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ABSTRACT: The unfolding properties of the trp repressor of Escherichia coli have been studied using a 
number of different time-resolved and steady-state fluorescence approaches. Denaturation by urea was 
monitored by the average fluorescence emission energy of the intrinsic tryptophan residues of the repressor. 
These data were consistent with a two-state transition from dimer to unfolded monomer with a free energy 
of unfolding of 19.2 kcal/mol. The frequency response profiles of the fluorescence emission brought to light 
subtle urea-induced modifications of the intrinsic tryptophan decay parameters both preceding and following 
the main unfolding transition. The increase in lifetime induced by urea required higher concentrations of 
urea than the increase in the total intensity described by Gittelman and Matthews [(1990) Biochemistry 
29, 701 11. This indicates that the intensity increase has both dynamic and static origins. To assess the 
effect of tryptophan binding upon repressor stability, and to determine whether repressor oligomerization 
would be detectable in an unfolding experiment, we examined denaturation profiles of repressor labeled 
with the long-lived fluorescence probe 5-(dimethy1amino)naphthalene- l-sulfonyl (DNS), by monitoring 
the average rotational correlation time of the probe. These experiments revealed a protein concentration 
dependent transition at  low urea concentrations. This transition was promoted by tryptophan binding. We 
ascribe this transition to urea-induced dissociation of repressor tetramers. The main unfolding transition 
of the dimer to unfolded monomer was also observable using this technique, and the free energies associated 
with this transition were 18.3 kcal/mol in the absence of tryptophan and 24.1 kcal/mol in its presence, 
demonstrating that co-repressor binding stabilizes the repressor dimer against denaturation. In summary, 
the unfolding of the repressor dimer is largely a two-state phenomenon, although it is preceded by the 
dissociation of repressor tetramers, and may also involve a continual effect of urea on the denatured state. 

The trp repressor of Escherichia coli (TR)' is a regulatory 
protein involved in modulating the transcriptional levels of 
the genes whose products are responsible for tryptophan bio- 
synthesis. In the presenceof external tryptophan, the bacteria 
have no need to synthesize these proteins, and thus, the trp 
repressor, when bound by tryptophan, occupies an operator 
sequence within the trp EDCBA promoter region, thereby 
inhibiting the binding of RNA polymerase and repressing 
synthesis of the downstream genes. The specific protein- 
DNA complex has been shown to involve the dimeric tryp- 
tophan-bound form of the 12600 molecular weight trp 
repressor polypeptide (Otwinowski et al., 1988; Carey, 1988). 
However, we have recently demonstrated that this protein 
can exist in a number of oligomeric states depending upon the 
concentration of protein, tryptophan, and DNA (Fernando & 
Royer, 1992). The binding of multiple dimers of trp repressor 
to specific and nonspecific DNA has been observed by other 
investigators (Kumamoto et al., 1987; Carey, 1988; Staake 
et al., 1990). In our previous work, we demonstrated that the 
binding of tryptophan by the repressor leads to the destabi- 
lization of the tetrameric and any higher order oligomeric 
species toward the active, dimeric form of the protein. Because 
the ligand makes contact with each of the two monomeric 
subunits in the dimer (Schevitz et al., 1985), we also expected 
that tryptophan binding would stabilize the dimer with respect 
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to monomeric repressor. From dilution data in our previous 
work, we estimated a monomer-dimer dissociation constant 
for the aporepressor of less than 1 nM. Due to this relatively 
high affinity, we were unable to fully characterize that 
transition thermodynamically, and the technique used, dilution 
profiles of the protein's intrinsic fluorescence, precluded 
studying the effect of tryptophan upon the monomer-dimer 
equilibrium. 

In order to test whether, in fact, ligation by tryptophan 
stabilizes the interaction between repressor monomers, we 
opted to study the effect of tryptophan binding on the 
denaturation profiles of the repressor. As in our previous 
dilution studies, the protein was covalently modified by a 
fluorescent dye whose absorption and emission spectra are of 
much lower energy than those of the intrinsic protein 
fluorescence and the tryptophan ligand. The dye 5-(dimeth- 
y1amino)naphthalene- 1 -sulfonyl chloride (DNS) has an ab- 
sorption maximum near 350 nm and an emission maximum 
near 500 nm. In this manner, denaturation profiles of the 
repressor in the absence and presence of tryptophan were 
generated by measuring the anisotropy and lifetime of 
fluorescence of the DNS label as a function of urea concen- 
tration. These values allow for the calculation of the average 
rotational correlation time of the probe, which is a result of 
depolarization by both the global tumbling of the macro- 
molecule and the local motions of the DNS probe. As the 
protein oligomer dissociates and unfolds, the correlation time 
is expected to decrease due to the decrease in size of the 
macromolecule upon dissociation as well as the increased 
flexibility of the DNS probe in the unfolded state. 

Lane and Jardetsky (1987) and Gittelman and Matthews 
(1 990) used the intrinsic tryptophan emission, among other 
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techniques, to monitor trp repressor unfolding. The first group, 
by differentiating between the red and the blue edge of the 
emission spectrum using iodide quenching as a function of 
urea concentration, concluded that the transition from folded 
to unfolded protein involved intermediate species at equilib- 
rium. On the other hand, the second group, monitoring the 
intensity above 325 nm, concluded that the transition was 
two-state. Neither group saw evidence for higher order oli- 
gomers of the repressor, although they worked at concen- 
trations where these species are significantly populated. In 
our previous study on the oligomerization properties of the 
repressor, we demonstrated that the intrinsic tryptophan 
emission intensity and energy were insensitive to the formation 
of the higher order oligomers. Since the anisotropy of the 
fluorescence of the DNS label is quite sensitive to the size of 
the protein, whereas the tryptophan emission intensity is not, 
we expected that the DNS label would be a better reporter 
than the intrinsic tryptophan emission as to whether the 
transition from tetramer to unfolded monomer would be 
concerted, or whether the dimeric intermediate would be 
observed. 

In addition to monitoring the fluorescence properties of the 
DNS-labeled repressor, we have also undertaken the study of 
the steady-state emission energy and the nanosecond decay 
of the intrinsic tryptophan fluorescence in an attempt to observe 
and characterize any intermediates, such as those reported by 
Lane and Jardetsky (1987). To this end, the lifetimes of the 
intrinsic tryptophan residues (W19 and W99) were studied 
at multiple emission wavelengths and urea concentrations. 
W19, on the amino-terminal part of the protein in helix A, 
is found at the interface between the two monomeric subunits, 
whereas W99, on the carboxy-terminal F helix, is more exposed 
to solvent (Zhang et al., 1987). This section of the F helix 
is positioned on top of the central core of the protein made 
up of interlocking ABC helices from both subunits. One would 
expect then that in the native protein, the emission spectrum 
of W99 would be red-shifted, due to greater exposure to solvent, 
with respect to the emission of W19, which is buried at the 
subunit interface. In our previous work, we demonstrated 
that they could be partially resolved by a multiwavelength 
time-resolved study of the fluorescence quenching by potassium 
iodide. We ascribed a blue, 34-ns  lifetime component to 
emission from W19 and a red, short component (near 0.5 ns) 
to emission from W99. An intermediate lifetime component 
appeared to account for emission heterogeneity from both 
residues. Carey and co-workers (personal communication) 
using chymotryptic fragments of the protein containing either 
the ABC helix sequences or the DEF sequences demonstrated 
that the ABC fragment folds into a stable dimer and that it 
exhibits approximately 90% of the fluorescence intensity of 
the native protein. The unfolded DEF fragment has a spectrum 
quite similar to the unfolded native protein, in emission 
maximum, but exhibits a higher total intensity. With this 
partial discrimination of the two tryptophan residues, we 
reasoned that if intermediates are involved in the equilibrium 
unfolding of the protein, the denaturation profiles which would 
be generated if one could observe separately the emission 
parameters (intensity, color, lifetime) of these tryptophan 
residues may not be identical. Although the complete 
separation of the emission of the two residues is only possible 
using single-tryptophan mutants of the repressor, the time 
resolution of the emission as a function of wavelength and 
urea concentration might allow for the discrimination of the 
unfolding of the central core (W19) as opposed to the outer 
surface (W99) of the protein. 

Fernando and Royer 

MATERIALS AND METHODS 

Protein Purification. Trp repressor either was a gift from 
Dr. K. S. Matthews or was purified in our laboratory. In 
either case, it was purified from the overproducing strain 
CY 1507 1 and transformed with the PJPR2 plasmid containing 
the gene for the repressor. The protein was purified following 
the procedures described by Paluh and Yanofsky (1986), with 
modifications as described by He and Matthews (1989). The 
repressor preparations were tested for operator DNA binding 
following the method described by Carey (1988) using a 40 
base pair oligonucleotide containing the trp EDCBA operator 
sequence described by Chou et al. (1 990) and were found to 
bind with a & of 0.5 nM. The purity of the samples as assessed 
by silver stain of SDS-PAGE was greater than 95%. 

DNS Labeling. Trp repressor solutions (1 mL) at con- 
centrations of 3-18 mg/mL were dialyzed against 1 L of 240 
mM potassium phosphate buffer at pH 8 for 3 h at 4 OC. 
After dialysis, 10-20 pL of a 0.02 M solution of dansyl chloride 
[ 5-(dimethy1amino)naphthalene- 1 -sulfonyl chloride] pur- 
chased from Molecular Probes (Eugene, OR) was added, and 
the labeling reaction was allowed to proceed for approximately 
10 min. The solution was then applied to a Sephadex G-25 
superfine desalting column, and the labeled protein was 
recuperated in the void volume. This solution was then 
dialyzed against 10 mM phosphate, pH 7.6, for 24 h before 
experiments were carried out. The concentration of dye was 
calculated from the absorption at 350 nm assuming an 
extinction coefficient of 4500 cm-I M-l. That of the protein 
was calculated by the method of Jameson (1975). Labeling 
ratios were typically between 0.5 and 1 mol of dye per/mol 
of dimer. Urea was Ultrapure purchased from ICN Bio- 
medicals (Costa Mesa, CA). 

Steady-State Fluorescence Measurements. Steady-state 
anisotropy measurements of the DNS-labeled repressor were 
carried out exciting at 340 nm and monitoring the emission 
at 500 nm with a monochromator in place using a bandwidth 
of 16 nm, or with no monochromator but a cuton emission 
filter, Y460 (Hoya Optics, Sunnyvale, CA). The anisotropy, 
A, was calculated from the parallel and perpendicular emission 
components as 

A = (111 - 1J/(111 + 21,) (1) 
Measurements were averaged until the error was f0.004. 
Steady-state emission spectra of the intrinsic tryptophan 
fluorescence were acquired with an excitation wavelength of 
295 nm, and the emission was scanned from 3 10 to 450 nm 
with an 8-nm band-pass in both excitation and emission. All 
measuements were performed on either an ISS Greg PC or 
an ISS KOALA (ISS, Inc., Urbana, IL). The average 
emission energy, ig, was calculated using the ISS spectral 
software as 

where vi is the emission energy in wavenumbers and Fi is the 
corresponding intensity. All spectra were corrected for the 
background fluorescence of urea containing buffer at the same 
concentration as the sample. 

Time-Resolved Fluorescence Measurements. The fluo- 
rescence lifetimes of the intrinsic tryptophan emission were 
measured using the cavity-dumped frequency-doubled output 
of an R6G dye laser 700 series pumped with the mode-locked 
frequency-doubled output of an Antares Nd-YAG laser (all 
components from Coherent Corp., Palo Alto, CA). Data 
collection was in the frequency domain using an ISS KOALA 
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and frequency domain electronics. Frequency response curves 
were analyzed for lifetime and preexponential values with the 
global analysis software Globals Unlimited (LFD, Urbana, 
IL) which is described in detail elsewhere (Beechem et al., 
1992). 

Lifetimes of the DNS label were obtained using theacousto- 
optically modulated 325-nm line of a CW helium neon laser 
from Liconix, Inc., as described by Piston et al. (1990). 
Average lifetime values were calculated as the weighted 
average of the recovered components using the recovered 
fractional intensity values. These were used with the steady- 
state anisotropy values to calculate an average rotational 
correlation time, T ~ ,  as follows: 

(3) Ao/A - 1 = ( T ) / ( T c )  

Unfolding Data Analysis. The unfolding profiles obtained 
using either intrinsic tryptophan emission energy or DNS an- 
isotropy values were directly fit using a nonlinear least-squares 
analysis routine derived from the global analysis binding 
software described by Royer et al. (1990) assuming a two- 
state transition from dimer to unfolded monomer. The 
experimental observable (either T ~ ,  correlation time, or ig, 
emission energy) was mapped directly to the fraction of 
unfolded monomer, assuming that this species was 100% 
populated at the high urea concentration plateau and 0% 
populated in the absence of urea. The plateau values of the 
observables were variable parameters in the fits. The data 
were fit in terms of the free energy of thedissociation/unfolding 
transition and its cooperativity. The free energy of unfolding 
is taken to vary linearly with the concentration of urea (Pace, 
1986), with an intercept corresponding to the free energy of 
unfolding in the absence of urea and a slope which is de- 
pendent upon the degree of cooperativity of the unfolding 
transition: 

AGi = AGO + A[urea] (4) 

where AGj, the free energy of unfolding at each urea 
concentration, is calculated from the equilibrium constant, 
Kj, at that same concentration as 

AGi = -RT In Ki ( 5 )  
A11 free energies are reported in units of kilocalories per mole. 

RESULTS 

Intrinsic Tryptophan Fluorescence Denaturation Profiles. 
The intrinsic tryptophan emission of the trp repressor arises 
from residues 19 and 99. From time-resolved fluorescence 
iodide quenching data (Fernando & Royer, 1992), we have 
proposed that in the native protein, the emission arises 
predominantly from W19, which is buried at the interface 
between the two monomeric subunits. Carey (personal 
communication) has shown that the fragment of the protein 
containing the ABC helices (and thus W19), which forms a 
folded dimeric structure in solution, exhibits a fluorescence 
signal quite similar in total intensity and energy to the wild- 
type protein. Lane and Jardetsky (1 987) and Gittelman and 
Matthews (1990) report an increase in the intrinsic fluores- 
cence intensity of the repressor as the concentration of urea 
is increased. We too have observed an increase in the steady- 
state fluorescence intensity as a function of urea concentration. 
The steady-state emission spectra of 2 pM trp repressor dimer 
between 0 and 9 M urea are shown in Figure 1 a. The spectrum 
of the native protein is rather blue. As the concentration of 
urea is increased, the emission maximum shifts to the red. In 
addition, the total intensity of the spectrum increases. In 
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FIGURE 1: (A) Emission spectra of trp repressor between 0 and 9 
M urea. Spectra are corrected for background fluorescence from 
the buffer or urea. (B) Average emission energy of the spectra in 
(A) plotted as a function of the urea concentration (A), 2 p M  in 
dimer, and also data collected for (0) 5 pM and (0) 0.5 pM in 
dimer. Data sets were analyzed globally, linking the free energy of 
denaturation across the three data sets. The global x2 value was 
0.92. 

other words, there is a loss of intensity on the blue edge of the 
spectrum, which is recovered on the red edge, but also the 
intensity on the red edge increases beyond the peak value of 
the native spectrum. We interpret these changes in terms of 
both a shift to the red of tryptophan-1 9 as the interface between 
the monomeric subunits is disrupted and also an increase in 
the fluorescence of tryptophan-99 as the quenching is lifted 
by the loss of the secondary structure in the DEF helices. The 
average emission energy of each spectrum was calculated as 
described under Materials and Methods. This quantity is an 
integral quantity and is much less subject to random noise 
than the value of the emission maximum. The plot of the 
average emission energy as a function of urea concentration 
for three concentrations of repressor expressed in terms of 
dimer can be found in Figure 1 B. These data were fit globally 
to a dimer to unfolded monomer model as described under 
Materials and Methods, linking the free energy value across 
data sets. The emission energy served as the experimental 
observable used to calculate the apparent fraction unfolded. 
The free energy of unfolding from dimer to unfolded monomer 
recovered from the fit was 19.2 kcal/mol, which is slightly 
lower than the free energy reported by Gittelman and Mat- 
thews (1990), 22 kcal/mol. The global x2 value for the fit 
was 0.93. Rigorous confidence limit testing revealed a well- 
defined x2 minimum, with the 67% confidence limit corre- 
sponding to + 1.2/-0.9 kcal/mol. The midpoint of the curve 
for 2 pM was near 5.5 M urea. A summary of the results can 
be found in Table I. 

The denaturation profile obtained from the emission energy 
was apparently reflecting very clear-cut two-state unfolding 
behavior. The total intensity, however, showed more complex 
patterns. Although above 7 M urea the intrinsicenergy (color) 
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Table I: Results of Analysis of trp Repressor Denaturation Profiles" 
sample observable AGO (kcal/mol) slope x2 

TR *, 19.2f 1.1 2.12 0.92 
TR-DNS Tf 18.3 f 1.5 1.94 1.86 
TR-DNS + W 7 C  24.1 f 2.6 2.65 1.80 

~~ ~ _ _ _ ~  

Analysis was carried out in terms of a dimer to unfolded monomer 
model. 
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FIGURE 2: Frequency response curves of trp repressor (10 p M  in 
dimer) at (A) 0.0, (B) 1.8, and (C) 7.3 M urea. Excitation was at 
295 nm and emission was monitored at 320 [(+) phase, (X) 
modulation], 350 [(a) phase, (0) modulation], and 380 [(A) phase, 
(A) modulation] nm. 

of the emission spectrum exhibits no further changes (Figure 
1 B), the value of the total intensity continues to rise (Figure 
1A). This phenomenon was also observed and reported by 
Gittelman and Matthews (1990), whose intensity measure- 
ments exhibited two slopes, one in the area of the main 
unfolding transition and a second increase with a larger slope 
at higher urea concentrations. In order to better understand 
these changes in intensity, we performed fluorescence lifetime 
measurements as a function of urea concentration for the 
aporepressor at a concentration of 10 pM in dimer. The 
frequency response curves at 320, 350, and 380 nm were 
measured at nine urea concentrations. Those at 0, 1.8, and 
7.3 M are shown in Figure 2A-C. From the raw data, it can 
be seen that between 0 and 1.8 M urea, the heterogeneity in 
theemission between the three wavelengths decreases slightly, 
indicating some type of structural rearrangement is occurring 
at low urea concentrations, although the changes in tryp- 
tophan emission are quite subtle. Above 1.8 M urea, there 
is a continual increase in the intrinsic fluorescence lifetime, 
as evidenced by the gradual shift to lower frequency of the 
frequency response curves, as well as a large increase in the 
heterogeneity. The data could be analyzed in terms of a triple- 
exponential decay or a combination of a distribution of lifetimes 
and a single decay near 500 ps. Regardless of the analysis 
scheme, x2  values were comparable. The increase in the 
lifetime on the red edge of the spectrum as a function of urea 
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FIGURE 3: Lifetime distribution profiles recovered from analysis of 
the data obtained at 350 nm in Figure 2. Plots are as follows: (A) 
0.0, (B) 1.8, and (C) 7.3 M urea. The global x2 values for these 
analysis were between 0.5 and 2.1. No improvement in x2 was 
obtained when the data were analyzed as a triple-exponential decay, 
rather than a single exponential and a distributed component. 
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FIGURE 4: Center of the distributions of lifetimes obtained from 
analysis of the data at 320 (O), 350 (+), and 380 (a) nm plotted as 
a function of urea concentration. 

concentration was twice as large as that on the blue edge of 
the spectrum. 

When the analysis is carried out in terms of a distribution 
of lifetimes and a 500-ps discreet component, the changes in 
the lifetime heterogeneity and the average lifetime value are 
most easily appreciated. The recovered lifetime distributions 
obtained from the analysis of the data taken at 350 nm in 
emission at 0,1.8, and 7.3 M urea are plotted in Figure 3A-C. 
The decrease in the heterogeneity of emission at low urea 
concentrations is evidenced by the decrease in the width of the 
distribution. At higher urea concentrations, as the protein 
undergoes the main unfolding transition the width of the 
distribution again increases, and its center shifts to higher 
lifetime values. In Figure 4 are plotted the lifetime values of 
the center of the distribution at 320, 350, and 380 nm as a 
function of urea concentration. The solution was 20 p M  in 
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repressor monomer. Gittelman and Matthews (1990) dem- 
onstrated by circular dichroism that the midpoint of the main 
unfolding transition is near 5.7-5.8 M urea for 19.4 pM 
repressor and that the transition is complete by 6.5 M urea 
for that concentration. They also demonstrated that the 
unfolding monitored by the fluorescence intensity and that 
monitored by CD were superimposable if one corrected the 
fluorescence plots for the slopes preceding and following the 
main transition. In contrast to the emission energy profile 
(Figure lB), the midpoints of the plots of lifetime vs [urea] 
at all three emission wavelengths are shifted to higher urea 
concentrations, and the transitions are apparently not complete 
by 6.5 M urea. These lifetimes results indicate, first of all, 
that the increase in the total fluorescence intensity observed 
by Gittelman and Matthews (1990) is at least in part due to 
a lifting of the dynamic quenching of fluorescence at high 
urea concentrations. Second, the fact that the total intensity 
and lifetime profiles are not superimposable in this system 
indicates that the changes in intensity observed upon unfolding 
have both static and dynamic origins. The red shift in emission 
corresponds well to the main unfolding transition and most 
likely arises from both an increase in intensity of Trp-99 and 
the red shift of Trp-19 upon unfolding. We interpret the 
continued increase in intensity and lifetime beyond 6.5 M 
urea as an effect of high concentrations of urea on the local 
environment of either one or both of the tryptophan residues, 
as well as a direct effect of urea on the fluorophore intensity 
(approximately 4%/ M). 

TR-DNS Denaturation Profiles. The intrinsic tryptophan 
emission energy profiles were more consistent than the intensity 
data of Gittelman and Matthews (1990) with a relatively 
concerted two-state dimer to unfolded monomer transition, 
although the lifetime profiles were more complex. We have 
previously demonstrated that in the absence of any salt, even 
at concentrations as low as 2 pM in dimer, nonnegligible 
amounts of repressor tetramer are present in solution (Feman- 
do & Royer, 1992). While no change in the steady-state 
fluorescence profiles was apparent which could arise from 
tetramer dissociation, lifetime measurements had brought to 
light very subtle, but measurable, changes in the decay 
properties of the tryptophan emission at low urea concen- 
trations. In order to determine if protein oligomer dissociation 
preceded the main dimer to unfolded monomer transition, 
anisotropy denaturation profiles using a DNS-labeled repressor 
were carried out. Due to the red-shifted absorption and 
emission properties of the DNS probe with respect to tryp- 
tophan, these experiments also allowed us to monitor the effect 
of co-repressor binding on the stability of the repressor. The 
fluorescence anisotropy of DNS-labeled trp repressor (TR- 
DNS) at a concentration of 2 pM in repressor dimer was 
measured as a function of increasing urea concentration in 
the absence and in the presence of 0.4 mM tryptophan. These 
plots are shown in Figure 5. The anisotropy denaturation 
profile for the repressor in the absence of tryptophan shows 
a single transition to lower anisotropy with a midpoint near 
6.2 M urea. The profile observed in the presence of tryp- 
tophan is biphasic, with one transition between 0 and 2.5 M 
urea and the second with a midpoint near 6.5 M urea. The 
anisotropy values in the absence of any urea for the TR-DNS 
samples in the absence and in the presence of tryptophan are 
quite similar to those observed at the same concentration in 
our previous dilution studies. The higher values in the absence 
of tryptophan are due to the greater percentage of repressor 
tetramer when no co-repressor is present (Fernando & Royer, 
1992). 
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FIGURE 5:  Fluorescence anisotropy profiles as a function of urea 
concentration for DNS-labeled trp repressor at 2 pM in dimer in the 
absence (0) and in the presence (0) of 0.4 mM L-tryptophan. DNS 
excitation was at 340 nm, and emission was monitored with the mono- 
chromator set at 500 nm. The bandwidth was 16 nm in both excitation 
and emission. 

Changes in lifetime values upon denaturation can give rise 
to observed changes in anisotropy which are not due to any 
modification of the rotational properties of the probe or protein. 
For this reason, fluorescence lifetimes for the TR-DNS 
preparations at 2 pM were also measured as a function of 
[urea] both in the absence and in the presence of tryptophan. 
The data were analyzed in terms of a set of three fluorescence 
lifetimes in each case. For each preparation (&tryptophan), 
the fluorescence lifetime values were linked across urea 
concentrations, while the fractional contribution of each 
lifetime species was allowed to vary between data sets. This 
analysis is similar to the analysis schemes used for a number 
of DNS-labeled proteins (Royer et al., 1989, 1990; Guest et 
al., 1991; Royer & Fernando, 1992). In all cases, the decay 
fits best to a triple-exponential decay, and in general, these 
values can be linked across perturbant data sets (salt, pressure, 
protein concentration, urea) while the preexponential factors 
are allowed to vary. The complex decay of DNS is related 
to the exposure to solvent (Royer et al., 1989; Lambooy et al., 
1982; Guest et al., 1991). The greater the solvent exposure, 
the shorter the lifetime and the lower the emission energy. 
The heterogeneity of the decay in the native protein is assumed 
to have a dynamic structural origin, resulting in subpopula- 
tions of the label on the protein with differing solvent exposure. 
The fractional intensities for each lifetime component at each 
urea concentration are plotted in Figure 6A and 6B, respec- 
tively, in the absence and in the presence of tryptophan. It can 
be seen from the plots in Figure 6 that there is a significant 
decrease in the DNS lifetime between 0 and 4 M urea in the 
absence of tryptophan but that there is almost no change in 
the presence of tryptophan over this urea concentration range. 
Both solutions exhibit a significant decrease in lifetime between 
4.5 and 8 M urea, although the change is largest in the absence 
of tryptophan. 

Since changes in the value of the lifetime of the DNS label 
( 7 )  can influence the observed anisotropy profile, the average 
correlation time ( T ~ ) ,  which is related to the anisotropy (A) 
as described under Materials and Methods, gives a better 
measure of changes in the rotational properties of the probe 
on the protein than the raw anisotropy values and was 
calculated using eq 3 as described under Materials and 
Methods. The loss of anisotropy from the limiting value for 
the probe (Ao) through rotational motion during the excited- 
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FIGURE 6: Results of lifetime experiments of DNS-labeled trp 
repressor at a dimer concentration of 2 pM as a function of urea 
concentration. Phase and modulation frequency response curves were 
obtained at 0, 4.0, 4.5, and 8 M urea. Plots of the fractional 
contribution to the intensity of each of the recovered lifetime 
components as a function of urea concentration are shown (A) in the 
absence of tryptophan and (B) in the presence of 0.4 mM tryp- 
tophan. The data were analyzed globally in terms of a consistent set 
of decay rates among all four data sets (plus or minus tryptophan), 
and the fractional contribution of each was allowed to vary. The 
global x2 values for these analyses were 2.9 and 3.2, respectively, in 
the absence and in the presence of tryptophan. 

state lifetime is related to the tumbling of the macromolecule 
and the local rotational motion of the probe, while the ability 
to observe the anisotropy decrease is dependent on the length 
of time the fluorophore remains in the excited state. Since 
the DNS lifetime and intensity changes occurred over the 
same range, the values of the average lifetime at all the 
concentrations where anisotropy was measured were estimated 
from the total measured intensity at each urea concentration 
and the average lifetime in the absence of urea. This average 
lifetime value in the absence of urea was taken to be the 
weighted sum of each of the components recovered from the 
analysis. These calculated values of average fluorescence 
lifetimevs [urea] were then used with the values of anisotropy 
as described under Materials and Methods to calculate the 
change in the average rotational correlation time as a function 
of urea concentration. 

The results of this calculation are shown in Figure 7A. It 
is clear from these plots that both in the absence and in the 
presence of tryptophan, the urea denaturation profiles are 
biphasic. The decrease in the fluorescence lifetime at low 
urea concentration in the absence of tryptophan masks the 
changes in rotational properties between 0 and 4 M urea when 
only the anisotropy is considered. However, in the plot of the 
rotational correlation time, the decrease in the correlation 
time at low urea concentrations is seen. We interpret the low 
urea transition as arising from the dissociation of the residual 
repressor tetramers which are present at this concentration. 
In the presence of tryptophan, this low urea transition is 
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FIGURE 7: Dependence of the average correlation time of the DNS- 
labeled repressor as a function of urea concentration (A) Plots of 
average correlation time vs [urea] in the absence (0) and in the 
presence (0) of 0.4 mM L-tryptophan. (B) To highlight the effect 
of tryptophan on the main unfolding transition, the average rotational 
correlation times of the DNS-labeled repressor in the absence (0) 
and in the presence (0) of tryptophan are plotted to scale. Data are 
from the main transition in (A) while the lines correspond to the fit 
calculated from the nonlinear least-squares analysis of the data. The 
x 2  values for the two fits were 1.86 and 1.80, respectively, in the 
absence and in the presence of tryptophan. 

complete by 2.5 M urea, whereas in the absenceof co-repressor, 
the transition is more gradual and slightly overlaps with the 
main unfolding transition. This is consistent with the 
destabilization of repressor tetramers by tryptophan binding 
which we have previously reported (Femando & Royer, 1992). 
Since the changes in local fluorophore motions upon tetramer 
dissociation are larger in the presence of co-repressor than in 
its absence, the value of the average rotational correlation 
time which corresponds to dimeric repressor is quite low in 
the presence of tryptophan. We have found the low urea 
transition to be sensitive to protein concentration, which 
supports the interpretation that this transition is due to tet- 
ramer dissociation. Plots of the correlation times of the DNS- 
labeled repressor in the absence and presence of tryptophan 
and at two protein concentrations each between 0 and 4 M 
urea are shown in Figure 8. At this salt concentration (10 
mM), the repressor tetramer is destabilized with respect to 
the profiles in Figure 7 which were carried out in the absence 
of salt. For this reason, the low urea transition observed in 
the presence of tryptophan is complete by 2 M urea at 6.8 p M  
in DNS-labeled repressor, and there is almost no tetramer 
present in the presence of tryptophan at 1 pM in protein 
resulting in no detectable change in the correlation time with 
increasing urea concentration at this lower concentration. In 
the absence of tryptophan, the decrease in correlation time 
occurs across the entire range studied, and the curve is shifted 
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FIGURE 8: Concentration dependence of the low urea transition 
observed in the profiles of the average correlation times of the DNS- 
labeled repressor. (A) In the absence of tryptophan at 10 pM ( 0 )  
and 1 .O pM (+) in DNS-labeled repressor dimer. (B) In the presence 
of 0.4 mM tryptophan at 6.8 pM (0) and 1.0 pM (0) in repressor 
dimer. Lines drawn through the data points are simply for clarity 
and do not represent any fit of the data. 

to lower values of correlation time upon dilution from 10 to 
1 pM in repressor due to a decrease in the amount of tet- 
ramer. A s  seen in Figure 7B, the midpoint of the main 
unfolding transition is found near 5.5 M urea in the absence 
of tryptophan and near 6.5 M urea in the presence of the 
co-repressor. In order to calculate the free energy of 
stabilization due to the presence of tryptophan, we fit the 
portions of the two curves in Figure 7 A  which corresponded 
to the main unfolding transition as described under Materials 
and Methods. In the absence of tryptophan, the low urea 
transition overlaps the main transition to some extent, but the 
transition beyond 4 M urea is fairly sharp. The use of part 
of the rotational correlation time profile obtained in the absence 
of co-repressor in order to fit the dimer to unfold monomer 
transition is justified by the fact that the DNS correlation 
time and the intrinsic tryptophan denaturation profiles are 
quite comparable in the range of the main transition. In Figure 
7B, the DNS rotational correlation time data in the absence 
and presence of co-repressor are plotted along with the results 
of a nonlinear least-squares analysis of the data as described 
under Materials and Methods. It is evident from these data 
that the binding of tryptophan stabilizes the repressor against 
the main denaturation transition. This analysis yields a free 
energy of unfolding for the DNS-labeled aporepressor of 18.3 
kcal/mol and 24.1 kcal/mol for the holorepressor. There is 
thus an apparent stabilization of 5.7 kcal/mol of the repressor 
dimer upon addition of 0.4 mM co-repressor. The results of 
these fits are summarized in Table I. 

DISCUSSION 

In the present studies, we have used fluorescence polarization 
to bring to light the urea-induced dissociation of oligomers of 
the trp repressor. None of the techniques used previously for 
trp repressor denaturation were sensitive to the dimer-tet- 
ramer equilibrium, and thus this transition was not resolved 
specifically, although the changes in NMR signals observed 
by Lane and Jardetsky (1987) at obviously very high 
concentrations may reflect oligomer dissociation. Since oli- 
gomer dissociation is essentially complete by 4 M urea, even 
in the absence of co-repressor, and since the intrinsic tryp- 
tophan intensity is insensitive to this transition, the CD, 
difference absorption, and fluorescence intensity data by Git- 
telman and Matthews (1990) as well as our own emission 
energy data are quite consistent with a simple dimer to unfolded 
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FIGURE 9: Simulations of 2.5 pM trp repressor dimer unfolding by 
urea in the presence of varying concentrations of tryptophan. (A) 
The free energy diagram used in the simulations. M is unliganded 
monomer, W is tryptophan, M2 is unliganded dimer, M2W is once- 
liganded dimer, and M2W2 is twice-liganded dimer. (B) Results of 
the simulations with 4 pM (a), 4 pM (+), 40 pM (m) 400 rM (A), 
and 4 mM (0) tryptophan. The degree of unfolding is presented as 
the concentration of unfolded, unliganded monomer. 
monomer transition. The midpoints of the transitions which 
we observe are quite close to those reported by Gittelman and 
Matthews, although the extrapolated free energies are some- 
what different. We find a free energy of 19.2 kcal/mol, 
compared to 22.4 kcal/mol reported by Gittelman and Mat- 
thews. However, given that the linearity assumption is merely 
an approximation and that even if correct the error on these 
determinations is between 1 and 2 kcal/mol, the agreement 
is quite reasonable. We have also determined that the addition 
of 0.4 mM in tryptophan results in an apparent stabilization 
of the dimer against denaturation of approximately 5.7 kcal/ 
mol. As in the case of simple dimer dissociation, the degree 
of stabilization depends upon the absolute concentration of 
the stabilizing ligand. If we assume that either in the absence 
or in the presence of tryptophan the unfolding transition is 
concerted, then the relative chemical potentials of all of the 
possible species should vary in the same manner with the 
concentration of urea; that is, they should exhibit the same 
slope in eq 4. In order to simulate what effect the varying 
tryptophan concentrations should have upon the main tran- 
sition of the dimer denaturation curve, we have adapted the 
numerically based binding data analysis program of Royer 
and co-workers (Royer et al., 1991) to simulate denaturation 
experiments. The free energies employed in the simulations 
are those given in the diagram given in Figure 9A. The 
transition from unliganded dimer to unfolded monomer was 
taken to be 20 kcal/mol. Given that these simulations were 
run for protein concentrations which are in the micromolar 
range, the existence of folded monomer at 0 M urea was not 
considered, and the only monomeric species assumed to be 
populated was the unfolded form. The free energy of tryp- 
tophan binding was assumed to be 5.5 kcal/mol (Joachimiak 
et al., 1983; Arvidson et al., 1986; Chou et al., 1991; Youd- 
erian, personal communication). A slope of 2.4 was used in 
the simulations for the [urea] dependence of all of the free 
energies. As can be seen from the results of the simulations 
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in Figure 9B, addition of 40 pM tryptophan (near the Kd) 
results in only a very small shift of the denaturation profile 
to higher urea concentrations. However, in the presence of 
0.4 mM tryptophan (the concentration used in our studies), 
the curve is shifted by approximately 0.8 M urea. This 
simulates well the observed effect of tryptophan shown in 
Figure 7B. Addition of 4 mM tryptophan shifts the midpoint 
of the curve even further to near 7.2 M urea. 

It is also worthwhile to consider briefly the energetics of the 
dimer denaturation/dissociation transition in the absence of 
tryptophan, assuming that the extrapolation assumption is a 
reasonable approximation. The total free energy of the 
transition from unliganded dimer to unfolded monomer in the 
absence of tryptophan is approximately 20 kcal/mol. We 
have shown previously that the repressor dimer in the absence 
of tryptophan will dissociate to monomer. We have estimated 
the Kd for this dissociation to be between 0.1 and 1 nM. 
Assuming the lowest value for the Kd, the free energy for 
dimer dissociation is near 14 kcal/mol. This leaves approx- 
imately 3 kcal/mol of stability for each monomer and suggests 
that upon dilution monomeric trp repressor retains a non- 
negligible degree of structural integrity. 

We have demonstrated that upon denaturation by urea, the 
fluorescence lifetime continues to change, as does the intensity 
as reported by Gittelman and Matthews (1990) beyond the 
main structural transition. Given the structure of the repressor 
and the partial resolution of the fluorescence decays of the 
two tryptophan residues, it is not unreasonable to suggest that 
this observed increase in intensity at high urea concentrations 
arises in part from the alleviation of quenching of tryptophan- 
99 in the separated monomers. In the primary sequence, W99 
is preceded by glutamine-98 and arginine-97. Both of these 
groups would be relatively efficient quenchers. The continued 
addition of urea beyond the concentration corresponding to 
the end of the main unfolding transition could reasonably 
lead to further penetration of the urea into the denatured 
monomers, resulting in a further separation of the quenching 
moieties from the W99 and therefore a continual increase in 
its fluorescence intensity. It is unlikely, although not im- 
possible, that these secondary changes are a result of large 
rearrangements in the denatured state. Future studies of the 
denaturation of the single tryptophan mutants of the repressor 
will lead to further insight into the physical basis for the 
observed changes in the fluorescence emission properties upon 
denaturation. 

Monitoring protein denaturation at equilibrium is essential 
for understanding the complex mechanisms of protein folding 
and stability. Clearly, most polypeptides undergo a concerted 
and very large change in their three-dimensional structure 
upon perturbation by heating or addition of chemical dena- 
turants. This large concerted transition has been brought to 
light in a large number of proteins using physical techniques 
which include circular dichroism, fluorescence and NMR, 
among others. In the case of the trp repressor, Gittelman and 
Matthews (1990) demonstratedvery good agreement between 
the transitions observed by CD, fluorescence intensity, and 
difference absorption measurements. Lane and Jardetsky 
(1987), however, demonstrated that different NMR signals 
yielded quite different denaturation profiles. It is important 
when interpreting the effect of a denaturing perturbation upon 
a physical observable to keep in mind theorigin of the particular 
signal being followed. Circular dichroism, since it gives a 
measure of the average amount of secondary structure in the 
protein, is quite suitable for detecting the denaturation 
transition which is responsible for the major loss of structure. 

Fernando and Royer 

The other spectroscopic techniques, UV absorption, fluores- 
cence, and nuclear magnetic resonance, report on changes in 
the local environment around the probe giving rise to a 
particular signal. While the main structural transition will 
likely cause an observable perturbation in these spectroscopic 
parameters, it is also possible that these methodologies will 
report rather large changes that are, in fact, due to rather 
small-scale local rearrangements. 

The instrumentation and analysis methodologies used for 
probing solution structures and dynamics of macromolecules 
are becoming increasingly more sophisticated. This has 
resulted in the ability to at least partiallyresolve heterogeneous 
populations of protein molecules. Clearly, perturbing the 
protein solution with chemical denaturants or temperature 
results in an increase in the heterogeneity of these populations. 
Depending upon the techniques which one employs, different 
aspects and areas of the global structure and dynamics are 
probed, and varying degrees of detail are achieved. Com- 
parisons, therefore, of experimental results obtained with 
multiple techniques should give weight to the nature of the 
physical observables and their probable relation to structure. 
Fluorescence spectroscopic methods, particularly timeresolved 
approaches, for monitoring denaturation processes present 
the advantage of being exquisitely sensitive to changes in the 
structure, dynamics, and polarity of the environment. This 
sensitivity usually gives rise to a very large change in the 
observable fluorescence signal (color intensity, lifetime, 
rotational rate) upon unfolding of the protein. Moreover, 
fluorescence experiments can be carried out over a broad range 
of protein concentrations which coincides well with the 
concentration range for a number of protein-protein inter- 
actions. Additional structural or dynamic rearrangements 
are also often observed, either preceding or following the main 
unfolding transition, particularly if time-resolved experiments 
are performed. The difficulty then lies in the interpretation 
of these secondary changes. In general, they are ignored, and 
the main unfolding parameters are obtained from the fluo- 
rescence data corrected for any secondary effects. Detailed 
investigation of these secondary changes could yield infor- 
mation concerning the structure of the denatured state, the 
nature of intermediates, and the effect of the perturbant upon 
these species. 

It is also worthwhile to point out that each individual protein 
will exhibit a characteristic fluorescence response to unfolding. 
For example, the fluorescence intensity of the trp repressor 
increases considerably upon unfolding, while that of staphy- 
lococcal nuclease becomes quenched by approximately 70% 
(Shortle, 1986). The absolute values of the average lifetimes 
of the fluorophores in the denatured states of these proteins 
are respectively higher and lower than that of N-acetyltryp- 
tophanamide in water. These observations imply that there 
is a distinct structure for each of these proteins in the denatured 
stateand that the tryptophan emission is not that of a random- 
coil, completely solvent-exposed moiety. There are clearly 
subtleties in the detection of folding intermediates as well as 
in assessing their importance in determining protein structure 
and stability. Time-resolved and steady-state fluorescence 
spectroscopy, with its multiple observable parameters, will 
surely yield a great deal of information concerning the existence 
of folding intermediates in a number of protein systems. 
Likewise, consideration of observed fluorescence changes in 
light of the known primary, secondary, and tertiary structures 
for well-studied proteins will likely aid in building a framework 
for the interpretation of the fluorescence properties of less 
well-characterized systems. 
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