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ABSTRACT We have studied the time-resolved intrinsic tryptophan fluorescence of the /ac repressor (a symmetric tetramer
containing two tryptophan residues per monomer) and two single-tryptophan mutant repressors obtained by site-directed
mutagenesis, /ac W201Y and /ac W220Y. These mutant repressor proteins have tyrosine substituted for tryptophan at
positions 201 and 220, respectively, leaving a single tryptophan residue per monomeric subunit at position 220 for the
W20 1Y mutant and at position 201 in the W220Y mutant. it was found that the two decay rates recovered from the analysis of
the wild type data do not correspond to the rates recovered from the analysis of the decays of the mutant proteins. Each of
these residues in the mutant repressors displays at least two decay rates. Global analysis of the multiwavelength data from
all three proteins, however, yielded results consistent with the fluorescence decay of the wild type /ac repressor
corresponding simply to the weighted linear combination of the decays from the mutant proteins. The effect of ligation by the
antagonistic ligands, inducer and operator DNA, was similar for all three proteins. The binding of the inducer sugar resulted in
a guenching of the long-lived species, while binding by the operator decreased the lifetime of the short components.
Investigation of the time-resolved anisotropy of the intrinsic tryptophan fluorescence in these three proteins revealed that the
depolarization of fluorescence resulted from a fast motion and the globat tumbling of the macromolecule. Results from the
simultaneous global analysis of the frequency domain data sets from the three proteins revealed anisotropic rotations for the
macromolecule, consistent with the known elongated shape of the repressor tetramer. In addition, it appears that the

exicted-state dipole of tryptophan 220 is aligned with the long axis of the repressor.

INTRODUCTION

The intrinsic tryptophan fluorescence of proteins has been
utilized in the study of a wide variety of biophysical
phenomena (e.g., ligand binding, protein re-(de)natur-
ation, protein—protein associations, etc.), primarily due to
the two important advantages which fluorescence offers.
First, because of the high sensitivity of fluorescence,
experiments can be performed at protein concentrations
between 107° and 107°*M, a range in which many
biologically important equilibria can be observed. Second,
examination of the time-resolved fluorescence intensity
and anisotropy decay kinetics of the intrinsic tryptophan
residues in proteins (1072 to 107%s) allows for the
observation of dynamic events, such as the diffusion of
small ligands, local tryptophan rotations, segmental poly-
peptide movements, and for relatively small proteins, the
brownian rotation of the entire molecule. However, de-
spite the growing interest and large numbers of studies
which have been performed, the origins of the complex
fluorescence decay patterns observed in proteins are not
well understood. For a recent review of tryptophan
fluorescence in proteins see Beechem and Brand (1).
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In the case of two-tryptophan-containing proteins,
several time-resolved fluorescence studies have been per-
formed (2-10), and the fluorescence decay is often
resolved into two kinetic components. The observed biex-
ponential decay has been interpreted as arising from the
intrinsic monoexponential decay of the two individual
tryptophan residues. However, examination of many
single-tryptophan-containing proteins, reveals that the
fluorescence decay of individual residues is not monoexpo-
nential (8, 10~18). These results have been interpreted as
being due to the intrinsic heterogeneous decay of tryp-
tophan, interaction of the tryptophan residue with charged
amino-acid groups of the nearby protein matrix, and
conformational heterogeneity of the proteins in solution.
Thus, it appears that when a single tryptophan is present
in a protein sequence, complex decay of the fluorescence
of this single residue is often observed. When two-
tryptophan-containing proteins are examined, the fluores-
cence decay appears “less complex” due to the collapsing
of many of the exponential components into single kinetic
terms. This result is not unexpected, given the inherent
difficulty in resolving complex multiexponential decay. In
fact, it seems that, depending upon the degree to which
the multiple decays present in the protein emission are
dissimilar, they may or may not be resolved by current
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analysis methodology. It therefore appears that the two
decay components which are often observed for two-
tryptophan proteins may actually be composed of a
complex average of the multiexponential decay kinetics of
each emitting tryptophan. The examination of the fluores-
cence decay characteristics of E. coli lac repressor (a
symmetric tetrameric two-tryptophan-containing protein
with predominately biexponential decay kinetics) and
each of its single-tryptophan-containing mutants (ob-
tained by site-directed mutagenesis) provides a powerful
tool with which to test his hypothesis. We point out that at
the concentrations of repressor proteins used in this
experiment, ~2 uM in tetramer, the wild type /ac repres-
sor is known to be completely in its tetrameric form. The
dissociation constant for the dissociation to dimer has
been measured by high pressure techniques (19) and was
found to be between 10 and 15 nM. We are thus at a
concentration which is 100-200-fold the K. The subunit
affinity of the mutant proteins has not been determined,
but each behaves identically to the wild type in molecular
sieve chromatographic experiments at concentrations of
near 10 uM in tetramer. Thus, dissociated /ac repressor
species have no significant contribution to the fluores-
cence signal in the present experiments. It has also been
shown (20) that the tryptophan intensity and emission
energy are not sensitive to the oligomeric state of the
protein.

Previous studies by Brochon and co-workers (5) of the
intrinsic fluorescence decay of wild type lac repressor
showed biexponential decay behavior with lifetimes of 3.8
and 9.8 ns. Examination of the decay kinetics of the
fluorescence at multiple emission wavelengths revealed
that the steady-state fluorescence spectrum could be
decomposed into a blue-shifted component (associated
with the 3.8-ns lifetime) and a red-shifted component
(associated with the 9.8-ns lifetime). These two compo-
nents were postulated to correspond to the two different
tryptophan residues in the protein. Upon binding of the
inducer sugar, isoprophyl-8-D-thiogalactoside (IPTG),
the lifetime of the long component decreased to 7.6 ns and
its spectrum shifted 11 nm to the blue. Studies of the
steady-state fluorescence emission spectra of mutants
lacking tryptophan 220 or 201 (21) demonstrated that the
spectrum of the mutant lacking 220 had its emission
maximum 13 nm to the blue of that lacking tryptophan
201. On this basis, the red (long) component was assigned
to tryptophan 220 and the blue (short) component was
assigned to tryptophan 201 (5). In the following study we
have examined the time-resolved fluorescence of the
intrinsic tryptophan emission of the wild type /ac repres-
sor and of two mutant proteins, W201Y and W220Y,
which have tyrosine substituted for the tryptophan at
positions 201 and 220, respectively (Gardner, J. A., and

K. S. Matthews, manuscript in preparation). We were
interested in determining whether the mutant proteins
would display single exponential decays, corresponding to
the two lifetimes recovered by Brochon and co-workers
(5) for the wild-type lac repressor. In addition, the effect
of ligation by the inducer sugar and the specific operator
sequence upon the fluorescence decay have been investi-
gated. Because the antagonism between these two ligands
is the basis for the control of the expression of the genes in
the lac operon, the changes upon the fluorescence decay
associated with their binding were of particular interest in
relating the activity of the macromolecule and the charac-
teristics of its tryptophan residues. To compare the
dynamic properties of the wild type repressor with those
of the mutants with the goal of resolving the rotational
properties of the two-tryptophan residues, we also exam-
ined the time-resolved anisotropy of the three proteins.

MATERIALS AND METHODS
Proteins

Mutant repressor proteins with tyrosine substituted for tryptophan have
been produced previously by suppression of amber mutations (21), but
these strains yielded low levels of protein and were very unstable.
Therefore, site-specific mutagenesis techniques (22) were utilized to
create two mutant repressors, each containing a single tryptophan
(Gardner, J. A, and K. S. Matthews, manuscript in preparation).
Oligomers of 23 bases were synthesized complementary to the repressor
anti-sense strand sequence surrounding each tryptophan residue codon,
except that the trp codons (CCA) were changed to those coding for
tryosine (ATA). The oligonucleotides were annealed to single-stranded
uracil-containing pAC1 (Chakerian, A. E.,, and K. S. Matthews,
manuscript in preparation), a plasmid created by inserting a wild-type
lac gene into the unique Eco RI site in pPEMBL 9+ which confers
ampicillin resistance (23). After elongation in the presence of the four
dNTPs and ligation, the mixture was used to transform competent E.
coli 71-18 cells. The ssDNA was isolated and sequenced using the
Sanger dideoxy method (24). The ssDNA that gave the sequence
expected for the mutant repressors was then used to transform compe-
tent E. coli PD8 cells. Ampicillin-resistant PD8 cells were assayed for
the ability to bind IPTG, and those cells exhibiting the highest levels of
binding were grown in 15-liter batches. Plasmid isolated from these cells
was sequenced to confirm the presence of a single mutation at the
desired site. Harvested cells were frozen in the presence of lysozyme
(10-15 mg/100 g cells). Mutant repressors were isolated following the
same procedures as for wild-type repressor (25). Purity of isolated
protein was >90% as determined by SDS-PAGE and silver staining. The
operator binding affinities in the two mutants are lower than that
measured for the wild-type protein, by factors of ~5 and 10 for the
W220Y and W201Y mutants, respectively. Inducer binding was identi-
cal to wild type for the W201Y mutant. However, inducer affinity was
reduced almost 30-fold for the W220Y mutant, indicating that this
tryptophan may reside in or near the inducer binding site. Fluorescence
measurements were carried out using <0.1 OD units of protein
measured at 295 nm to avoid trivial reabsorption effects. Buffer was 100
mM KCl, 100 mM Tris, pH 7.1, and 10~ M DTT.
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instrumentation

Time-domain fluorescence decay measurements were carried out using
the time-correlated single photon counting technique (26-28). The
excitation light pulse source was the synchrotron radiation emitted by
the new positron storage ring Super-ACO used in the two-bunch mode.
The corresponding repetition rate was 8.25 MHz. A previous experimen-
tal set-up (29-31) was modified to fit with the new excitation source
(Brochon, J. C., F. Mérola, J. Gallay, and M. Vincent, manuscript in
preparation). Using JY 25 monochromators (Jobin-Yvon, Longjumeau,
France) vertically polarized excitation was set at 296 nm (d — A =6
nm), and the emission monochromator was set at either 340 or 400 nm
(d ~ A = 6 nm). The two components /,, and I, were recorded, and the
total fluorescence decay corresponds to the weighted sum of the two
components:

1) = IL(0) + [2814(0)], o
where 8 is a correction factor for the transmission of polarized light by
the monochromator at a given wavelength. The channel width was 63.9
ps/channel, and data were collected in 1,023 channels. With a stored
amount of particles corresponding to a current of 30 mA, the instrument
response function determined from a scattering solution of Ludox was
typically 0.75 ns (FWHM) using a model XP2020Q photomultiplier
(Philips Electronics, Eindhoven, Netherlands). Each measurement typi-
cally required 40 min of data collection and contained 5-15 x 10° total
counts.

The frequency responce of the lac wild-type protein and the two
mutant repressor proteins was measured using the cross-correlation
phase and modulation fluorometer described by Alcala et al. (32). The
response at multiple frequencies was obtained by cross-correlation with
the harmonic content of 2 MHz pulses from a mode-locked frequency
doubled Nd-YAG laser (model 76-S) coupled with a cavity-dumped dye
laser (models 7220 and 702), and external frequency doubler (model
7049) all from Coherent Corp. (Palo Alto, CA). The excitation
wavelength was set at 295 or 305 nm by adjusting the birefringent
crystal of the dye laser. Phase and modulation data for the protein
solutions were obtained at emission wavelengths of 320, 340, 360, 380,
and 400 nm using a monochromator (ISA Instruments, Edison, NJ)
with slits of 2 mm (bandpass 8 nm). When a cuton emission filter was
used it was a WG-320 from Schott Optical Glass, Inc. (Duryea, PA).
The reference compound, para-terphenyl in cyclohexane, was utilized to
correct for the color shift and instrumental phase delay of the detection
equipment (lifetime = 1 ns). The error on the phase angles and
demodulation factors was <0.6 degrees and 0.004, respectively.

Analysis

The frequency domain multiwavelength data were analyzed using the
global analysis software package, Globals Unlimited (University of
Illinois, Urbana, IL), which is based on theory and algorithms described
elsewhere (33-36). These algorithms allow for the simultaneous analysis
of multiple data sets in terms of internally consistent sets of kinetic
models. In the time domain, the analysis of /(¢) as a sum of exponentials
was performed by the maximum entropy method (MEM) described by
Livesey and Brochon (37). The theory and general algorithm of MEM
have been previously published (38, 39). The initial lifetime components
were equally spaced in logarithmic scale, 100 lifetimes ranging from
0.05 to 25.0 ns.

RESULTS
Lifetime results

The frequency responses of wild type /ac repressor fluores-
cence (exciting at 295 nm) obtained at multiple emission
wavelengths is shown in Fig. 1 a. It can be seen that as the
wavelength of observation increases, the frequency re-
sponse shifts to lower frequencies, indicating increased
fluorescence due to a long-lived component on the red
edge of the spectrum. The data from all wavelengths were
simultaneously analyzed as a double exponential decay
using a linkage scheme in which the lifetime across the
emission spectrum were considered invariant, but the
fractional contributions of each component to the total
intensity ( f;) were allowed to vary. The Global Unlim-
ited software allows for direct fitting for either the
amplitudes, «, or the weighted & — r products, f;. The
latter fractional intensities are used to directly calculate
the decay associated spectra (DAS). The lifetime values
recovered from this analysis, 9.85 and 3.27 ns, were very
close to those reported earlier by Brochon et al. (5) (9.8
and 3.8 ns). The global x-square for this fit was 1.72.
Phase and modulation residuals for the five data sets
shown in Fig. 2 indicate random deviations between the
calculated and measured values. The fractional contribu-
tion of the long-lived component increases from 58% at
320 nm to 97% at 400 nm. Fig. 1 b shows the decay-
associated spectra (DAS) for the two lifetime compo-
nents. These DAS are obtained by multiplying the frac-
tional intensity, f;, for a given component recovered from
the analysis for a given emission wavelength by the total
steady-state emission intensity at that wavelength. The
short component spectrum shows a maximum at 320 nm
whereas the long component maximum is found at 340
nm. These results are quite similar to those reported
previously for the wild-type protein by Brochon et al. (5).
Rigorous error analysis (35, 36) performed on the recov-
ered lifetime values and shown in Fig. 3, a and b revealed
that the value of the short component can be considered to
lie between 3.05 and 3.50 ns, whereas that of long-lived
component lies between 9.56 and 10.10 ns (at the 67%
confidence level).

The same multiemission wavelength experiments were
conducted on the mutant proteins, W220Y (with tyrosine
substituted for tryptophan 220) and W201Y (with ty-
rosine substituted for tryptophan 201). The phase and
modulation data as a function of wavelength for these two
proteins are shown in Fig. 1, ¢ and e. A small wavelength
dependence is evident for both mutant proteins indicating
that neither decays as a single exponential, independent of
wavelength. In fact, single exponential fits of the multi-
wavelength data yielded chi-square values in excess of 35.
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FIGURE1 Frequency response with double exponential global analyses at 320, 340, 360, 380, and 400 nm in emission and recovered decay associated

spectra for (a and b) wild-type lac repressor, (c and d) lac W201Y, and (eand f) lac W220Y. The curves show demodulation and phase shift at lower

frequencies as the emission wavelength is moved toward the red.

When the multiple wavelength data from the mutants
were analyzed globally as double exponential decays, the
x? values decreased to 2.54 and 1.53, respectively, for the
W220Y and W201Y mutants. Analysis in terms of triple
exponentials resulted in no further decrease in the x2
values. The lifetime values recovered for the W220Y
mutant were 5.88 and 1.81 ns, with the long component
displaying a more red-shifted spectrum. The analysis of
the data from the W201Y mutant yielded lifetime values
of 9.43 and 2.01 ns. Decay-associated spectra for the

mutant lac repressor proteins are shown in Fig. 1, d and f.
The 9.43-ns component in the /lac W201Y had a very
red-shifted spectrum with an emission maximum at 340
nm, similar to the decay-associated spectrum of the 9.85
ns component in the wild type. In addition, a small short
component is evident with a very blue-shifted spectrum.
The 5.88-ns component of the W220Y mutant shows a
maximum at 340 nm, although the spectrum is slightly
blue-shifted compared to that of the 9.85-ns component in
either the wild type or the W201Y mutant. As in the case
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of the W201Y mutant, the short component maximum in
the W220Y mutant is found at 320 nm. Residuals from
these fits are shown in Figs. 4 and 5. Rigorous error
analysis was performed on the recovered lifetimes for the
two mutants and the confidence interval plots are shown
in Fig. 3, c—f. The value of the long-lived component in
the lac W201Y mutant can be seen to lie between 9.25
and 9.62 ns at the 67% confidence level and corresponds
well to the 9.85-ns component found in the wild-type
repressor. The shorter, blue component of this mutant has
a lifetime between 1.73 and 2.29 ns. As for the W220Y
mutant, neither lifetime corresponds to the 3.32-ns compo-
nent recovered from the wild-type data. The longer
lifetime component in the mutant lacking tryptophan 220
displays a value which lies between 5.51 and 6.32 ns,
whereas the shorter component exhibits a value between
1.59 and 2.03 ns. The results of the double exponential fits

of the frequency response data are summarized in Table
1.

The intensity decay curves of these same proteins were
obtained using the single photon counting technique at
340 and 400 nm emission and analyzed using the maxi-
mum entropy method (MEM) (37). Typical decay curves
at 340 nm for the wild type and the W220Y and W201Y
mutants are shown in Fig. 6, a—c. The lifetime distribu-
tions recovered from the maximum entropy distributions
for the wild type at 340- and 400-nm emission are shown
in Fig. 7, a and b. The maximum entropy distributions at
400 nm for the two mutant proteins are shown in Fig.
7, c—f. The recovered molecular concentration and mean
lifetime values from the distributed peaks are reported in
Table 2. These fits were carried out in terms of the
amplitude, «, as opposed to the global fits which were
done in terms of the fractional intensity of each compo-
nent. Again, there was less wavelength dependence for the
two mutant proteins than for the wild-type protein. The
wild-type lac repressor exhibits a 9.75 ns component with
a molecular fraction (a) which increases from 55 to 94%
between 340 and 400 nm and a 3.31-ns component with a
molecular fraction (o) which decreases from 39 to 0%
over the same wavelength range. These results are in very
good agreement with those from the frequency domain
data. However, a small amount (a = 6%) of a short
component. ~0.9 ns, was recovered from both data sets.
Analysis by MEM of the data from the lac W220Y
mutant also yielded three components, two of which (5.21
and 1.82 ns) agreed with the values recovered from the
frequency domain data. Approximately 50 and 15% (in
terms of a) of a shorter component (140 ps) was also
recovered. A long component (9.05 and 9.55 ns at 340 and
400 nm emission, respectively) is evident in the lac
W201Y results, clearly equivalent to the long component
recovered from the frequency domain data for the same
sample. MEM also yielded two shorter blue-shifted com-
ponents (0.11 or 1.5 ns and 2.2 and 3.8 ns for the 340- and
400-nm experiment, respectively). All of these values
were in or very near the solution space found from the
global multiwavelength analysis. The resolution of these
experiments both at short times and high frequencies is
not adequate for determining whether the very short
components recovered from the single photon counting
data are significant. Even the recovered amplitude of 50%
for the 140-ps component in the W220Y mutant is only
responsible for 3% of the total intensity, which is the
measured quantity.

From the above results it is apparent that the compo-
nent which displays a fluorescent lifetime of ~9 ns is well
resolved in the wild-type repressor and in the lac W201Y
mutant and clearly corresponds to the major fraction (but
not all) of the emission from tryptophan 220. In addition,
this tryptophan does not decay as a single exponential, as
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has been shown for a number of single-tryptophan pro-
teins. The global nonlinear least squares analysis of the
frequency domain data from the W201Y mutant yielded
one additional component near 2 ns, whereas the MEM
analysis of the time domain data gave two additional
components, one at 3 ns and the other at 1 ns. The decay
of tryptophan 201 (lac W220Y) was not monoexponential
either. Neither recovered lifetime (~5 and 2 ns) corre-
sponds to the 3-ns component recovered in the double
exponential analysis of the wild-type repressor. It appears

that the analysis of the wild-type repressor results in the
collapse of the components from each tryptophan (except
the well-resolved 9-ns emission) into a single lifetime of
~3 ns. Apparently the multiple decay rates from the
tryptophan residues in the two mutants were present in
the wild-type data but were not resolvable. Analyzing the
wild-type repressor as a triple exponential decay (again
linking lifetimes across the emission spectrum) yielded a
9.8-ns component which was red shifted in the same
manner as found for the double exponential decay. A
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FIGURE 4 Phase and modulation residuals for the double exponential
global analysis of the multiple emission wavelength data from lac
W201Y at (a) 320, (b) 340, (c) 360, (d) 380, and () 400 nm. Full scale
deviations are 3 degrees of phase and 0.05 in modulation. Circles
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3.7-ns component and 670 ps component with emission
maxima at 320 nm were also recovered. The short
component recovered here is similar to that seen in the
MEM analysis. The 5-ns component recovered from the
lac W220Y mutant was again not evident. It can be seen
from the confidence interval plots shown in Fig. 8, a—c,
that all three components exhibit very shallow minima,
and that the lifetimes recovered for the two mutant
proteins lie within the solution space (at the 67% confi-
dence level) of the wild-type data. For the number of
degrees of freedom in this analysis, the 67% confidence
interval considers as possible solutions, all sets of ampli-
tudes and lifetimes with x2 values less than or equal to
1.94. For instance, the solution obtained for lifetime
values of 2.4, 5.0, 9.8 corresponds to a x? value of 1.85,
well within the possible set of solutions.

If the two tryptophans in the native protein are nonin-
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FIGURES Phase and modulation residuals for the double exponential
global analysis of the multiple emission wavelength data from lac
W220Y at (a) 320, (b) 340, (c) 360, (d) 380, and (¢) 400 nm. Full scale
deviations are 3 degrees of phase and 0.05 in modulation. Circles
correspond to the phase residuals, triangles to the modulation.

teracting (no excitation wavelength dependence of the
decay was observed between 295 and 305 nm) and the
local structure is unchanged by the mutation, then the
observed fluorescence decay of the wild-type protein
should simply correspond to the linear weighted superpo-
sition of the decay kinetics of the two mutant proteins.
The existence of the two mutant proteins (along with the
wild type) allows for the possibility of testing this hypoth-
esis by performing a global simultaneous analysis of the
complete multiemission wavelength studies of the three
different proteins (both mutants and wild type). In this
global analysis, double exponential lifetimes for each
mutant were linked across the multiple emission wave-
lengths. In addition, the fluorescence decay of the wild-
type protein was linked across the emission wavelengths
and constrained to be composed of linear combinations of
the sets of lifetimes from the two different mutant
proteins. The resultant simultaneous fit and data from all
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TABLE 1 Frequency response of the wild-type and
mutant /ac repressor proteins: Results of global analysis

2

Protein T T, X
Wildtype  9.85 + 0.25/-0.30 3.27 + 0.23/-0.23 1.72
W220Y 5.88 + 0.43/-0.37 1.81 + 0.22/-0.22 2.24
Ww201Y 9.43 + 0.19/-0.18 2.01 + 0.28/-0.28 1.53

Excitation was at 295 nm. Data sets taken at five different emission
wavelengths (320, 340, 360, 380, and 400) were analyzed simulta-
neously for each protein for an internally consistent set of fluorescence
lifetimes. Fractional contributions of the individual components were
allowed to vary between data sets, while the lifetime values were linked
across the data sets. The recovered fractional intensities were used to
calculate the decay-associated spectra.

three proteins is shown in Fig. 9 a. It can be seen that the
wild-type data is bounded by that of the two mutants, and
that it is closer to the W201Y because the long-lived
tryptophan contributes more to the fluorescence signal.
The global analysis of these data reveals that the fluores-
cence decay of the wild-type protein can be decomposed
into (at least) four lifetimes of 1.7, 2,2, 5.8, and 9.6 ns
(global x* = 3.0). The fractional intensity values for the
1.7- and 2.2-ns lifetime components in the wild-type
repressor, however, cannot be uniquely recovered. Only
the sum of these two terms was found to be constant. As a
result, the decay associated spectra of the wild-type
protein can be uniquely decomposed into only three
distinct DAS (not four). These decay-associated spectra
calculated using the fractional intensities recovered from
this fit are shown in Fig. 9 b. Both the 2- and 5.8-ns
components are blue shifted with respect to the 9.6-ns
component. Thus, although not evident from analysis of
the data from the three proteins separately, this global-
linked analysis of the wavelength dependence of the
frequency response of the wild type and the two mutants
indicates that the fluorescence of the wild type is consis-
tent with a weighted sum of the fluorescence from the two
mutants.

Effect of ligation on the decay
parameters

The effect of ligation upon the fluorescence decay param-
eters of the wild-type repressor and the two mutant
repressors was investigated. A WG320 cut-on filter was
used in emission to study the decay over the entire
spectrum. The effect of saturating IPTG on the frequency
response of the wild-type tryptophan emission is shown in
Fig. 10 a. It can be seen that the data at low frequencies
are most strongly affected by inducer binding. Upon
addition of IPTG, the 9.69-ns component decreases to
7.42 ns (23%). Again, these results are very similar to
those reported by Brochon and co-workers (5). In con-
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FIGURE6 Intensity decay curves exciting at 296 and monitoring
emission at 340 nm for (@) wild-type lac repressor, () lac W201Y, and
(¢) lac W220Y.

trast, addition of saturating 40-base pair oligonucleotide
containing the operator sequence results in a change in
the high-frequency points (Fig. 10 b). Analysis yielded a
slight decrease in the value of the long component upon
operator binding and a 29% decrease in the value of the
short component.

The effect of ligation on the decay of the mutant
proteins is shown in Fig. 10 c—f. As in the case of the wild
type, there is a large change in the low frequency data
points for the W201Y mutant upon inducer binding. The
long-lifetime component decreases in value by 19%. The
high-frequency points are most affected by operator
binding (30% decrease in the value of the short lifetime).
The effect of ligation is suprisingly quite similar on the
fluorescence of the W220Y mutant, with operator further
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Recovered maximum entropy distributions from the intensity decay curves monitored at 340 and 400 nm in emission for (a and b)

wild-type lac repressor, (¢ and d) W201Y lac, and (e and f') W220Y lac. The residuals shown here are the unweighted residuals. However, the
weighted residuals, as used in the MEM analysis also showed only random deviations.

quenching the short component. Inducer binding in this
mutant results in a decrease in the value of both compo-
nents. The results of the analyses are summarized in
Table 3. Due to the different emission optics and the fact
that only one curve was analyzed for each ligand, the
recovered lifetime values are not exactly those reported in
Table 1. However, they all lie within (or quite near) the

solution space of the values in Table 1 (at the 67%
confidence level).

Time-resolved anistropy

Differential polarization measurements were carried out
on the wild type lac repressor and the two single-
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TABLE 2. Time response of the wild-type and mutant
lac repressor proteins: results of the maximum entropy analysis

Protein A, T 2 T a, a a X

Wildtype 340 088 331 9.75 006 039 0.55 201
400 088 — 975 006 — 094 122
Ww220Y 340 0.14 182 521 050 0.13 037 1.17
400 014 13 523 015 025 0.60 1.01
Ww201Y 340 0.11 220 905 033 015 052 1.57
400 1.50 380 955 0.07 014 079 1.10

Excitation was at 295 nm. Emission was monitored at either 340 or 400
nm through a monochromator with 8-nm slits.
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FIGURES Confidence interval plots on the recovered lifetimes from a
triple-decay global analysis of the multiple wavelength wild-type fre-
quency domain data. Dotted lines represent the 67% confidence level,
which is one standard deviation of the data.
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FIGUREY (a) Frequency repsonse and global fit of the multiwave-
length frequency domain data from all three proteins assuming double
exponential decays for the two mutants and a quadruple decay with the
mutant lifetime values for the wild-type lac repressor. The cluster of
curves which cross at high frequencies (~70 MHz) correspond to the
frequency response of the W220Y mutant repressor. Those which cross
at low frequency (~30 MHz) correspond to the data taken on the
W201Y mutant repressor. The curves which are distributed in between
these two clusters correspond to the wild-type repressor response. (b)
Decay-associated spectra for the wild-type repressor using the fractional
intensities ( f;) recovered from this fit. Fractional intensities from the
two short components were summed. See explanation in the text.

tryptophan mutants using a WG320 cuton filter in emis-
sion. The data from these experiments are shown in Fig.
11 a. Single curve nonlinear analysis yielded a 45-ns
correlation time for the wild type (Fig. 11 a) with a
preexponential factor, 8, of 0.275, corresponding to 86%
of the total depolarization and a small amount of a very
fast rotation (59 ps) with a preexponential factor, 8, of
0.045, corresponding to 14% of the total depolarization.
Single curve analysis of each mutant protein again
yielded a long correlation time, corresponding to the
global tumbling of the macromolecule and a very fast
rotation, around 90 ps, which was responsible for ~20% of
the total depolarization. The recovered values are summa-
rized in Table 4. It should be noted that the long
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rotational correlation time recovered from the wild-type
data is much lower than that recovered from the W201Y
mutant. The value obtained from the W220Y mutant is
intermediate. If the lac repressor had a perfect spherical

TABLE 3 Effect of ligation on the time-resolved
fluorescence of wild-type and mutant /ac repressor proteins:
decay parameters recovered from frequency response data

. . . . . i 1 2

shape, the slow rotational correlation time associated with Protein  Ligand 7, h T2 S X
the overa‘ll protein tumbling motion should be identical Wild type _ 9.69 0860 276 0.140 475
for the wild-type enzyme and each mutant. However, for IPTG 742 0882 281 0118 216
asymmetric molecules, the recovered slow rotational cor- Operator 928 0.862 202 0.138 257
relation time will be different for each protein species w201Y — 9.51 0930 206 0070 3.07
examined, due to the fact that each tyryptophan may have IPTG 7.65 0926 235 0074  3.70
. . . Operator 9.09 0885 144 0115 4.75
a different set of angles between their absorption/ W220Y o 641 0741 184 0259 646
emission oscillator and the principal diffusion axes of the IPTG 517 0855 130 0.145 7.55
protein. For instance, tryptophan residues aligned along Operator 6.31 0.731 141 0269 4.5

an equatorial position (along the short axis) are depolar-
ized by both “tumbling” (end over end) and “spinning”
(about the long axis) motions, whereas residues aligned
along the long axis are sensitive to only tumbling motion.
Hence, trypotphan residues aligned along the long axis

Excitation was at 295 nm. Emission was monitored using a WG320
cuton filter. Data were analyzed as single curves for a two-component
decay in terms of the lifetimes and their respective fractional intensities
(f))- Both ligands (IPTG and 40-base pair operator) were saturating
and at concentrations at least 1,000-fold their dissociation constants.
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FIGURE 11 Differential phase and modulation between the parallel and

perpendicular emission components for wild-type /ac repressor (x, Mod;
+, Phase), the W201Y mutant repressor (¥, Mod; 0, Phase), and the
W220Y mutant repressor (O, Mod; A, Phase). (a) Single curve
analysis; (b) global analysis linking one long rotational rate with the fast
rate unlinked; and (c) global analysis linking one fast rotational rate and
two long rates corresponding to the long and short axes of a prolate
ellipse. The preexponential weighting factors, 8, were unlinked for both
of the above global fits.

will show a longer average rotational correlation time
than residues aligned along the short axis. To examine
whether the observed changes in mean rotational correla-
tion times originated from this type of “geometrical”
effect, a global analysis was performed in which the data
were analyzed directly in terms of a set of internally
consistent overall protein motion(s) coupled to indepen-
dent fast motions associated with each specific tryptophan
residue. This analysis is essentially identical to the global
analysis of multiple-dye studies on proteins previously
described (40).

When a global analysis is performed in terms of only a
single protein-tumbling rotational correlation time (and
allowing each tryptophan to have its own fast librational

TABLE 4 Differential phase and modulation results
from the wild-type and mutant /ac repressor proteins: single
curve analysis

Protein & 8 ¢, 8, X
wild type 45 0.275 0.06 0.045 2.85
w201Y 57 0.257 0.09 0.063 3.80
W220Y 87 0.252 0.09 0.068 1.61

Excitation was at 295 nm. Emission was monitored using a WG320
cuton filter. The differential phase angle and modulation ratio between
the parallel and perpendicular emission components as a function of
frequency were analyzed as single curves in terms of two rotational
rates, one for local tryptophan motions and the other due to the global
tumbling of the protein particle.

motion) the recovered x? value doubles with respect to the
unlinked analysis, indicating that the spherical model is
inappropriate. The data and fit are shown in Fig. 11 b.
When a global analysis of the data is performed in terms
of an internally consistent set of two slow rotational
correlation times (associated with overall protein motion),
the global x? value decreases 50%, to a level identical with
the unlinked analysis (Fig. 11 ¢). What these results show
is that the molecular shape of the /ac repressor cannot be
represented as spherical, but rather requires that it be
modeled as a prolate ellipsoid of revolution. (A more
complicated model using a general ellipsoid could not be
statistically justified.) The parameters recovered from
this global analysis correspond to a fast rotational rate of
60 ps (associated with the local motions of the individual
troptophans) and two tumbling rates of 21 and 82 ns for
the entire protein motion (summarized in Table 5). If one
assumes that these two rates correspond to rotations
about the major and minor axes of a prolate ellipse, then
these values can be used to calculate an apparent axial
ratio for the /ac tetramer. The axial ratio (a/b) calculated
from the recovered correlation times is 3.1. Steitz and
co-workers from neutron diffraction experiments report

TABLE 5 Differential phase and modulation results
from the wild-type and mutant /ac repressor proteins: global
analysis resuits: x> = 2.71

Protein N B ¢, 8. [} 8, x

Wildtype 006 0.189 21 0271 82 0.540 2.54
w201Y 006 0258 21 — 82 0752 4.03
W220Y 006 0239 21 0.7t 82 0590 1.64

Excitation was at 295 nm. Emission was monitored using a WG320
cuton filter. The differential phase angle and modulation ratio between
the parallel and perpendicular emission components as a function of
frequency for all three proteins were analyzed simultaneously in terms
of a consistent set of three rotational rates, one for local tryptophan
motions and the other two due to the global tumbling of the protein
particle around its long and short axes.
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dimensions of 130-140 A for the long axis and 55-65 and
45 A for the short axes of the tetramer (41). The ratio of
the long axis to the shorter of the other two is 3.0 and in
strikingly good agreement with the value (3.1) calculated
from the correlation times. Several other investigations
using neutron diffraction (42—44) and low angle x-ray
scattering (45, 46) have found elongated structures for
the repressor with axial ratios between 2 and 3. It is
interesting to note that the W201Y mutant data show
essentially no contribution from the 21-ns rotational rate.
If the two long rotational correlation times do, in fact,
correspond to rotation about the longest and shortest axes
of the tetramer, then the implication is that the excited-
state dipole of tryptophan 220 is well aligned with the
long axis of the tetramer.

Confidence intervals for the long rotational rates were
essentially flat due to the strong correlation between the
parameters of the fit, indicating that the errors in the
recovered axial ratio are significant. However, there is
little doubt that the anisotropic character of the lac
repressor protein motion is being detected. Thus, whereas
the conclusions from the results of the global analysis
must be taken with caution, the data are consistent with
the simplest interpretation; i.e., the fluorescence depolar-
ization properties of the wild-type protein appear to result
from a simple linear combination of the rotational behav-
ior of the two-tryptophan residues oriented at different
angles with respect to the principal diffusion axes of the
protein. Although more complicated explanations of the
observed effects are certainly possible, they are not
explicitly required, and simple linear combination model-
ing (as performed for the total-intensity data) is consis-
tent with the observed data. In addition, the recovered
parameters from this simple model correlate very well
with what is know about the structure of the lac repressor.

DISCUSSION

Site-directed mutagenesis has provided the possibility of
investigating whether the two components recovered from
the analysis of the time-resolved fluorescence of a two-
tryptophan protein actually correspond to the individual
decays from the two tryptophans. We find that the
situation is more complex; we diagramatically summarize
it in Fig. 12. As in the case of most single-tryptophan
proteins, the single-tryptophan mutants of the lac repres-
sor display multiexponential decays. One of the recovered
components is very long and thus well separated from all
the others. It is therefore well resolved in the analysis of
the wild-type data. Because the contribution of the
long-lived component to the total wild-type signal is large,
resolution of the shorter decay is more difficult. In fact,
the shorter lifetime which is recovered from the wild type

Trp 220

—Trp 220

Lifetime

—Trp 201

Trp 201

0 T T T 1
Wild w220Y W201Y Global
Type Wild
Type

FIGURE 12 Schematic representation of the fluorescence decay from
the wild-type lac repressor, the W201Y and W220Y mutants and the
global analysis showing the decomposition of the wild-type decay into a
combination of the four rates recovered from the mutant data.

probably results from a combination of the other decay
rates recovered for the individual tryptophan residues. If
we analyze simultaneously all of the multiple emission
wavelength data sets, mutants, and wild type together and
force the wild-type fluorescence to be a linear combina-
tion of the fluorescence from the two mutants, the
biexponential behavior of the wild-type protein can be
decomposed into at least four exponentials. These results
are contingent upon the hypothesis that the two tryp-
tophans in the wild-type protein act independently of each
other. The fluorescence lifetimes of the wild-type tryp-
tophans have been found to be independent of excitation
wavelength (295-305 nm) (data not shown), indicating
that this hypothesis is reasonable.

We suspect that the case of the lac repressor is probably
not an isolated one. The apparent double exponential
decay of a number of two-tryptophan proteins, as well as
the two to three classes of decays recovered for multiple-
tryptophan proteins, will most likely prove to be the result
of a superposition of the multiple decay rates of the
individual tryptophan residues. It is important to note
that the recovered parameters are independent of the data
acquisition method (single photon counting or frequency
domain) and of the method of data analysis (global
nonlinear least-squares or maximum entropy). When
studying such complex systems, it becomes apparent that
one must obtain data along as many different experimen-
tal axes as possible. At the very minimum, multiple
excitation/emission wavelengths need to be explored.
Superimposed on this mimimal data set, additional axes
such as multiple quenchers, multiple ligands, multiple
temperatures (viscosities), etc., should be examined. Even
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using such approaches, the rigorous resolution of the
fluorescence decays of each tryptophan examining only
wild-type multi-tryptophan-containing proteins will not
necessarily be possible with the current fluorescence
instrumentation and analysis techniques.

The rotational properties of the tryptophan residues in
the lac repressor were found to be very similar. They both
exhibited a small and rapid rotation in addition to
depolarization due to the rotational diffusion of the
macromolecule. Interestingly, we have recovered correla-
tion times for this macromolecular tumbling which are
quite consistent with the known ellipsoidal shape and
dimensions of the /ac tetramer, and the emission dipole of
tryptophan 220 appears to be aligned with the long axis of
the tetramer. The analysis would not have been so
straightforward, however, had the degree of depolariza-
tion due to local rotations been greater or more complex
for either of the two residues. In this latter case, accurate
recovery of multiple rotational parameters would have
undoubtedly proven less feasible.

The three major fluorescence signals, lifetime, energy,
and anisotropy, of the two-tryptophan residues in the lac
repressor have been characterized. In this case it appears
that the energy of the emission corresponds reasonably
well with the lifetime. The longer lifetime allows for a
greater degree of solvent relaxation. Thus, the 9-10-ns
component is red shifted with respect to the 5—6-ns
component, which is itself red shifted with respect to the
very fast decay rates. Protein structure, which determines

the extent of exposure to the solvent, also plays an
important role in determining the energy of emission.
Thus, although the binding of inducer leads to a decrease
in the lifetime of the 9-ns component to 7.4 ns (perhaps
due to quenching by the sulfur of the sugar), the blue shift
in the spectrum (~500 cm~') is much larger than war-
ranted by the change in lifetime, indicating shielding of
the tryptophan 220 upon ligand binding. The 30-fold
decrease in inducer affinity in the W220Y mutant which
has tyrosine in place of tryptophan 220 also indicates that
this tryptophan may reside in the inducer binding site
cleft and directly interact with the inducer (Gardner,
J. A,, and K. S. Matthews, manuscript in preparation).
Comparison of the lac sequence with that of the galactose-
binding protein (GBP) sugar-binding site demonstrates
tryptophan in homologous positions in the two proteins
(47) (Gardner, J. A., and K. S. Matthews, manuscript in
preparation). In GBP, this tryptophan forms part of a
sandwich for the sugar ligand (47). The environment of
tryptophan 220 appears to be very different than that of
tryptophan 201, in terms of lifetime, emission energy, and
sensitivity of the emission energy to ligation. This appar-
ent difference in energies and decay rates, however, is not
correlated with any major differences in the rotational
behavior. Both are rather rigidly held in the protein
matrix, exhibiting very small and rapid depolarizations in
addition to the depolarization due to the asymmetric
global tumbling of the macromolecule. From these data,
it does not appear that the rotational flexibility of the
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FIGURE 13 Schematic representation of the effect of ligation by saturating inducer, IPTG, and saturating 40-base pair operator on the decay
parameters for the wild-type lac repressor and the two mutant proteins, W220Y and W201Y.
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residues can be invoked as giving rise to their heteroge-
neous decay. It is also of interest that while the effects of
ligation on the emission energy are very different for the
two-tryptophan residues, they are very similar for the
decay rates. This peculiar similarity in the effect of
ligation on the decay rates is quite clear from examination
of the diagram in Fig. 13. In all three cases, inducer
binding had a larger effect on the long component(s) (an
~20% decrease), whereas operator binding resulted prima-
rily in further quenching of the fast decay rates. Results
such as these suggest that certain global properties of the
protein’s structure such as potential contours, helix dipole
orientations, and charge distributions may be important
in determining the observed decay of fluorescence. The
state of ligation by the two antagonistic ligands could
drive the equilibria between different conformations in
which one or more of these general structural aspects is
altered, giving rise to similar ligation effects on the decay
kinetics for both tryptophan residues, which are only
separated by amino acid-19 residues. Thus, the lifetime
response of the two-tryptophan residues to ligation by the
functionally important molecules of the lac repressor has
been determined. To further clarify the relationships
between fluoresence signals and function (which in this
case is the state of ligation of the protein) the decay-
associated spectra for the wild-type and the two single-
tryptophan mutants is currently being undertaken as a
function of ligation state. In addition, the effect of ligation
on the rotational properties of the two-tryptophan resi-
dues is also being explored.

Clearly, the basis for multiple or distributed fluores-
cence decay rates in the asymmetric and heterogeneous
environment of the protein matrix is not known. Differen-
tiation of the decays using multiple data axes (i.e.,
temperature, pressure, ligands, and quenchers) will aid in
sorting out the correlations between the various fluores-
cence parameters. We expect that site-directed mutagen-
esis will play an increasingly important role as the goal of
these studies tends toward a more and more detailed
understanding of the relations between structure, dynam-
ics, function, and time-resolved fluorescence signals in
biological molecules.
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