2 spectrum and corrected for the respective
baseline and for the presence of the receptor, as described in Figure
8. Measurements are performed in a 0.3× 0.3 cm cell, with both
slits set at 5 nm. Quenching of fluorescence of HisQMP2 is
measured in the absence (A) or presence (B) of MgATP. Circles,
no additions; squares, W130F; diamonds, W130F andL-histidine.
The results shown were obtained in a single experiment, with each
sample point done in triplicate (SD is(0.01); three independent
experiments were performed, which gave essentially identical
results.
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from the intrinsic fluorescence measurements, when the
system is complete, significant conformational changes
appear to occur that increase the accessibility of at least some
of the tryptophan residues in HisQMP2 and are different
whether the ATPase activity is intrinsic or fully induced.

DISCUSSION

We chose to use sulfhydryl reagents as tools to initiate a
study of conformational changes and of the nature of the
two identical HisP subunits within the intact complex. We
specifically wished to analyze these aspects without altering
the complement of cysteine residues by in vitro mutagenesis.
This approach was made possible because (i) there is a single
cysteine residue in HisP, (ii) we established that this residue
is not necessary for enzymatic action, and (iii) we developed
a method to resolve the sulfhydryl-modified HisP and
quantitate its level of modification.

The histidine transporter presents an interesting problem
with regard to the nature of the NBDs, which are identical
in sequence but are here shown to behave differently with
respect to their reactivity with thiol-specific reagents. We
already excluded a number of artifactual possibilities. Here
we consider a few additional ones. Our findings obtained
with PyMPO, qBBr, and mBBr might reflect the loss of
reactivity in one of the NBDs by the prior modification of
the other (a form of negative cooperativity), possibly through
steric hindrance by the one reacted NBD or a change in the
electric field in the vicinity of the as-yet-unreacted Cys-51.
However, these explanations are questionable because MI-
ANS is as bulky as PyMPO and bulkier than qBBr, yet it
modifies both sites, and mBBr is not charged and therefore
should be insensitive to charge changes. In any case,
important structural changes resulting from PyMPO modi-
fication at one site are unlikely because the second site
maintains reactivity toward MIANS. Thus, the asymmetry
may be intrinsic to the structure of the complex, for example,
through the interaction of the HisP molecules with HisQ and
HisM. However, it is also possible that the HisP subunits
take different conformations within the HisP dimer inde-
pendently of interactions with other elements and/or specif-
ically as part of a functional cycle, e.g., upon ATP binding,
ATP hydrolysis and/or the release of its products, or substrate
translocation.

The notion that NBDs in ABC transporters are functionally
different is consistent with a number of findings obtained in
a variety of such systems. In prokaryotes, the demonstration
of positive cooperativity for ATP in the histidine and maltose
permeases supports the concept of separable functions for
the two domains (18, 67), and so do data indicating that the
HisP subunits function in alternating fashion, with one of
them activating the other to hydrolyze ATP (23). In the case
of eukaryotes, the NBDs are often not identical in sequence,
thus providing a structural explanation for the functional
asymmetry. Some examples of functional differences be-
tween the NBDs of eukaryotes are the different behavior of
the NBDs of MDR (68), the alternating mechanism proposed
for the NBDs of MDR (69, 70), the asymmetry observed in
the electrophysiological signal in CFTR (71), and the
different behavior in CFTR of the two NBDs with respect
to nucleotide hydrolysis (72). However, it is interesting that,
in the case of MDR, the two NBDs do not display any

structural differences as determined by use of fluorescent
sulfhydryl reagents (73). If the identical (sequence-wise)
NBDs of the histidine permease are indeed intrinsically
different, it would imply that asymmetry is an essential
property of NBDs. The structural basis of the asymmetry in
the histidine transporter is not yet obvious.

A summary of the results obtained with a combination of
various approaches to study conformational changes is shown
in Table 1. Some secondary structural changes are observed
in the far-UV CD spectrum upon interaction of the complex
with the receptor in the absence of ATP, when some
transmembrane signaling is expected to occur (although
additional reorganization would take place if the system were
complete). The finding that the maximum of the residual
spectrum is at 192 nm (Figure 6) suggests that the confor-
mational change has occurred in anR-helical structure within
HisQMP2. Although HisQ and HisM would be obvious
participants in this reorganization, it is likely that HisP also
participates because it is partially inserted into the membrane
(74) and interacts with HisQ and HisM (22, 34, 74;
unpublished results). In particular, since membrane-spanning
R-helices (in HisQ and HisM) typically behave like rigid
bodies (36, 75, 76), we speculate that the changes observed
by UV CD occur specifically in HisP. A possible candidate
for such changes would be the helical domain of HisP. It is
interesting that the observed changes are the same whether
the receptor is liganded or not, indicating that the complex
responds whether it is able to complete the cycle of transport
or not. This is consistent with the finding that the affinity of
the receptor for the complex is the same whether it is
liganded or not and the initial receptor response is the same
(21). Additional conformational changes presumably occur
in this secondary structure and/or in additional ones when
both ATP and liganded receptor are present; they could not
be measured by far-UV CD for technical reasons, but may
be at the basis of the changes observed by tryptophan
fluorescence quenching. No changes were observed by UV
CD upon ATP binding in the absence of receptor, which
would suggest thatR-helices do not change conformation,
or change only minimally, upon ATP binding. It should be
noted that in the case of MalK, the NBD of the maltose
periplasmic permease, limited proteolysis experiments have
shown changes occurring upon ATP binding that have led
to the suggestion that it is the helical domain that undergoes
conformational changes (77). The changes detected in MalK
by this methodology may also be of a tertiary nature, by
analogy to HisP.

The existence of tertiary structural conformational changes
was also analyzed. In the absence of ATP, modest changes
are observed upon signaling, by both fluorescence and
fluorescence quenching. No changes are observed with
sulfhydryl modification, indicating that the cysteines are not

Table 1: Changes Detected in HisQMP2

changes upon R-helixa
dynamics

in the systemd
local change

(Cys-51)

signalingc + +b -
ATP binding - +b +
full activity nde +b +
a By far-UV CD. b Changes differ from each other.c Abortive and

productive.d By tryptophan fluorescence.e Not determined.
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involved in signaling. Some clear tertiary structural confor-
mational changes occur upon ATP binding (in the absence
of receptor), as shown by fluorescence and fluorescence
quenching, and they are larger if both ATP and receptor are
present. Tertiary changes are also likely to be responsible
for those detected upon ATP binding by sulfhydryl modifica-
tion; these were determined to occur specifically in HisP.
Thus, it appears that theR-helix in which Cys-51 is located
(following the nucleotide-binding loop) is involved in tertiary
structural changes but not in secondary structure ones, since
no significant changes are detected by CD measurements.
In this respect it is also interesting that although conforma-
tional changes are larger when the system is complete, i.e.,
fully active, as determined by fluorescence quenching, there
are no equivalent larger changes in the modification of Cys-
51 in HisP. We speculate that the relatively slow rate of the
ATPase (the turnover rate is in the range 0.1-10 s-1; see
ref 14 and references therein) results in the nucleotide-
binding pocket(s) being occupied most of the time in the
cycle. It should be noted that the difference in fluorescence
quenching between full productive signaling and intrinsic
ATPase signaling (i.e., ATP and liganded receptor versus
ATP and unliganded receptor; Figure 9B) indicates that
translocation per se is accompanied by additional confor-
mational changes. In this respect, it has been suggested that
larger global changes in the tertiary structure of MDR occur
with a full catalytic cycle (78). Overall, complex conforma-
tional changes occur in the translocation cycle as measured
by these methods. In particular, from the three-dimensional
structure of HisP (19), it can be seen that Cys-51 is located
in R-helix 1, which is close to the ATP-binding pocket and
thus may reflect changes originating in this pocket. Cys-51
is also close to a series ofâ-strands that connect the binding
pocket with the helical domain (arm II of the structure,
interacting with HisQ/M); thus we speculate that movement
of Cys-51 might be part of a signaling relay between ATP
hydrolysis and the function of the rest of the transporter.

In conclusion, by careful analysis of this system at various
functional states and with different techniques we were able
to demonstrate that such states are associated with the
accumulation of particular conformational species. Com-
parison of various steady-state conditions provides insights
into the nature of conformational changes associated with
individual steps in a cycle of activity. In addition, these
studies have provided evidence supporting previous conclu-
sions regarding the following structural properties: the
percentage ofR-helical structures and the topology of the
hydrophobic membrane spanners, HisQ and HisM (10); the
similarity of organization between HisP in solution and HisP
in the complex [by showing the extremely poor accessibility
of Cys-51 in the complex, thus confirming its location in
the X-ray crystal structure of soluble HisP (19)]; the
previously suspected asymmetry of the two HisP subunits
(13, 14, 18); and the postulated increase in the dynamics of
the system under conditions of full activity (5, 79).

Finally, detection of conformational changes in membrane
systems is generally difficult. Few ABC transporters have
been purified and had their biochemical properties analyzed;
therefore, it is relatively difficult to make extensive com-
parisons. In the case of purified and reconstituted MDR,
tertiary structure changes comparable to those presented here
were also observed upon ATP binding by D/H exchange rate

measurements and fluorescence quenching (80). The devel-
opment of the techniques presented in this paper should be
helpful in similar studies with other ABC transporters.
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