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ABSTRACT: A key element in the ability oflac repressor protein to control transcription reversibly is the
capacity to assume different conformations in response to ligand binding. To investigate regions of the
protein involved in these conformational changes, mutant repressor proteins containing single tryptophans
were created by mutating each of the two native tryptophan residues to tyrosine and changing the residue
of interest to tryptophan. Tryptophans substituted in the following locations were highly accessible to
quenchers with no changes in fluorescence or quenching properties in the presence of ligands: in the
N-terminal helix-turn-helix for Y7, at the junction between the N-terminus and N-subdomain for L62,
in the N-subdomain of the monomer-monomer interface for residue E100 or Q117, or at the C-terminal
region for K325. Tryptophan at position F226 in the C-subdomain subunit interface was only moderately
exposed to quenchers and unresponsive to ligands. In contrast, the fluorescence and quenching properties
of single tryptophans placed in the central region of the protein were affected by ligands. Inducer binding
altered the accessibility to quencher for tryptophan at H74 or F293, but no changes were detected upon
binding operator. Exposure of tryptophan at the position occupied by Y273 was affected by both inducer
and operator, indicating alterations in this region by both ligands. These results suggest that, in the areas
of the lac repressor probed by these substitutions, the inducer-bound form differs from the conformation
of the unliganded form.

The lac repressor protein regulates the expression of the
genes for lactose metabolism inEscherichia coliby high-
affinity association with thelac operator sequence (1). The
lac repressor protein is a 150 000 kDa homotetramer (2, 3)
which associates through two different subunit interfaces,
monomer-monomer and dimer-dimer. The distinction
between these interfaces was derived originally from physical
and genetic studies (4-8) and confirmed by recent X-ray
crystallographic structures (9, 10). The structural elements
involved in assembly to tetramer are located in the core
domain (amino acids 60-360) which binds the inducing
sugars (9-14). The monomer-monomer interface is sta-
bilized by hydrophobic and polar interactions distributed
within the core region (9, 10, 14-17), and the dimer-dimer
interface is formed by a leucine heptad repeat sequence at
the extreme C-terminus (amino acids 342-356) (4-7, 9, 10).
The N-terminus of the protein (amino acids 1-59) creates
the operator binding site when two N-termini are correctly
positioned relative to each other in the dimer structure (10,
18-21).
Inducer binding tolac repressor reduces its affinity for

operator DNA to that of nonspecific DNA, apparently via a
conformational change along the monomer-monomer in-
terface (1, 2, 10, 22-26). Conversely, the affinity of
operator-bound protein for inducer is decreased 10-fold (27,
28). These reciprocal changes in ligand affinity suggest that
lac repressor can exist in at least two discrete conforma-

tions: operator-bound or inducer-bound. In addition, the
unliganded conformation may differ from either of the bound
forms. The structure of each of these conformations has been
solved by X-ray crystallography (10). In the operator-bound
structure, there are structural rearrangements which occur
in comparison to the other two crystallographic structures.
The changes in response to operator complex formation
appear to be a rearrangement of how the monomers are
oriented in the monomer-monomer interface. Similar
changes in conformation were detected in the orientation of
the free versus the operator-bound holoprotein in the crystal
structures of purine repressor, a member of theLacI family
with homology to lac repressor (29, 30). Although the
crystallographic structures suggest that the unliganded and
inducer-bound conformations oflac repressor are similar,
there is a significant body of evidence for conformational
differences between unliganded and inducer-bound repressor.
These studies include effects of inducer on reactivity or
spectroscopic properties of side chains dispersed throughout
the sequence and on physical properties of the protein (31-
43). Therefore, the similarity of the free and inducer-bound
crystallographic structures conflicts with previous biochemi-
cal and biophysical data.

The crystallographic structures oflac repressor bound to
different ligands may provide information about the final
conformations that the protein can assume upon ligand
binding. However, the dynamic processes and possible
intermediate structures involved in the transitions between
conformations are not evident from these structures. A full
understanding of ligand binding and conformational changes
occurring inlac repressor requires analysis of these events
in solution under controlled reaction conditions. Such
conformational changes in proteins can be monitored using
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tryptophan fluorescence emission. Some proteins contain
intrinsic tryptophans conveniently located for these measure-
ments. However, in some cases, the tryptophan residues are
too far removed from the region of interest, or the relevant
fluorescence signal is lost in the background from other
tryptophan residues. Site-directed mutagenesis has aided
studies of specific tryptophan residues by allowing removal
of native tryptophans and placement of single tryptophans
in areas of interest. Single tryptophan-containing proteins
have been used to monitor conformational changes or ligand
binding in many proteins, includinglac repressor, galactose
repressor,lac permease, fructose 6-phosphate, 2-kinase:
fructose 2,6-bisphosphatase, yeast 3-phosphoglycerate kinase,
and recA protein (40, 42, 44-48).
The two native tryptophans inlac repressor (residues 201

and 220) have been converted to tyrosine and characterized
individually (40, 42). However, the native tryptophans in
lac repressor are located in the inner apolar region of the
C-terminal domain and inducer binding pocket of the protein,
respectively, and other areas that may be affected by ligand
binding could not be monitored. In the present study, a
“tryptophan-less” (Wless)1 lac repressor was produced to
remove the native fluorescence emission of W201 andW220,
and single tryptophans were introduced at multiple sites,
including the DNA binding region, the monomer-monomer
subunit interface, and the inducer binding pocket. These
areas are predicted to undergo conformational changes during
ligand binding. The regions selected for substitution were
identified on the basis of a model of thelac repressor
monomer, the purine repressor crystallographic structure, and
the structures of thelac repressor core and intact ligand-
bound species (9, 10, 29, 30, 49). Previously published
phenotypic screens of numerouslac repressor mutants were
used to discern which amino acids within these regions might
be mutated to tryptophan with minimal disruption to protein
function (14). Steady-state, quenching, and time-resolved
fluorescence properties of the single tryptophan mutant
proteins were measured to monitor the effects of inducer and
operator binding.

MATERIALS AND METHODS

Mutagenesis.Mutations in thelac repressor gene were
generated in the pAC1 plasmid (16) using the method of
Kunkel (50). The pAC1 plasmid containing thelac repressor
gene with the W220Y mutation (42) was used to produce
the W201Y/W220Y double mutant. All single tryptophan
repressors were produced by annealing an oligonucleotide
containing the mutant sequence to the uracil-containing
template with the W201Y/W220Y mutation. The annealing
mixture was heated at 75°C for 2 min and then allowed to
cool to room temperature. The extension and ligation
reactions were carried out as described in Li and Matthews
(51).
Purification. Protein purification followed the previously

described procedure (6), with the following changes to the
phosphocellulose column protocol. The dialyzed fraction
containing thelac repressor protein was spun at 27200g for
30 min to remove any precipitate before being loaded onto

a phosphocellulose column equilibrated in 0.08 M potassium
phosphate, pH 7.5. The column was washed with the same
buffer, followed by 0.12 M potassium phosphate buffer wash,
and protein was eluted with a gradient from 0.12 to 0.3 M
potassium phosphate. Protein concentrations for mutants
were determined by Bradford assay (52) using wild-typelac
repressor as a standard.

Operator Binding. Operator binding constants were
determined for the proteins using the nitrocellulose filter
binding assay (23) modified for use in a 96-well dot blot
apparatus (53). The assay was carried out at room temper-
ature in FB buffer (0.01 M Tris-HCl, pH 7.4, 0.15 M KCl,
0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100
µg/mL bovine serum albumin. The operator used was a 40
base pair double-stranded DNA (sequence: 5′-TGTTGT-
GTGGAATTGTGAGCGGATAACAATTTCACACAGG-
3′) which was labeled at the 5′ end with32P by polynucleotide
kinase reaction. The concentration of labeled operator in
the assay was∼5 × 10-12 M (27). The concentration of
protein was varied from 2.5× 10-12 to 1.25× 10-9 M
tetramer. The amount of32P-operator bound at each protein
concentration was quantified as pixels by a Fuji phospho-
rimager. All data were normalized by dividing the pixels at
the different protein concentrations by the pixels at a
saturating concentration. These data were fitted to the
equation:

whereR is the relative fraction of bound complexes within
each solution calculated byR ) operator bound/operator
boundmax, [P] is the protein concentration in tetramer, and
Kd is the apparent dissociation constant in tetramer concen-
tration. The maximum value was floated during the fitting.

IPTG Competition. The mutation of W220 causes a
decrease of∼10-30 fold in the affinity of the repressor for
inducer (40, 42) and removes the fluorescence signal most
commonly used to monitor inducer binding (39). Therefore,
the relative binding of inducer was monitored by following
the decrease in operator binding in a nitrocellulose filter
binding assay. For mutants with normal operator affinity,
the concentration of operator was 5× 10-12 M, and protein
was 1.3× 10-9 M tetramer. Protein concentration was
increased to 2.6× 10-8 M for mutants with a 10-fold
decrease in operator binding affinity. IPTG concentration
was varied over a range that spanned the apparent binding
affinity. The operator and protein were preincubated in
buffer for 15 min prior to addition of varying concentrations
of IPTG. Samples were filtered, and counts retained were
quantified and normalized as described for the operator
binding assay. The amount of IPTG necessary to dissociate
50% of the operator-repressor complexes was determined
by fitting the competition curves to the equation:

whereR is the fraction of bound complexes within each
solution calculated byR ) bound/boundmax, n is the
“apparent” Hill coefficient, andY is the amount of IPTG
necessary to compete 50% of the operator-repressor com-
plexes. Then value in this case reflects the need for more
than one IPTG molecule to cause thelac repressor to
dissociate from the operator.

1 Abbreviations: DMSO, dimethyl sulfoxide; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; IPTG, isopropylâ-D-thioga-
lactoside; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; Wless,lac repressor with W201Y and W220Y muta-
tions.

R) [P]/(Kd + [P]) (1)

R) [IPTG]n/(Yn + [IPTG]n) (2)
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Ammonium Sulfate Precipitation. This assay followed the
protocol of Bourgeois (54) with the following modifications.
The assay buffer used was 0.1 M Tris-HCl, pH 7.4, and 0.15
M KCl. Protein, ranging in concentrations from 1× 10-6

to 1 × 10-5 M, was incubated with 15 mg/mL lysozyme
and 5× 10-7 M [14C]IPTG for 5 min before precipitation
with 70% saturated ammonium sulfate. The samples were
centrifuged, the supernatants were removed, the pellets were
resuspended in buffer, and the mixture was precipitated with
5% TCA. After centrifugation, the amount of radiolabel in
the supernatant was determined by scintillation counting. For
each condition, a duplicate sample was prepared with the
addition of 1 mM IPTG to determine the level of nonspecific
retention of [14C]IPTG. The difference between the samples
corresponds to the specific binding of the radiolabeled sugar.
Fluorescence Spectroscopy Measurements.Emission spec-

tra were collected on an SLM 8100 spectrofluorometer. The
protein was diluted to a final concentration of 5× 10-7 M
tetramer in TMS buffer (0.01 M Tris-HCl, pH 7.4, 0.2 M
KCl, 0.01 M MgCl2, 1 mM EDTA, and 0.1 mM DTT). The
samples were excited at 295 nm, and emission spectra were
collected from 300 to 400 nm. All spectra are noncorrected.
These spectra were integrated for each mutant to determine
the quanta emitted. The UV absorbance peak at 295 nm
was measured on an SLM 3000 diode array spectrophotom-
eter to determine the quanta absorbed. The quantum yield
was determined by dividing the quanta emitted by the quanta
absorbed. The values for the single tryptophan repressors
were normalized to the wild-type value for comparison.
Circular Dichroism Spectroscopy. Lacrepressor mutants

were diluted to a concentration of 4× 10-6 M monomer in
0.12 M potassium phosphate buffer, pH 7.4. Samples were
scanned from 250 to 200 nm by an Aviv 62DS spectropo-
larimeter in a 1 cmpath-length quartz cuvette. Data were
collected for all mutants and compared to the wild-type
spectrum.
Fluorescence Lifetimes.Fluorescence decay curves for

the tryptophans in the mutant repressor proteins were
collected on an SLM 48000 MHF phase/modulator frequency
domain spectrofluorometer equipped with a 10 W argon laser
(Coherent Inc.) with a deep UV output. The laser beam was
modulated over a frequency range of 4-280 MHz by a
Pockel’s cell. Data were collected simultaneously at multiple
frequencies and decomposed by means of Fourier transform.
Samples were collected using an emission cut-on filter of
320 nm or, in a few cases, 340 nm. Proteins were diluted
into 0.1 M Tris-HCl, pH 7.4 or 9.2, and 0.1 M KCl to a
final concentration of 2µM monomer. Where ligands were
present, samples contained a final concentration of 1× 10-3

M IPTG or 1× 10-6 M operator DNA for these studies.
The intensity decay data between 4 and 116 MHz were
analyzed as a Fourier transform in terms of the multiexpo-
nential decay law:

whereI0 has been set to unity,Ri andτi are the normalized
preexponential factor and decay time associated with fluo-
rescence componenti, andt is time. The data are converted
into f, the fractional intensity, by the relationship:

Data analysis was performed with a nonlinear least squares

program from SLM and with the program Globals Unlimited
(University of Illinois, Urbana, IL) (55). Values obtained
from these two different analytical approaches were similar.
Fluorescence Quenching.Quenching experiments forlac

repressor proteins were performed as described previously
(42, 56). Stock solutions of potassium iodide, acrylamide,
and thallium acetate were made at concentrations of 5, 4.2,
and 5 M, respectively. Potassium iodide was prepared fresh
each day in buffer with 1 mM sodium thiosulfate to inhibit
production of I2 (57). Thallium acetate was dissolved in
water, and the acrylamide solution was purchased from
National Diagnostic Inc. (58). Proteins were diluted to a
concentration of 5× 10-7 M monomer in 0.01 M Tris-HCl,
pH 7.4 or 9.2, and 0.15 M KCl for the potassium iodide or
acrylamide quenching. Samples for thallium acetate quench-
ing were diluted into 0.05 M Tris-acetate, pH 7.4 or 9.2,
and 0.15 M potassium acetate to avoid formation of insoluble
thallium chloride. Samples with ligand contained a final
concentration of 1× 10-3 M IPTG or 5× 10-7 M operator.
Samples were excited at 285 nm, and the intensity was
monitored at the emission wavelength peak for each mutant
(Table 2). Aliquots of a stock solution of quenching agent
(5 µL per addition) were added until the final concentration
of potassium iodide, acrylamide, or thallium acetate was 0.25,
0.2, or 0.25 M, respectively. Fluorescence intensity correc-
tion factors were generated using identical titrations with
buffer for the potassium iodide and acrylamide samples. A
5 M potassium acetate stock was used to generate the
correction factors for the thallium acetate experiments.
Thallium acetate was insoluble at higher concentrations in
pH 9.2, and no data could be collected for this condition.

RESULTS

Generation of Mutants and Protein Purification.Single
tryptophan substitutions at residues Y7, L62, H74, E100,
Q117, F226, Y273, F293, and K325 were generated in a
“tryptophan-less” background of the double mutation, W201Y/
W220Y (Wless). For each mutant, the entirelacI gene was
sequenced to confirm that the three mutated residues were
the only alterations in the DNA sequence. All mutant
repressors were expressed inE. coli lacking thelacI gene
and purified by phosphocellulose column chromatography.
The purity was assessed by electrophoresis using 10% SDS-
PAGE and visualized by silver staining as shown in Figure
1. E100/Wless and Q117/Wless were produced in low
quantities and were not as pure as the remaining mutant
repressor proteins. Circular dichroism spectra for all repres-
sors demonstrated the same secondary structure content as
wild type repressor within experimental error (data not
shown). On the basis of gel filtration chromatography or
elution behavior from the phosphocellulose column, all
mutant proteins were deduced to be tetrameric (data not
shown).
Functional Properties of Single Tryptophan Mutants. Lac

repressor mutants possessing a single native tryptophan have
been created previously (40, 42). As anticipated from
previous studies, the W220Y mutation had minimal effect
on operator binding but lowered the affinity for inducer
(Table 1), and the W201Y mutation resulted in a 3-fold
reduction in operator affinity but had minimal effect on
inducer binding. The Wless mutant exhibits similar binding
properties with a 10-fold decrease in inducer affinity and a
3-fold lower affinity for operator (Table 1). Therefore, the

I(t) ) I0∑Ri exp(-t/τi) (3)

fi ) Riτi/∑Riτi (4)
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Wless mutation results in alac repressor which binds
operator and inducer with high affinity, exhibits inducer
sensitivity for operator binding, and presumably undergoes
a conformational change similar to that of the wild-type
protein upon ligand binding.
Several of the single tryptophans introduced into the Wless

background affect operator or inducer binding (Table 1).
Inducer binding was monitored indirectly by the effect of
IPTG on operator binding. The concentration of inducer
required for 50% dissociation of the repressor-operator
complex is reported in Table 1. The H74W/Wless mutant
displays a 10-fold increase in affinity for operator and an
apparent loss of inducer binding when measured in this assay.
The L62W/Wless and K325W/Wless mutant proteins exhibit
a reduction in operator affinity compared to the Wless
background, and the Y7W/Wless protein does not recognize
operator. The Q117W/Wless and F293W/Wless proteins
cause a>10-fold decrease in apparent affinity for inducer
and a return to wild-type operator affinity relative to the
Wless background.
Although the specific mechanism may be unrelated,lac

repressor wild-type protein at pH 9.2 mimics the functional
properties of the operator-bound conformation (27, 28, 59).
These properties consist of a 10-fold decrease in affinity and

cooperative binding of inducer. The operator dissociation
assay cannot detect cooperativity at pH 9.2; however, the
decrease in inducer affinity between pH 7.4 and pH 9.2 can
be monitored. The only mutant protein in the Wless
background which failed to show the expected decrease in
affinity at pH 9.2 was E100W/Wless (Table 1). The Q117W/
Wless repressor-operator complex was not dissociated by
IPTG as efficiently as the otherwise comparable F293W/
Wless repressor-operator complex at pH 9.2.
The H74W/Wless protein has perhaps the most interest-

ing effect on function. The relative affinity of this protein
for inducer could not be measured by operator dissociation
because no effect on operator binding was observed at either
pH examined. Even at IPTG concentrations of 800 mM or
following extended incubation, no release of bound operator
was observed. Therefore, an ammonium sulfate precipitation
assay was used to determine if H74W/Wless mutant protein
actually binds to inducer. The binding of inducer to wild-
type protein and mutant repressors with different inducer
binding affinities is shown in Figure 2. In this assay, the
H74W/Wless protein displayed the same inducer binding as
F293W/Wless. However, at the concentration of inducer
adequate to dissociate operator from F293W/Wless, no
decrease in operator binding was detected for H74W/Wless.

FIGURE 1: Purity of mutant repressor proteins. Protein purity was
examined by electrophoresis on a 10% SDS-PAGE gel and
visualized by silver stain. Ten micrograms of repressor protein was
loaded for each lane: lane 1, wild type; lane 2, W201Y; lane 3,
W220Y; lane 4, Y7W/Wless; lane 5, L62W/Wless; lane 6, H74W/
Wless; lane 7, E100W/Wless; lane 8, Q117W/Wless; lane 9,
F226W/Wless; lane 10, Y273W/Wless; lane 11, F293W/Wless; lane
12, K325W/Wless.

Table 1: Ligand Binding Properties of Single Tryptophan Proteins

[IPTG] for 50% operator dissociationb

repressor Kd operator binding
a (×1011M) pH 7.4 (×106 M) pH 9.2 (×106 M)

wild type 1.6( 0.1 3.6( 1 78( 10
W201Y 5.2( 0.9 1.5( 0.4 33( 4
W220Y 3.0( 0.6 29( 3 522( 80
Wless 5.4( 0.6 33( 5 363( 30
Y7W/Wless nbc ndd nd
L62W/Wless 20( 3 23( 6 267( 30
H74W/Wless 0.51( 0.04 nie ni
E100W/Wless 5.2( 1 47( 9 75( 10
Q117W/Wless 1.6( 0.4 445( 100 >2000
F226W/Wless 4.8( 0.8 51( 10 564( 60
Y273W/Wless 7.0( 0.8 11( 3 150( 20
F293W/Wless 2.0( 0.2 520( 100 >2000
K325W/Wless 38( 10 17( 7 181( 70

a The apparent dissociation constant for 40-bp operator DNA (∼2 × 10-12 M) was measured by nitrocellulose filter binding assay. Each value
was determined by fitting at least three curves simultaneously to eq 1 in Materials and Methods.b The relative affinity of the protein for IPTG was
determined by competition of repressor/operator complexes by the addition of IPTG. Each value was generated by fitting at least three curves
simultaneously to eq 2 in Materials and Methods. Error values were generated by Igor Pro and represent the standard deviation of the fitted curve.
c nb ) no binding.d nd ) not determined.e ni ) no induction.

FIGURE 2: IPTG binding measured by ammonium sulfate assay.
Binding was measured as described in Bourgeois (54) with
modifications listed in Materials and Methods. Curves are drawn
through the data for comparison purposes only. The different
proteins are as follows: wild type (b), H74W (2), W201Y/W220Y
(O), H74W/Wless (0), F293W/Wless (9), and D274N with a
C-terminal histidine tag (4). The D274N mutant oflac repressor
displays no inducer binding (56).
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The inability of H74W/Wless to respond to inducer binding
indicates that this repressor may assume irreversibly the
conformation with high affinity for operator and diminished
affinity for inducer.
Fluorescence Properties.Steady-state fluorescence spec-

tra were determined for all single tryptophan repressors. The
relative quantum yield and emission wavelength maximum
are given in Table 2. A change in the polarity of the
environment in which a tryptophan residue resides can result
in a change in the emission wavelength. Mutants were
screened for changes in their fluorescence spectrum in pH
9.2 buffer or in neutral buffer in the presence of saturating
concentrations of ligand. No changes in any emission spectra
were detected in the presence of operator or pH 9.2.
However, the fluorescence spectra of a subset of the single
tryptophan repressors were affected by inducer as shown in
Figure 3. The W201Y mutant displays a 10 nm blue shift

in emission wavelength and a slight increase in intensity in
the presence of inducer (40-42). Sommer et al. (40)
suggested that this increase in intensity is a result of inducer
initiating resolubilization oflac repressor which had ag-
gregated during freeze/thaw conditions. The mutants H74W/
Wless, Y273W/Wless, and F293W/Wless all shift to the blue
end of the spectrum and show a decrease in intensity in the
presence of inducer.
Time-ResolVed Fluorescence.The fluorescence lifetime

values for the single tryptophan mutants under different
conditions are listed in Table 3. The exponential decays for
lac repressor wild type and the two “native” single tryptophan
mutants were best fit to two lifetimes, as observed previously
(60, 61). The observed changes in the lifetime values for
wild type and W201Y (W220 present) in the presence of
inducer were also consistent with those previously published.
The decrease in the lifetime of W220 in the inducer-bound
form was attributed to contacts with the sulfur of the inducer
molecule (61). All of the single tryptophan mutants were
best fit to a model with four lifetimes. The longest and
shortest lifetimes were not well determined. Both H74W/
Wless and Y273W/Wless lifetimes decreased in the presence
of inducer, as shown in Figure 4. Interestingly, the tryp-
tophan at F293, a residue which forms hydrophobic interac-
tions with inducer similar to those formed by W220 in the
crystallographic structure, does not display the long lifetime
of W220, nor does its lifetime change in the presence of
inducer. The presence of multiple lifetimes for the mutant
repressors may indicate that these tryptophans are in areas
which exist in multiple conformations or that the mutation
of the native tryptophans has created a protein which exists
in additional conformational states.
Fluorescence Quenching.The exposure of the single

tryptophan moiety in different conditions for each of the
mutant proteins was measured by using neutral, anionic, and
cationic quenchers. The Stern-Volmer and quenching rate
constants were determined for all conditions and are sum-
marized in Table 4. Linear Stern-Volmer plots (linear

Table 2: Spectral Properties of Single Tryptophan Proteinsa

emission max (nm)

repressor Φb +IPTG

wild type 1.00 336 327
W201Y 0.65 338 329
W220Y 0.45 325 325
Y7W/Wless 0.29 336 336
L62W/Wless 0.27 336 336
H74W/Wless 0.39 348 343
E100W/Wless 0.23 335 335
Q117W/Wless 0.46 334 334
F226W/Wless 0.28 330 330
Y273W/Wless 0.46 338 332
F293W/Wless 0.36 329 325
K325W/Wless 0.31 337 337
a Protein concentration was 5× 10-7 M tetramer diluted in TMS

buffer, pH 7.4. The samples were excited at 295 nm, and the emission
maximum was the wavelength with the greatest intensity in the spectrum
collected from 300 to 400 nm. The quantum yield was determined as
described in Materials and Methods.bRelative quantum yield was
determined by dividing the mutant repressor quantum yield by the wild-
type quantum yield.

FIGURE 3: Fluorescence emission spectra of single tryptophan repressors. The repressor samples were diluted to 5× 10-7 M tetramer in
TMS buffer, pH 7.4, and excited at 295 nm. The emission spectra were collected from 300 to 400 nm and are represented by a solid line
(s). The inducer-bound samples contain 1× 10-3 M IPTG and are represented by a dashed line (- - -).
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correlation coefficients>0.99) indicated that no static
quenching occurred (62). The iodide and acrylamide quench-
ing of wild-type and the native single tryptophan proteins
correlated well with previous studies conducted under
saturating concentrations of IPTG (40-42).
Iodide can quench only those tryptophans which are

located near the surface of the protein due to its large size
and negative charge. The single tryptophan mutants Y7W/
Wless, L62W/Wless, E100W/Wless, Q117W/Wless, and
K325W/Wless have Stern-Volmer constants greater than 1
and are highly exposed to solvent. The mutants H74W/
Wless, F226W/Wless, and W201Y (W220 present) have
intermediate quenching constants with partially exposed
tryptophans residues. Tryptophans at sites buried in the
structure, Y273W/Wless and W220Y (W201 present), are
not quenched by iodide. In contrast, the low exposure to
iodide quenching observed for the F293W/Wless protein is
not consistent with its placement in the inducer binding
pocket in the crystallographic structure (9, 10).
In the presence of saturating ligands, no changes are

detected under any conditions for the mutant repressor
proteins in which tryptophans are highly exposed to iodide.
These residues may be too exposed to act as conformational

probes, and no conclusions about structural or environmental
changes in these regions can be drawn. Similarly, measure-
ment of iodide quenching with and without ligands did not
detect any change in the exposure of the buried residues;
however, iodide may be too large to penetrate and probe
these areas. The only ligand to produce a change in the
exposure of intermediately buried tryptophans was inducer.
In the presence of inducer, H74W/Wless was less exposed
to iodide and F293W/Wless was more exposed. As deter-
mined previously, both wild type and W201Y are less
exposed to iodide in the presence of inducer (40, 42).
Acrylamide is a small neutral quencher that has the ability

to penetrate the interior of the protein. The results of
acrylamide quenching correlate with iodide quenching;
exposed mutants have acrylamide Stern-Volmer constants
greater than 7, moderately exposed mutants have acrylamide
Stern-Volmer constants between 7 and 4, and the buried
residues are less than 4. The F293W/Wless protein is
moderately exposed to acrylamide in contrast to its low
exposure to iodide and demonstrates no change of exposure
in the presence of inducer. The wild-type, W201Y, and
H74W/Wless proteins exhibit lower Stern-Volmer constants
in the presence of inducer. However, the rate of quenching,

Table 3: Lifetimes of Single Tryptophan Proteins under Various Conditionsa

condition

pH 7.4 +IPTG pH 9.2

repressor τb f c τ f c τ f c

wild type 9.0( 0.2 0.88( 0.01 7.0( 0.2 0.90( 0.01 9.1( 0.1 0.88( 0.01
2.1( 0.4 0.12( 0.01 1.6( 0.3 0.10( 0.02 2.0( 0.2 0.12( 0.01

W201Y 8.9( 0.2 0.92( 0.01 7.0( 0.8 0.93( 0.02 8.7( 0.2 0.92( 0.03
1.6( 0.6 0.08( 0.01 1.1( 0.5 0.07( 0.02 1.4( 0.4 0.08( 0.03

W220Y 6.3( 0.4 0.84( 0.04 5.7( 0.4 0.90( 0.04 5.6( 0.2 0.90( 0.01
1.0( 0.4 0.16( 0.04 1.1( 0.8 0.10( 0.04 0.61( 0.01 0.10( 0.01

Y7W/Wless 5.6( 0.4 0.48( 0.02 5.4( 0.6 0.50( 0.04 5.3( 0.2 0.48( 0.02
1.9( 0.2 0.36( 0.02 1.8( 0.3 0.34( 0.06 1.7( 0.1 0.34( 0.02

<10 ps 0.10( 0.05 <10 ps 0.09( 0.05 <10 ps 0.12( 0.01
L62W/Wless 6.1( 0.6 0.58( 0.10 5.8( 0.1 0.51( 0.03 6.4( 0.1 0.46( 0.01

2.1( 0.8 0.28( 0.06 2.3( 0.8 0.29( 0.01 2.3( 0.1 0.31( 0.01
<180 ps 0.10( 0.06 <250 ps 0.14( 0.04 <100 ps 0.18( 0.01

H74W/Wless 8.6( 0.3 0.66( 0.03 7.7( 0.5 0.62( 0.03 8.6( 0.4 0.69( 0.03
2.3( 0.4 0.23( 0.03 2.4( 0.3 0.26( 0.02 2.0( 0.2 0.20( 0.01

<100 ps 0.07( 0.03 <100 ps 0.08( 0.01 <100 ps 0.09( 0.02
E100W/Wless 6.6( 0.7 0.42( 0.03 6.3( 0.2 0.42( 0.07 6.1( 0.3 0.42( 0.01

2.3( 0.9 0.43( 0.02 1.8( 0.1 0.43( 0.02 1.7( 0.2 0.41( 0.01
<350 ps 0.13( 0.04 <100 ps 0.12( 0.05 <100 ps 0.14( 0.02

Q117W/Wless 6.7( 0.5 0.60( 0.02 6.5( 0.2 0.59( 0.02 6.5( 0.3 0.64( 0.02
2.3( 0.7 0.29( 0.03 2.1( 0.1 0.29( 0.02 2.1( 0.3 0.26( 0.02

<190 ps 0.09( 0.01 <100 ps 0.10( 0.02 <50 ps 0.08( 0.01
F226W/Wless 5.6( 1.0 0.58( 0.02 5.0( 0.8 0.60( 0.01 5.0( 0.02 0.60( 0.01

2.3( 0.6 0.30( 0.04 1.8( 0.2 0.27( 0.02 2.0( 0.08 0.25( 0.01
<180 ps 0.10( 0.04 <10 ps 0.10( 0.03 <10 ps 0.10( 0.02

Y273W/Wless 6.2( 0.3 0.76( 0.01 4.5( 0.40 0.75( 0.01 6.3( 0.3 0.78( 0.00
2.6( 0.3 0.20( 0.01 1.8( 0.11 0.19( 0.01 2.5( 0.2 0.17( 0.00

<10 ps 0.03( 0.02 <20 ps 0.05( 0.02 <10 ps 0.04( 0.01
Y293W/Wless 5.9( 1.2 0.48( 0.03 5.8( 0.7 0.43( 0.02 5.7( 0.9 0.41( 0.03

2.2( 0.9 0.35( 0.04 1.5( 0.1 0.36( 0.02 1.9( 0.2 0.41( 0.01
<250 ps 0.12( 0.03 <10 ps 0.17( 0.01 <70 ps 0.15( 0.02

K325W/Wless 6.5( 0.5 0.46( 0.18 6.5( 0.4 0.40( 0.06 6.4( 0.4 0.44( 0.04
1.9( 0.4 0.31( 0.09 1.9( 0.06 0.35( 0.04 1.8( 0.1 0.31( 0.03

<60 ps 0.22( 0.03 <20 ps 0.20( 0.06 <10 ps 0.21( 0.05
a Single curves were analyzed for multiple lifetime components as described in Materials and Methods. The values are an average of three to

eight determinations, and standard deviations are shown. The repressor concentration was 2× 10-6 M monomer, and where present, the IPTG
concentration was 1× 10-3 M. Four lifetime components were required to achieve optimal fits for the mutant repressors in the Wless background;
however, the longest lifetime component (>40 ns) was not well determined by the analyses and contributed<7% to the fluorescence intensity;
therefore, this component is not reported. The shortest lifetime component was also not well determined and is reported as a value less than the
mean value obtained. For computation ofτav for determination ofkq (see Table 4), the longest lifetime component was eliminated from the calculation.
Lifetimes were collected for all repressors in the presence of 1× 10-6 M operator DNA (equivalent to the dimer concentration); however, no
change in lifetime was detected for any mutant repressor compared to the pH 7.4 values, and these values are not reported.b τ is the lifetime in
nanoseconds except where indicated.c f is the fractional intensity of each lifetime calculated according to eq 4 in Materials and Methods.
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kq, does not change due to a decrease in the lifetime of the
tryptophan in the presence of IPTG. Bandyopadhyay and
Wu (41) reported the same result for wild-type and W201Y
mutant repressor proteins. For Y273W/Wless, the Stern-
Volmer constant remains the same in the presence of inducer,
but the decrease in the tryptophan lifetime results in an
increase in the rate constant for quenching.

Thallium is a large, positively charged quencher that can
be used to assess whether inconsistencies between iodide
and acrylamide quenching are a result of a charged amino
acid in the area. While other quenchers detected no changes
in exposure in the presence of ligands for Y273W/Wless,
exposure to thallium was decreased in the presence of both
operator and inducer. In the presence of inducer, the F293W/
Wless protein was less exposed to thallium. Therefore, the
iodide and thallium quenchers, which have opposite charges,
demonstrate different exposures for the F293W/Wless tryp-
tophan residue. This result indicates that a charged residue
may be in the vicinity of this tryptophan. No changes in
the exposure of wild type, W201Y, or H74W/Wless were
detected by thallium in the presence of inducer.

DISCUSSION

Conformational Changes Associated with Ligand Binding.
While operator and inducer bind to thelac repressor at
separate functional sites within the structure, the affinities
for these ligands are nonetheless reciprocally related, pre-
sumably via conformational shifts in the protein in different
ligand-bound states (1). These conformational changes
associated with ligand binding inlac repressor have been
explored previously by determining the accessibility of

residues to chemical modification (31-34), detecting spectral
changes in tryptophan and tyrosine residues (36, 63-65),
and other biophysical properties, in particular sedimentation
constants (35). In temperature jump experiments, the pres-
ence of IPTG or protons affected the equilibrium of the
conformational transition (43). Changes in spectral proper-
ties and chemical modification of lysines, tryptophans, and
cysteines indicated that conformational changes occurred in
the core region upon IPTG binding (31, 32, 34, 37, 38, 63-
67). Both specific and nonspecific DNA binding also caused
changes in the chemical modification of amino acid side
chains and in the spectral properties of the modified residues
(32-34, 38, 68). Since binding different ligands altered the
pattern of modification or resulted in spectral changes in
comparison with the unliganded form,lac repressor was
hypothesized to exist in two extreme conformations, with
the unliganded form in equilibrium between the operator-
and inducer-bound conformations (28, 39, 43). The avail-
ability of the crystallographic structures for free protein and
both ligand-bound states provides the opportunity to identify
regions that may contribute to linking these functions or may
be affected by the conformational alterations associated with
binding (9, 10). Surprisingly, in contrast to the multiple
changes observed upon inducer binding in the spectral
properties and reactivity of side chains to chemical modifica-
tion, the free and inducer-bound forms of the protein were
found to be very similar in the crystal structure, while the
operator-bound form displayed changes in orientation of the
N-subdomain of the core region.
Tryptophan Scanning Mutagenesis To Probe Local En-

Vironment. The sensitivity of tryptophan fluorescence to the
surrounding environment provides a mechanism to detect
structural changes occurring in the presence of different
ligands and has led to intense study of the native tryptophans
in the lac repressor protein. The location of W201 in the
interior of the C-subdomain and W220 in the inducer binding
site by genetic and biochemical studies (39, 40, 42, 66) has
been confirmed by the crystallographic structures (9, 10).
The diminished inducer affinity caused by the W220Y
mutation and all mutants containing this alteration can be
expected on the basis of the role of this side chain in binding
to inducer. By selective substitution of single tryptophans
in a Wless background (W201Y/W220Y), different regions
of the protein can be monitored specifically and exclusively
to explore the dynamic events responsible for the mutual
influence of different ligands on functional properties and
on the conformation of thelac repressor protein (Figure 5).
Since these tryptophans have been introduced into the
structure in place of the native amino acid, the data must be
interpreted in the context of effects that derive from altering
the specific amino acid as well as from the steric influence
of the bulky indole side chain. Multiple amino acid
substitutions for different residues oflac repressor have been
analyzed for theirin ViVo phenotype in previous studies (14).
These studies include substitutions of alanine, tyrosine, and
phenylalanine for all the residues analyzed in these experi-
ments except H74. In the ensuing discussion, the effects of
these substitutions onlac repressor functionin ViVo will be
compared to thein Vitro results for the single tryptophan
mutants.
Exposed Tryptophan Side Chains in Single Mutants

Unaffected by Ligand, While Spectral Properties of Buried
Residues Altered.The single tryptophan mutants generated
in this study can be grouped into two categories: exposed

FIGURE 4: Phase/modulation fluorescence lifetime data for mutant
repressor proteins. Protein concentration was 2µM monomer in
0.1 M Tris-HCl, pH 7.4, and 0.15 M KCl at 20°C. Open symbols
are data collected in the presence of 1× 10-3 M IPTG. The solid
lines are a fit to a four-exponential decay (eq 3) using Globals
Unlimited (55) as described in Materials and Methods.
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and buried. Based upon the emission wavelength and
quenching data, the substitutions of Y7W/Wless, L62W/
Wless, E100W/Wless, Q117W/Wless, and K325W/Wless all
generate exposed tryptophan residues. These proteins display
large Stern-Volmer quenching constants with both iodide
and acrylamide and an emission spectrum with its peak at
∼336 nm. Except for Q117, all these residues were predicted
to be exposed on the basis of inspection of the X-ray
crystallographic structures (9, 10) and confirmed by analysis
of genetic and structural data by Suckow et al. (69). The
substitutions that produced proteins with tryptophans not
exposed to solvent, H74W/Wless, Y273W/Wless, and F293W/

Wless, exhibited altered spectra and changed quenching
properties in the presence of inducer. The spectral and
functional properties of these single tryptophan repressors
will be examined individually.
No Spectral Alterations for Exposed Tryptophans at E100

and Q117 Despite Placement in Region of Significant
Structural Change. The most significant rearrangement
between the structures of the different liganded states oflac
repressor results from a rotation of the monomers relative
to each other in the monomer-monomer interface of the
N-subdomain of the core (see Figure 5). Two residues (E100
and Q117) present in this N-subdomain interface were

Table 4: Quenching Properties of Single Tryptophan Proteinsa

iodide acrylamide thallium

repressor condition Ksv (M-1) kq (M-1 s-1) Ksv (M-1) kq (M-1 s-1) Ksv (M-1) kq (M-1 s-1)

wild type pH 7.4 0.84 0.10 5.4 0.66 1.9 0.23
+IPTG 0.29 0.05 4.3 0.67 2.0 0.31
pH 9.2 0.72 0.09 5.5 0.67
+DNA 0.84 0.10 5.1 0.65 1.1 0.14

W201Y pH 7.4 1.1 0.13 6.0 0.72 1.7 0.20
+IPTG 0.5 0.08 4.6 0.70 1.1 0.17
pH 9.2 0.9 0.11 7.5 0.93
+DNA 1.3 0.15 8.0 0.95 1.5 0.18

W220Y pH 7.4 nqb (0.01) 2.1 0.39
+IPTG nq (0.01) 2.2 0.42
pH 9.2 nq (0.01) 2.4 0.47
+DNA nq (0.01) 2.4 0.45

Y7W/Wless pH 7.4 1.5 0.45 7.8 2.3
+IPTG 1.4 0.42 8.1 2.4
pH 9.2 1.4 0.45 7.6 2.5
+DNA

L62W/Wless pH 7.4 1.2 0.29 8.2 2.0
+IPTG 1.1 0.30 8.3 2.3
pH 9.2 1.2 0.32 6.9 1.9
+DNA 1.3 0.37 7.2 2.0

H74W/Wless pH 7.4 0.43 0.07 6.6 1.1 7.6 1.2
+IPTG nq (0.02) 5.2 0.96 7.8 1.4
pH 9.2 0.23 0.04 6.5 1.0
+DNA 0.38 0.07 5.8 1.0 7.4 1.3

E100W/Wless pH 7.4 1.6 0.42 7.5 2.0
+IPTG 1.6 0.46 8.5 2.5
pH 9.2 1.4 0.43 7.0 2.1
+DNA 1.3 0.37 6.8 1.9

Q117W/Wless pH 7.4 1.4 0.30 8.1 1.7
+IPTG 1.5 0.34 7.9 1.8
pH 9.2 1.4 0.30 8.2 1.7
+DNA 1.2 0.27 8.3 1.8

F226W/Wless pH 7.4 0.47 0.12 5.4 1.4
+IPTG 0.42 0.12 5.7 1.6
pH 9.2 0.41 0.12 5.4 1.5
+DNA 0.46 0.13 5.9 1.7

Y273W/Wless pH 7.4 nq (0.1) 3.3 0.63 2.0 0.38
+IPTG nq (0.1) 3.7 0.99 0.96 0.26
pH 9.2 nq (0.2) 3.4 0.64
+DNA nq (0.2) 3.6 0.74 0.90 0.19

F293W/Wless pH 7.4 nq (0.2) 5.8 1.6 6.3 1.7
+IPTG 0.34 0.11 5.3 1.7 2.2 0.72
pH 9.2 nq (0.01) 4.9 1.6
+DNA nq (0.1) 5.6 1.8 6.2 2.0

K325W/Wless pH 7.4 1.1 0.30 9.0 2.5
+IPTG 1.1 0.33 8.4 2.6
pH 9.2 1.3 0.39 9.2 2.7
+DNA 1.3 0.38 8.7 2.6

a TheKsv values shown are calculated from the equationF0/F ) 1+ Ksv[Q], whereF0 is the fluorescence intensity at the emission peak maximum
before addition of quencher,F is the intensity after addition of quencher, [Q] is the concentration of quencher, andKsv is the Stern-Volmer
constant. The quenching rate,kq, is calculated using the relationshipkq ) Ksv/τav. The average lifetime,τav, was calculated fromτav ) ∑fiτi using
the lifetime data reported in Table 3. All quenching values are an average of two to four replicates, and the standard deviation for all conditions
did not exceed 35% of the reported value, with the exception of thallium acetate quenching for wild-type protein, which had a standard deviation
of 50%. The linear correlation coefficient for all plots was>0.99 except for the potassium iodide experiments which displayed low Stern-Volmer
constants. All conditions that demonstrated a change in quenching as reported in the text were measured at least three times.b nq) not quenched.
Not quenched was defined as any sample with an iodide quenching constante0.2. Approximate values for these conditions are reported in parentheses.
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mutated to tryptophan in the Wless background. In the
inducer-bound structure, E100 is in contact with K84 across
the dimer interface of its partner monomer (10). No amino
acid substitutions for E100 altered the function of the protein
in the previous phenotypic analyses (14). However, mutation
of K84 to glutamate or arginine results in a loss of pH
sensitivity for inducer binding (17), a result also seen with
substitution of tryptophan for E100. Thus, this partner pair
appears to be involved in the pH-associated allostery
observed for inducer binding.
In the inducer-bound form, Q117 makes contact across

the interface with R118 of the partner monomer (10). Either
disruption of this contact or introduction of the bulky
tryptophan side chain resulted in a decrease in the affinity
for inducer. Although phenotypic assays indicated that
mutation to alanine, phenylalanine, and tyrosine at Q117 did
not alter the inducer binding properties, alanine substitution
resulted in decreased repression. The bulk of the indole side
chain may affect the functional properties of the Q117W/
Wless mutant. These mutants emphasize the ability of amino
acids not in the binding region to affect ligand binding. In
this case, mutation of Q117 to tryptophan, which is located
further from the inducer binding site, has a greater impact
on inducer binding than mutation of E100. The tryptophans
substituted in this interface were exposed and demonstrated
no change in environment in the presence of ligands. The
exposure of these residues could derive from the need for
spatial flexibility in this interface to produce conformational
change in this region. Alternatively, the large tryptophan
residue may be extruded toward solvent due to steric
constraints.
Substitutions Y7W, L62W, and K325W Affect Operator

Binding without Spectral Change.The remaining exposed
tryptophan substitution mutant proteins, Y7W/Wless, L62W/

Wless, and K325W/Wless, all exhibited altered operator
affinity and no change in fluorescence properties upon ligand
binding. In the wild-type protein, Y7 is in the DNA binding
region as part of the helix-turn-helix motif. While no
contact is made by Y7 with operator, this residue positions
Y17 to make specific operator-protein contacts (70). Muta-
tion of this residue to alanine and phenylalanine resulted in
decreased repression in previous phenotypic assays (14). In
the wild-type protein, L62 is located between the operator
binding region and the core domain in the structure (9, 10).
Alanine, tyrosine, and phenylalanine substitutions at this site
result in wild-type phenotypic behavior (14). This area
appears sufficiently flexible for a tryptophan substitution,
but the bulky tryptophan residue may perturb the spacing of
the N-subdomain and DNA binding headpieces with a
consequent decrease in operator affinity.
In the wild-type protein, K325 is in the area where the

C-subdomain links to the leucine heptad repeats of the
dimer-dimer interface. This region is important for main-
taining the structural integrity of the C-subdomain, and a
reduction in operator affinity may result from destabilization
of the overall monomer structure. Mutants of the adjacent
residue R326 also resulted in a loss of operator affinity (51);
however, no amino acid substitutions for the K325 residue
display an altered phenotype (14).
Tryptophan Substitution at H74 Abolishes Inducibility and

Demonstrates Spectral Response to Inducer Binding in This
Region. In the crystal structure of wild-typelac repressor
bound to inducer, H74 is located in the N-subdomain in the
monomer-monomer interface and forms an electrostatic
interaction across this interface with D278 in the C-
subdomain of its partner monomer. In the operator-bound
structure of the protein, rearrangement of the monomer-
monomer interface disrupts this contact due to the distance
between these two residues (10). Placement of a tryptophan
at this site decreases inducer affinity, enhances operator
affinity, and results in a loss of induction. Whether these
results are unique to altering the specific side chain at
position 74 or derive from placing a bulky tryptophan in
this region is uncertain. No protein production was observed
for the D278W/Wless mutation (Barry and Matthews,
unpublished results), further suggesting the importance of
this interaction. Although the communication between
operator and inducer binding sites has been disrupted, the
fluorescence properties of H74W/Wless were nonetheless
altered in the presence of inducer. The shift of the
fluorescence emission spectrum to a shorter wavelength and
decreased exposure to iodide indicates that tryptophan at this
site is less exposed in the presence of inducer. Thus,
introduction of tryptophan at position 74 generates a protein
that does not release operator in response to inducer binding
but still displays alterations in environment associated with
inducer binding. This region may be crucial in the confor-
mational alterations that accompany inducer binding.
Fluorescence Properties of Tryptophan at Position 273

Affected by Inducer and Operator Binding.The residue
Y273 is located near the inducer binding cleft in the
C-subdomain but is not directly involved in binding inducer
(9, 10). However, the tryptophan residue substituted at
position 273 has its emission spectra, lifetime, and acces-
sibility to quencher altered in the presence of inducer. In
the presence of inducer, the tryptophan at this position is
less exposed to thallium but displays an increased exposure
to acrylamide quenching. A similar decrease in exposure

FIGURE 5: Lac repressor core domain structure with residues
substituted by tryptophan. Only one dimer of the tetrameric structure
is shown. The structure of the dimerlac repressor core region bound
to inducer was derived from PDB file 1LBH (10). One monomer
is represented in green and the other monomer is colored blue. The
figure was drawn in Ribbons version 2.63 (71). The residues
substituted with tryptophan residues are shown in one of the
monomers. The monomer-monomer interface residues (H74, E100,
Q117, and F226) are colored red, the interior residues (Y273 and
F293) are colored rose, and the exposed residues (L62 and K325)
are colored gold. The Y7 residue is not shown because this region
of the protein is not resolved in the crystal structure of the
repressor-inducer complex. The N- and C-termini, the N- and
C-subdomains, and the leucine heptad repeat sequences of this
structure are labeled.
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may occur for iodide quenching, but the very low acces-
sibility of this tryptophan to iodide precludes accurate
analysis. A decrease in exposure to thallium quenching was
also detected in the presence of operator. Although residue
273 is not located in the operator binding region, the
substitution of tryptophan at this position causes a slight
decrease in operator affinity. Previous phenotypic analysis
of Y273 substituted by alanine, serine, or glycine demon-
strated loss of inducer binding, and substitution by glutamine,
arginine, proline, glutamate, or lysine resulted in diminished
repression (14). However, substitution of phenylalanine or
leucine for Y273 yielded proteins with wild-type function
(14). These results indicate that subtle changes in the region
of the structure between the inducer binding cleft and the
C-subdomain occur in the presence of both inducer and
operator.
Fluorescence Properties of Tryptophan at Position 293

Altered by Inducer Binding.In the wild-type protein, F293
is located at the end of the second crossover helix in the
N-subdomain. In previous phenotypic assays, conversion
of F293 to alanine resulted in weaker inducer binding, while
tyrosine substitution greatly decreased inducer binding (14).
Mutation to an even bulkier tryptophan residue significantly
diminished inducer binding in ourin Vitro assays. F293 is
part of a hydrophobic patch, including W220, that participates
in inducer binding (9, 10). The fluorescence emission spectra
of the tryptophans at W220 and F293 shift to a shorter
wavelength in the presence of inducer, indicating that inducer
shields them from solvent. However, W220 and F293 are
located at opposite ends of the inducer binding pocket, and
the other fluorescence properties of these tryptophan residues
display different responses to inducer binding. Unlike W220
and the tryptophan substituted for H74 or Y273, there is no
lifetime decrease upon inducer binding for the tryptophan
at F293. In addition, the quenching behavior for the
tryptophans at 220 and 293 differs in the presence of inducer.
Accessibility of quenchers to the tryptophan at F293 in the
presence of inducer depended upon the charge of the large
quenching agents. The presence of inducer increases ac-
cessibility to iodide and decreases accessibility to thallium.
Complexed to inducer, W220 is less exposed to iodide but
displays no change in exposure to thallium quenching. This
comparison of the fluorescence properties of W220 and
F293W/Wless indicates that there are charge and steric
differences in their locations in the inducer binding pocket.
Tryptophan Substituted at Position 226 Is Partially Buried

and UnresponsiVe to Ligand Binding. The tryptophan
substitution at residue F226 is the only partially buried
tryptophan whose fluorescence properties were not affected
by ligand binding. This result is consistent with the
C-subdomain of the monomer-monomer interface being
generally more immobile during ligand-induced conforma-
tional changes (10). In the crystal structure, residue F226
participates in a hydrophobic patch that preserves the stability
of the dimer interface, and the substitution of a tryptophan
does not appear to perturb this function. In previous
phenotypic assays, substitution at this residue by alanine,
tyrosine, or phenylalanine did not alter the functional
properties of the protein (14).
Conclusion. The results withlac repressor illustrate the

different types of information that can be derived using the
sensitivity of tryptophan fluorescence to environmental
changes. The combination of genetic studies with the
availability of multiple crystal structures has led to the

development of a model for conformational change that
occurs upon ligand binding tolac repressor (9, 10, 14, 69).
The crystal structures oflac repressor in free versus operator-
bound states display a rotation of the monomers relative to
each other in the N-subdomain of the subunit interface. This
rearrangement breaks contacts that H74 makes with its
partner monomer in the unliganded form. In contrast,
minimal changes are seen between free and inducer-bound
structures. The fluorescence properties of H74W/Wless were
unaffected by operator binding; however, inducer binding
elicited changes in fluorescence lifetime and in accessibility
to different quenchers. Even with the inability of inducer
binding to effect operator release in this mutant protein, the
fluorescence data demonstrate structural changes between
the unliganded protein and the inducer-bound protein that
are not readily evident in a comparison of the wild-type
crystal structures.
By judicious selection of sites for tryptophan substitution,

additional insight into conformational states and the influence
of ligands can be obtained by fluorescence spectroscopy.
However, structural shifts that affect completely exposed or
buried residues may not elicit sufficient change in the
environment to alter the fluorescence properties of the
tryptophan. For example, the tryptophans substituted in the
N-subdomain monomer-monomer interface for E100 or
Q117 may be solvent exposed and/or extrude the large
hydrophobic side chain into solvent to maintain this interface.
Thus, the types of changes which can be monitored by
tryptophan probes are selective and depend on local environ-
ment, role of the residue, and solvent accessibility. In the
case of thelac repressor, the residues that yielded significant
information were in the central region of the protein proximal
to the inducer binding site and were influenced almost
exclusively by inducer binding.
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