
Biochemistry 1991, 30, 2707-27 12 2707 

Energy Transfer in Lactose Repressor Protein Modified with 
N-[  [ (Iodoacetyl)amino]ethyl]-5-naphthylamine- 1 -sulfonate+ 

Joseph A. Gardner and Kathleen S. Matthews* 
Department of Biochemistry and Cell Biology, Rice University, Houston, Texas 77251 

Received September 6. 1990; Revised Manuscript Received December 6, 1990 

ABSTRACT: Energy transfer between the two tryptophan residues in the lactose repressor protein and the 
fluorescent moiety of the cysteine-specific reagent N- [ [ (iodoacetyl)amino]ethyl]-5-naphthylamine- 1 -sulfonate 
(1 ,5-IAEDANS) has been examined. Modification of repressor with this compound did not affect operator 
or inducer binding. 1,5-IAEDANS reacted primarily with Cysl40 in wild-type repressor [Schneider et al. 
( 1  984) Biochemistry 23, 22211; in the presence of inducer, modification at CyslO7 increased, while reaction 
a t  Cysl40 remained unchanged. Energy transfer between tryptophans and the AEDANS moiety(ies) in 
wild-type lac repressor occurred with an efficiency of 6.7 f 1.9% in the absence and 7.8 f 1.6% in the presence 
of inducer. The distance between the Trp donor(s) and the acceptor in wild-type repressor was calculated 
to be in the range -35 A under both conditions. The similarity in efficiency despite large differences in 
the amount of acceptor attached to CyslO7 when inducer is bound indicates that the AEDANS group a t  
position 107 does not participate significantly in energy transfer and that the label at position 140 acts as 
the primary acceptor group. The similarity of energy-transfer efficiency (7.1 f 3.8%) observed for 1,5- 
IAEDANS-modified monomeric mutant repressor (Y282D) indicates that the transfer is primarily intra- 
subunit in the native tetramer. Measurements using two mutant repressors (each with a single tryptophan 
and modified with 1,5-IAEDANS) demonstrated that both tryptophans can serve as donor in the ener- 
gy-transfer process. The W201 Y repressor (containing Trp220) exhibited a transfer efficiency lower than 
wild type (5.6 f 2.4%), corresponding to a slightly larger distance between the donor-acceptor pair in this 
mutant. Energy-transfer efficiency in the W220Y protein (containing Trp201) was closer to that measured 
for the wild-type repressor (7.5 f 1.4%). Inducer did not alter the efficiency of transfer observed for these 
single-tryptophan-containing mutants. We conclude from these results that Trp20 1 and Trp220 are both 
involved in intrasubunit transfer and that Trp2Ol is slightly closer to Cys140, which has been localized to 
the N H2-terminal headpiece/core interface. 

T h e  lactose repressor protein from Escherichia coli is a 
prototypic genetic control protein (Jacob & Monod, 1961). 
Each tetramer (M, -150000; Riggs et al., 1968; Gilbert & 
Muller-Hill, 1966) binds four inducer molecules and two DNA 
molecules (Adler et al., 1972; O’Gorman et al., 1980; Culard 
& Maurizot, 1981; Whitson & Matthews, 1986). Since its 
isolation (Gilbert & Muller-Hill, 1966), extensive examination 
of this protein has been performed. Several investigators have 
attempted to define the physical size of the tetramer using a 
variety of tcchniques. Steitz and co-workers combined electron 
microscopy and powder X-ray diffraction studies of micro- 
crystals to propose tetrameric dimensions of 140 8, X 60 8, 
X 45 %, (Steitz et al., 1974). Small-angle X-ray studies of the 
radius of gyration of lac repressor tetramer (Pilz et al., 1980; 
McKay et al., 1982) generated a range of measurements from 
125 to 180 8, for the long axis and 60-90 8, for the shorter 
axis of an elongated molecule with the NH2-terminal head- 
pieces located at opposite ends. Charlier et al. (1980, 1981) 
used neutron scattering to estimate long and short axes of 
140-160 and 45-50 8, for a tetrameric shape based on a 
prolate ellipsoid or elongated cylinder. Additionally, some 
predictions concerning the protein’s secondary structure have 
been published (Chou et ai., 1975; Bourgeois et al., 1979). 
However, despite extensive data on the properties and activities 
of this protein, minimal information is available regarding the 
three-dimensional structure of this regulatory element. Recent 

attempts at crystallization have proved successful (Pace et al., 
1990), but until diffraction-grade crystals can be produced and 
analyzed, alternative methods must be utilized to probe the 
structure of the repressor. 

Energy-transfer measurements using intrinsic tryptophan 
fluorescence can provide information regarding distance re- 
lationships within a molecule (Cantor & Schimmel, 1980; 
Lakowicz, 1983). Several specific conditions are required for 
this method to be useful, including introduction of a fluoro- 
phore with an absorbance spectrum suitable for energy transfer 
from intrinsic tryptophan(s) at a single, defined location within 
the protein and in an orientation to allow energy transfer. Our 
laboratory has attempted to measure distances within the core 
region of the lac repressor by specifically modifying cysteine 
residues with the reagent N- [ [(iodoacetyl)amino]ethyl]-5- 
naphthylamine-1-sulfonate (1,5-IAEDANS).’ The AEDANS 
moiety exhibits an excitation spectrum that allows energy 
transfer from tryptophan residues given proper orientation and 
distance. This reagent reacts specifically with two of the three 
cysteines present in the lac repressor: Cysl40 is readily labeled 
under native conditions with lower reactivity observed for 
CyslO7 (Schneider et al., 1984). Reaction with iodoacetamide 
derivatives at CyslO7 can be modulated by the inclusion of 
inducer in the reaction mixture (Gardner & Matthews, 1987a). 
Cys281 is not appreciably labeled in wild-type repressor, 
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presumably due to its location at a subunit interface (Mat- 
thews, 1987). In contrast, T-41 mutant monomer protein 
(Schmitz et al., 1976) exhibits extensive reaction at Cys281 
as well as reaction at  CyslO7 and Cysl40 with several cys- 
teine-specific reagents (Daly et al., 1986). 

lac repressor has two trytophans at  positions 201 and 220 
(Beyreuther et al., 1973; Farabaugh, 1978; Beyreuther, 1978). 
Mutant repressors with single tryptophans have been described 
previously (Sommer et al., 1976), but the suppressor strains 
carrying these mutant lac genes were unstable and produced 
the mutant proteins in very low yield. We have utilized 
site-specific mutagenesis techniques (Kunkel et al., 1987) to 
produce two missense mutant repressor molecules each con- 
taining a single tryptophan (Gardner & Matthews, 1990). 
Tyrosine was selected as the substitute residue for each of the 
tryptophans based on analogy to the amber suppression mu- 
tants (Sommer et al., 1976) and because the hydrophobic 
properties of Tyr may substitute at least in part for the apolar 
character of the Trp. These mutant repressors, along with 
wild-type repressor, were utilized in order to attempt distance 
measurements within the lactose repressor protein. The results 
of this study have been presented in preliminary form (Gardner 
& Matthews, 1987b). 

MATERIALS A N D  METHODS 
Sources. Reagents and materials were obtained from the 

following sources: 1 ,5-IAEDANS, tris(hydroxymethy1)- 
aminomethane, trypsin, chymotrypsin, and NH4HC03 from 
Sigma Chemical; ultrapure urea from International Biotech- 
nologies Inc.; HPLC/spectra-grade acetonitrile from American 
Burdick & Jackson. Wild-type and single-Trp Escherichia 
coli lactose repressor proteins were isolated as described 
previously (O'Gorman et al., 1980; Gardner & Matthews, 
1990). Mutant Escherichia coli Y282D lactose repressor 
protein was isolated as described by Daly and Matthews 
(1986). 

Production of Mutant Repressors. Single-tryptophan 
mutant lac repressors were produced by site-specific muta- 
genesis and characterized as described (Gardner & Matthews, 
1990). T-41 monomeric mutant has been characterized pre- 
viously (Schmitz et al., 1976; Daly & Matthews, 1986); DNA 
sequencing of the coding region amplified by polymerase chain 
reaction has demonstrated that this mutant is Y282D (Chen 
and Matthews, unpublished results). Production of the Y282D 
mutant by site-specific methods provided material for the 
experiments described in this report; this protein exhibited 
properties similar to the T-41 monomeric mutant (Chen and 
Matthews, unpublished results). 

Labeling of Protein. Wild-type, Y282D monomer, and 
W20 1 Y and W220Y mutant repressors were each reacted with 
1,SIAEDANS following the same methodology. The labeling 
procedure followed that outlined by Schneider et al. (1984) 
with the following modifications. Repressors were dialyzed 
into labeling buffer (0.2 M Tris-HCI, pH 8.0,0.5 M KCI, and 
0.1 mM EDTA) purged with nitrogen to remove oxygen. 
Repressor controls (wild type and mutants) were taken through 
each step of the reaction except dimethylformamide (DMF) 
was added without 1,5-IAEDANS. Wild-type, W201Y, and 
W22OY mutant repressors were modified both in the presence 
and in the absence of lo-) M isopropyl P-D-thiogalacto- 
pyranoside (IPTG); Y282D mutant repressor was modified 
in the absence of IPTG. A stock solution of 1,SIAEDANS 
was prepared in DMF to a final concentration of 40-50 
pg/mL. From this stock, a 50-fold molar excess of IS-IAE- 
DANS over repressor monomer was added to the protein and 
reacted for 2 h at 4 OC in the dark. The reaction was stopped 
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by addition of a 1000-fold molar excess of dithiothreitol 
(DTT). The excess reagent was separated from the protein 
by dialyzing against at least five changes of dialyzing buffer 
(0.2 M Tris-HCI, pH 7.5, and 0.1 mM DTT) at 4 OC in the 
dark. Modification was also carried out by denaturing the 
protein with 8 M urea before addition of the reagent in order 
to label all the cysteine residues. Unmodified and modified 
repressors were assayed for the ability to bind 32P-labeled 40 
base pair operator by the nitrocellulose filter binding method 
(Riggs et al., 1968) and 14C-labeled IPTG by the (NH4)2S04 
precipitation method (Bourgeois, 1971) and equilibrium 
dialysis (Friedman et al., 1977). Analysis of the Kd for op- 
erator DNA utilized least-squares fit of binding constants to 
experimentally determined bound counts after subtracting 
background counts (Ha et al., 1989). 

Mapping of Modified Residues in lac Repressor. The 
modified proteins were heat-precipitated, and the protein was 
centrifuged at 7000 rpm for 10 min, followed by resuspension 
in 1 mL of 0.05 M NH4HC0, (pH 7.0). Additions of trypsin 
and chymotrypsin [ 1% (w/w)] were made, and the solution 
was incubated with shaking at  37 OC. After 3 h, similar 
aliquots of the two proteases [ I %  (w/w)] were added, and 
digestion was continued at  37 OC for another 3 h. This di- 
gested protein was frozen and lyophilized to dryness in a 
Savant vacuum concentrator. Separation of the peptides was 
accomplished on a Gilson Model 302 HPLC system fitted with 
a 4.6 X 250 mm Brownlee RP-300 Aquapore Octyl reverse- 
phase column. The column was equilibrated with HPLC 
buffer (0.05 M NH4HC03, pH 7.0) prior to injection of the 
sample. The lyophilized peptides (1-2 mg) were solubilized 
in 20 pL of HPLC buffer, and the insoluble material was 
removed by centrifugation in an Eppendorf centrifuge for 5 
min. The soluble peptides were injected onto the HPLC 
column and eluted with a linear gradient of 0-30% acetonitrile 
in 30 min. The elution was monitored at 365 nm with an LKB 
2238 Uvicord SI1 UV monitor and an LKB 2210 two-channel 
chart recorder. The column was then washed with 60% ace- 
tonitrile/40% HPLC buffer for 5 min and reequilibrated in 
HPLC buffer for the next run. 

Energy Transfer in the Repressor. To assess the presence 
of energy transfer, samples of wild-type protein and modified 
protein were provided to Dr. Catherine Royer, University of 
Illinois, for lifetime measurements. The lifetime values ob- 
tained confirmed that energy transfer was occurring (trypto- 
phan lifetime was decreased in the presence of 1,5-IAEDANS) 
with an estimated efficiency of -743%. For routine deter- 
mination of transfer efficiency, the excitation and emission 
spectra of the proteins were recorded on an SLM series 400 
polarization fluorometer. The tryptophans were excited at 285 
nm, and emission was scanned from 300 to 600 nm; the AE- 
DANS groups were excited at 345 nm, and emission was 
scanned from 350 to 600 nm. The absorbance spectra of the 
proteins were recorded on a Cary 18 double-beam spectro- 
photometer. Absorbance scans covered the range 240-500 nm. 
The following equation (Tu et al., 1978) was used to determine 
the efficiency of energy transfer from the sensitized fluores- 
cence: 

This value is the ratio of the actual fluorescence emission of 
the acceptor AEDANS in the presence of donor Trp at 475 
nm when exciting at 285 nm to the fluoresence emission of 
AEDANS at 475 nm when exciting at 345 nm (measured 
under identical conditions and instrument settings). To nor- 
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malize these fluorescence values to quanta absorbed at the two 
wavelengths, the following values are utilized: the fractional 
absorbances of AEDANS at 345 nm and Trp at 285 nm cfA345 

and fD2Ss, respectively), the intensities of exciting light at 285 
(1285) and 345 nm (measured by using rhodamine as a 
quantum counter in a front-face fluorescence cuvette), and the 
total absorbances of the donor/acceptor pair at 285 (ADA285) 

and 345 (A,,,,,,) nm. An alternate method of determining 
energy-transfer efficiency is to monitor the decrease in donor 
quantum yield in the presence of acceptor. These measure- 
ments yielded results qualitatively similar to the efficiencies 
determined by sensitized fluorescence, but the variability was 
significantly greater. Therefore, only the values derived from 
sensitized fluorescence measurements were used to calculate 
distance relationships. 

To determine the distance between the donor/acceptor pair 
requires an evaluation of the overlap integral (J,) of the donor 
emission spectrum and the acceptor excitation spectrum from 
the formula (Fairclough & Cantor, 1978): 
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where F,(X) represents the fluorescence emission of the Trp 
donor group at wavelength X and tA(h) is the value of the 
absorption coefficient of the acceptor AEDANS group at  
wavelength A. By combining this value with the orientation 
factor ( K ~  = 2/3) ,  the quantum yield of the donor(s) (QD), and 
the refractive index of the buffer ( n  = 1.3352, measured on 
a Bausch & Lomb refractometer), one can calculate R,, the 
distance at which 50% energy transfer occurs (Forster, 1965; 
Stryer & Haugland, 1967): 

Ro = (9.79 x 103)(J,~2Q~n4)1/6 A (3) 
To calculate the actual distance between the pair of fluo- 

rophores under investigation, R, is combined with the value 
calculated previously for efficiency of energy transfer ( E )  to 
generate the apparent R: 

R = Ro[(E-’ - A (4) 

RESULTS 
Labeling and Mapping of Proteins. All species of repressor 

(wild type and mutants) reacted readily with 1,SIAEDANS. 
Labeled wild-type, Y282D monomer, and the single-Trp 
mutant repressors were denatured and completely digested with 
trypsin and chymotrypsin. Peptides liberated by this digestion 
were examined by HPLC. As shown by HPLC analysis, 
cysteine residues were the primary target of modification for 
this reagent (Figure I ) .  The order of elution of modified 
cysteine-containing peptides from lac repressor has been shown 
to be 107 > 281 > 140 (Gardner & Matthews, 1987a). This 
identification was confirmed by isolation and purification of 
AEDANS-labeled lac peptides absorbing at 365 nm. These 
peptides were sequenced on an Applied Biosystems peptide 
sequencer and shown to contain the expected residues in the 
correct sequence for peptides containing each of the cysteines. 
Cysl40 was modified to 180% in wild-type repressor with 
much lower modification of CyslO7 (Figure IA). When IPTG 
was included in the reaction mixture, reaction at CyslO7 was 
increased significantly while reaction at  Cysl40 was not 
changed (Figure 1 B). Single-Trp mutant repressors reacted 
with 1,SIAEDANS in a manner similar to wild-type protein; 
Cysl40 was the primary labeled residue in the absence of 
IPTG (Figure IC,E). In some reactions, label at CyslO7 was 
minimal. Inclusion of IPTG in the reaction mixture increased 
modification of CyslO7 (Figure 1 D,F). Y282D repressor 

TIME (min) 
FIGURE 1 : HPLC analysis of AEDANS-labeled repressor peptides. 
Wild-type, W201 Y, and W220Y mutant repressors were modified, 
digested, and analyzed by HPLC as detailed under Materials and 
Methods. (A) Wild-type repressor modified without IPTG. (B) 
Wild-type repressor modified in the presence of IO-’ M IPTG. (C) 
W201Y mutant repressor modified without IPTG. (D) W201Y 
mutant repressor modified in the presence of M IPTG. (E) 
W220Y mutant repressor modified without IPTG. (F) W220Y 
mutant repressor modified in the presence of 

Table I: Ligand Binding Constants (M) of Wild-Type and Mutant 
Repressors Modified with 1 ,5-IAEDANSa 

M IPTG. 

40 base pair operator 

(5.6 f 0.1) X IO-’’ 
wild type 

unmodified 
modified (1.1 f 0.2) X 

unmodified NAb 
modified NA 

unmodified (2.8 f 0.4) X 
modified (2.0 * 1.7) X 

unmodified (2.5 f 0.9) X 
modified (3.1 f 1.1) X 

Y282D 

W201Y 

W220Y 

IPTG inducer 

(1.4 f 0.6) X 10” 
(1.6 f 0.7) X IO” 

(4.1 f 0.4) X IO’ 
(5.1 f 1.1) X IO’ 

(1.6 f 0.8) X 10” 
(1.3 f 0.5) X IO” 

(4.0 f 2.4) X 
(3.2 1.1) x 10-5 

Unmodified repressors and repressors modified with 1,5-IAE- 
DANS were assayed for binding to synthetic 40 base pair lac operator 
and to the inducer molecule IPTG as described under Materials and 
Methods. bNA = not applicable (Y282D monomer does not bind op- 
erator). 

showed an opposite effect at CyslO7: when IPTG was added 
to the reaction mixture, modification at CyslO7 was decreased, 
while reaction at  Cysl40 remained about the same (data not 
shown). Modification of Cys28 1 was not observed in wild-type 
protein or the single-Trp mutants but was evidenced in the 
Y282D monomer as expected from previous studies (Daly & 
Matthews, 1986). Reacted proteins exhibited only small al- 
terations in inducer and operator binding when compared with 
the equivalent unreacted species (Table I). The maintenance 
of functional activity suggests minimal alterations in structure 
as a consequence of this modification. 

Energy Transfer in the lac Repressor. When excited at 285 
nm, tryptophan residues emit with an emission maximum near 
345 nm. The repressor proteins examined in this study ex- 
hibited an emission maximum in this range, with the exception 
of the W220Y mutant, which had a maximum at 335 nm. 
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FIGURE 2: Fluorescence spectra of unmodified and modified repressors. 
Wild-typc and mutant proteins were modified with 1,5-IAEDANS 
as described under Materials and Methods. Unmodified (open 
symbols) and modified (filled symbols) proteins [(--1-2) X 10” MI 
were excited a t  285 nm, and emission was scanned from 300 to 550 
nm. (A) Wild-type repressor. (B) Y282D monomer repressor. (C) 
W201 Y mutant repressor. (D) W220Y mutant repressor. Reduced 
emission from tryptophan at 345 nm (335 nm for W220Y protein) 
was accompanied by increased emission from the AEDANS moiety 
a t  470 nm in all cases. 

Additionally, this mutant exhibited no fluorescence shift when 
bound to IPTG (Sommer et al., 1976; Gardner & Matthews, 
1990). In repressors reacted with 1,5-IAEDANS, tryptophan 
emission at 345 was reduced compared with an equal con- 
centration of unreacted repressor (Figure 2). Some of this 
energy was transferred to the AEDANS moiety which emitted 
at  -475 nm. Repressors not reacted with 1,5-IAEDANS 
exhibited only background emission in the range 400-600 nm 
and had a larger intensity at  their emission maximum than 
did reacted repressors. Lifetime measurements on the wild- 
type repressor indicated a decreased lifetime of the tryptophan 
fluorescence, as expected when energy transfer occurs. 

Each species of repressor examined exhibited energy transfer 
from the tryptophan moiety(ies) to the AEDANS group(s), 
although thc transfer efficiency varied slightly between wild- 
type and mutant proteins (Y282D, W201Y, and W220Y) 
(Table 11). Wild-type repressor demonstrated an efficiency 
of transfer of 6.7 f 1.9%. The mutant repressors each con- 
taining single-Trp residues differed in their efficiencies, with 
W220Y displaying a value similar to wild type (7.5 f 1.4%) 
and W201Y exhibiting a slightly lower efficiency (5.6 f 2.4%). 
Y282D mutant repressor transferred energy with an efficiency 
range of 7.1 f 3.8%, similar to the values for the W220Y 
mutant and wild-type repressor. This monomeric repressor 
exhibited an efficiency value similar to that determined for 
wild-type repressor, a result which suggests that energy transfer 
is occurring primarily within the subunits in the wild-type 
tetrameric protein, given that this is the only route of transfer 
available in the Y282D monomer mutant. It should be noted 
that the large degree of reaction at Cys281 observed in Y282D 
repressor did not result in a notable effect on the energy- 
transfer efficiency; from these data, it is apparent that energy 
transfer in the native protein does not involve label attached 
to this residue. 

The two single-Trp mutants exhibited slightly different 
energy-transfer efficiencies. Trp220 (W20 1 Y mutant) 
transferred with 5.6 f 2.4% efficiency, and Trp201 (W220Y) 
transferred with 7.5 f 1.4% efficiency. In  both cases, the 
major amount of the AEDANS acceptor group was located 
at  Cys140; reaction at CyslO7 was very much less than re- 
action at Cysl40 in the single-Trp mutant repressors. Reaction 

Table 11: Energy-Transfer Measurements for 
1 ,S-IAEDANS-Modified Repressor Species 

%energy R,  R 
J.. transfer tA) tA) 

\ ,  \ ,  

WT (4.3 f 0.01) X 6.7 f 1.9 22.8 -35 (range: 
10-15 

10-15 
+IPTG (4.3 f 0.01) X 

W2OlY (4.3 f 0.01) x 
10-15 

+IPTG (4.3 f 0.01) X 

W220Y (4.3 f 0.03) X 

+IPTG (4.3 f 0.03) X 

Y282D (4.2 f 0.01) X 

I 0-15 

10-15 

I 0-15 

10-15 

(n = 6) 
7.8 f 1.6 

(n = 6) 
5.6 f 2.4 

(n = 6) 
4.7 f 0.5 

(n = 5) 
7.5 f 1.4 

( n  = 6) 
6.6 f 0.8 

(n = 3)  
7.1 f 3.8 

(n = 6) 

33.8-37.5) 

33.2-35.8) 

34.1-40.1) 

36.8-38.2) 

34.1-36.9) 

35.2-36.5) 

32.3-39.7) 

22.8 -35 (range: 

22.7 -37 (range: 

22.7 -37 (range: 

23.1 -35 (range: 

23.1 -35 (range: 

22.7 -35 (range: 

at Cys28 1 was not detected in either case, as expected based 
on the results with wild-type protein and evidence that this 
residue is involved in a subunit interface in the tetrameric 
protein (Sams et al., 1985; Daly & Matthews, 1986). 

Inclusion of IPTG in the reaction had only a small effect 
on energy-transfer efficiency in wild-type (7.8 f 1.6%), 
W201Y (4.7 f 0.5%), and W220Y (6.6 f 0.8%) repressors. 
The addition of IPTG increased modification of CyslO7 in 
wild-type repressor and the single-tryptophan mutants (Figure 
I ) .  The slight increase in the range of energy-transfer effi- 
ciency when wild-type repressor was modified in the presence 
of IPTG and the corresponding small decreases for the mutants 
do not correlate with increased label at  CyslO7. While we 
cannot completely rule out a small amount of transfer between 
tryptophan(s) and the group at Cys107, the majority of 
transfer appears to occur between the tryptophans and the 
AEDANS moiety attached to Cysl40. 

The energy-transfer efficiency values for all the protein 
species examined were used to calculate distance ranges be- 
tween the donor group (Trp) and the acceptor (AEDANS). 
The overlap integrals for wild-type, Y282D, and single-Trp 
mutants were calculated on the basis of the spectra for each 
individual protein species multiple times and were similar, all 
near 4.3 X cm3 M-I, despite the differences in the 
fluorescence emission maximum for the inducer-bound re- 
pressor species and the W220Y mutant. An important con- 
sideration in calculating molecular distances from energy- 
transfer data is the treatment of the orientation factor K ~ ,  This 
factor describes the degree of freedom of rotation of the donor 
and acceptor groups. Dale and Eisinger (1974) have provided 
evidence that K~ cannot be exactly determined but may only 
be limited to a range of values. These values will be dependent 
on the orientation(s) of the transition dipoles of both donor 
and acceptor moieties at the moment of transfer and can range 
from 0 to 4 (Eftink, 1991). When both donor and acceptor 
are free to rotate and the transition dipoles can assume any 
orientation (at the ends of a rigid cu-helix, for example), K~ is 
2/3, the average of all the values for K~ for all orientations. If 
time-resolved anisotropy measurements with a single class of 
fluorophore in a uniform environment can be performed on 
the donor and acceptor, K~ may be limited to minimum and 
maximum values (Dale & Eisinger, 1974; Eftink, 1991). 

We have opted to use the averaged value of 2 /3  for K~ for 
two reasons. First, neither the tryptophan residues (Royer et 
al., 1990) nor the covalently attached AEDANS groups in 
modified repressor exhibit single fluorescence emission life- 
times. This complex system (even in the single-Trp mutants) 
cannot be analyzed adequately for the purpose of limiting K~ 

to maximum and minimum values as outlined by Dale and 
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\60-' 

F I G U R E  3: Diagrammatic representation of repressor monomer. 
Molecular dimensions are adapted from several determinations of 
monomer size (Steitz et al., 1974; Pilz et al., 1980, 1982; Charlier 
et al., 1980, 198 1 : McKay et al., 1982). The dark gray area represents 
the N H2-terminal headpiece; the light gray area represents the inducer 
binding site located approximately in the center of the core by analogy 
to thc pcriplasmic sugar binding proteins (Muller-Hill, 1983; Sams 
et al., 1984: Quiocho, 1986). Trp201 is buried within the subunit 
unavailablc to solvent in the native tetramer. Trp220 is positioned 
in the inducer binding site, allowing interaction with the sugar. Cysl40 
has been postulated to be in the NH2-terminal headpiece/core interface 
(Schncidcr ct al., 1984). We have positioned residues 201 and 220 
approximatcly equidistant from Cysl40 in the monomer, as indicated 
by cncrgy-transfcr mcasurements. 

Eisinger (Dale & Eisinger, 1974; Eftink, 1991) using time- 
resolved anisotropy measurements for wild-type repressor and 
the single-Trp mutant proteins (Royer et al., 1990). Second, 
these anisotropy measurements demonstrate rapid movement 
in the AEDANS moiety, suggesting that random orientation 
may prevail during the energy-transfer process (the lifetime 
of the tryptophan excited state). In such cases of rapid motion 
by one or both groups involved in energy transfer, the averaged 
value of 2 /3  for the orientation factor K~ is usually applied. 

When the random orientation factor value of 2/, was used, 
wild-type, W220Y, and Y282D repressors exhibited similar 
molecular distancc ranges calculated from energy-transfer 
efficiency values (Table I I ) .  The distance calculated for 
wild-type protein was -35 A, with a range based on the 
efficiency error of 33.2-37.5 A. The error in the Y282D 
efficiencies expanded this range to 32.3-39.7 8, for the mo- 
nomeric mutant. The W201Y average distance of -37 A 
(range 34.1-40.1 A) was slightly longer than the corresponding 
W220Y and wild-type values. These calculated distance values 
are well within the postulated dimensions for the lac repressor 
monomer (Steitz et al., 1974; Pilz et al., 1980, 1982; Charlier 
et al., 1980, 1981; McKay et al., 1982). 

DISCUSSION 

Cysteine residues in wild-type lac repressor protein were 
modified with 1,5-IAEDANS in the presence and absence of 
the inducer IPTG. When inducer was included in the reaction 
mixture, modification at Cysl40 remained unchanged, but 
CyslO7 was modified to a greater extent. Reaction at Cys281 
was not dctcctable in either case for tetrameric repressors. 
Energy-transfer measurements were performed on both species 
of repressor, and the calculated values for transfer efficiency 
and distance between donor and acceptor were compared. The 
efficiency of transfer in the two cases was very close, and the 
distance calculated was similar. This result leads us to con- 
clude that although some energy transfer may occur between 
the tryptophans and the acceptor at CyslO7, it is not a sig- 

nificant component of the total energy-transfer process. 
Of greater interest were similar experiments performed on 

a mutant repressor protein which does not form tetramers. 
Although Cys281 is modified to a large extent in the mo- 
nomeric protein, the introduction of label at this site does not 
lead to an increase in the efficiency of energy transfer. This 
moiety may be too far distant from the tryptophan donors 
located at positions 201 and 220, or the orientation of these 
donors may be unfavorable for energy transfer to this group. 
As with wild type, we conclude that the main acceptor group 
is the AEDANS attached to Cys140. The similarity in 
wild-type and monomer transfer efficiencies is indicative that 
intrasubunit transfer is the primary mode for both proteins. 

Energy-transfer efficiencies measured in the single-Trp 
mutant repressors provide information to assist in interpreting 
the complex transfer arrangements in the wild-type structure. 
As Table TI shows, Trp201 (W220Y mutant) transfers with 
an efficiency comparable to wild-type protein, while Trp220 
(W201Y mutant) displays a slightly lower efficiency. The 
differences in transfer efficiency between the repressor proteins 
examined are small, and the distances calculated from these 
values were quite similar in all cases, suggesting that the range 
calculated is likely reflective of the distance between donor 
tryptophan(s) and Cysl40 in the monomer.. A comparison of 
these distances to the various estimates of monomer dimensions 
(Steitz et al., 1974; Pilz et al., 1980, 1982; Charlier et al., 1980, 
1981; McKay et al., 1982) reveals that they are easily con- 
tained within the core domain of the protein. Additionally, 
the distance ranges derived from energy transfer calculated 
for the repressor monomer correlate well with the known 
distances measured for several carbohydrate binding proteins 
which are postulated to be structurally similar to the lac re- 
pressor core (Muller-Hill, 1983; Sams et al., 1984; Gardner 
& Matthews, 1990). Galactose binding protein and arabinose 
binding protein are monomeric sugar binding periplasmic 
proteins that have molecular dimensions of -70 A for the long 
axis and -35 A for the short axis of a solid ellipsoid (N. Vyas, 
personal communication). Figure 3 provides a diagrammatic 
representation of the lactose repressor monomer derived from 
the distances measured in this study and the molecular di- 
mensions determined by a variety of methods (Steitz et al., 
1974; Pilz et al., 1980, 1982; Charlier et al., 1980, 1981; 
McKay et al., 1982). The primary acceptor AEDANS at 
Cysl40 is located at the NH2-terminal headpiece/core in- 
terface of the monomer as postulated by Schneider et al. 
(1 984). Both tryptophan residues are located approximately 
equidistant from position 140; Trp220 resides relatively ex- 
posed to the solvent in the inducer binding site, while Trp201 
is buried within the monomer (Sommer et al., 1976; Gardner 
& Matthews, 1990). The monomer is approximately 60-70 
A in length and 35 A in diameter (Steitz et al., 1974; Pilz et 
al., 1980, 1982; Charlier et al., 1980, 1981; McKay et al., 
1982). The distance between Cysl40 and Trp201/220 of -35 
A places these residues in the midregion of the monomer core 
domain, consistent with the placement of the tryptophans by 
analogy to the periplasmic sugar binding proteins (Gardner 
& Matthews, 1990). Confirmation of the distance measure- 
ments and precise placement of these residues await the solved 
X-ray crystal structure of the lactose repressor (Pace et al., 
1 990). 

Registry No. IPTG, 367-93-1; Cys, 52-90-4; Trp, 73-22-3. 
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