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Molten Globule-like Conformation of Barstar: A Study by Fluorescence Dynamics 
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Time-resolved fluorescence intensity and anisotropy decay measurements have been carried out on barstar, the 
inhibitor protein of the bacterial ribonuclease, barnase. The  intrinsic fluorescence of the three tryptophans in 
this protein have been used to  characterize the molten globule-like conformation a t  p H  3 ( A  form) and the native 
conformation a t  p H  7 (N state). The  fluorescence intensity decay could be fitted to  a sum of two exponentials 
with lifetimes of 4.1 and 1.5 ns a t  p H  7 (N state) and three exponentials with lifetimes of 4.9, 1.5, and 0.2 ns 
a t  p H  3 (A form). The emergence of the 0.2-ns component was p H  dependent with a pKof -4.5. Fluorescence 
quenching by iodide has shown that the tryptophan (Trp) residues a re  solvent inaccessible a t  p H  7 and partially 
exposed at p H  3 (A form). Quenching by acrylamide has suggested that the 1.5-ns decay component arises 
from one of the three T r p  residues and the 4.1-11s component arises from the remaining two Trp  residues. Of 
the latter, one is buried and the other is highly accessible to acrylamide. Decay of fluorescence anisotropy has 
shown that  the Trp  residues are  rigidly held and d o  not have any segmental mobility at p H  7.  The A form 
is characterized by a high level of aggregation and a high degree of internal motion. The aggregated A form 
could be relevant in the folding pathway of barstar when the possibility of interaction of molten globular form 
with chaperone proteins is recognized. Comparison of the dynamic behavior of the Cys - Ala mutant with 
that of the wild type has shown the proximity of SH group(s) to  Trp  residues. 

Introduction 

The protein-folding problem, namely, the mechanism by which 
a linear polypeptide chain is transformed into a well-defined, 
complex, three-dimensional structure, has attracted wide attention 
in recent years.'-3 Most of the studies have been focused on 
establishing the structural characteristics of the intermediates 
involved in the folding pathway,M In this respect, the partly 
folded conformational state of the protein, commonly termed as 
the molten globule, has received widespread interest (see ref 7 
for a recent review). 

The molten globule state, which is stabilized at  the extremes 
of pH and ionic strength,s,9 is characterized by a compact and 
well-defined secondary structure and the presence of very little 
tertiary stru~ture.~JOJl Although there has been little evidence 
to establish the presence of the molten globule state as a kinetic 
intermediate in the folding pathway, investigations on its structure 
have been pursued with the aim of obtaining some vital clues 
about protein structure during the early stages of f ~ l d i n g . ~ J ~  The 
molten globule state of proteins such as a-lactalbumin, apomyo- 
globin, and cytochrome c have been very well characterized (ref 
7 and the references cited therein). All of them seem to have 
certain common features, which is why the molten globule is now 
regarded as a universal intermediate in the folding pathway.' 

Our studies have concentrated on the bacterial ribonuclease 
inhibitor protein barstar. Barstar is an 89 amino acid residue 
protein of molecular weight 10 100 produced naturally by Bacillus 
amyloliquefaciens.12 Equilibrium unfolding studies of barstar13 
have shown the existence of two conformations, one of which 
closely resembles the molten globule. This form is stabilized a t  
low (<4) pH values. Barstar has three tryptophans. Their 
intrinsic fluorescence can be used in gaining insight into structural 
and dynamic aspects of the protein.14 We report here the time- 
resolved intrinsic fluorescence studies on the native, denatured, 
and putative molten globule states of barstar. Fluorescence 
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lifetimes, which are obtained from the time-resolved fluorescence 
decays, provide useful information regarding the interaction of 
the fluorophore with the surrounding environment. The tryp- 
tophan (Trp) residue in proteins has a fluorescence lifetime in 
therange0.1-10 ns.I5 Events that occur in this timescaleinclude 
motion of the whole protein and segmental motion around the 
Trp residue. These events which can be monitored from the 
time-resolved anisotropy decay studies could be correlated with 
structural and dynamic aspects of the protein. Our studies have 
shown that the low pH form of barstar is characterized by a high 
level of internal mobility and a high degree of aggregation. 

Experimental Section 

Barstar was obtained by expression of plasmid pMT316 (a 
generous gift of Dr. R. W. Hartley), having the barstar structural 
gene under control of the tac promoter, in the transformed 
Escherichia coli strain MM294. The expressed protein was 
subsequently purified.13 All the chemicals used in the experiments 
were of Analar grade. Guanidine hydrochloride (GdnHC1) was 
obtained from Sigma (Molecular Biology Reagent grade). Stock 
solutions of urea were made fresh on the day of use. 

Time-Resolved Fluorescence and Anisotropy Decay Measure- 
ments. Time-resolved fluorescence decay of barstar was observed 
by employing a CW mode-locked frequency-doubled Nd-YAG 
laser-driven dye (Rhodamine 6G) laser operating at  a repetition 
rate of 800 kHz with pulse width of the order of 4-10 ps and 
tunability in the region of 570-640 nm (see ref 16 for a detailed 
description). Fluorescence decay curves were obtained by using 
a time-correlated single-photon-counting setupI6 coupled to a 
microchannel plate photomultiplier (Model 2809U; Hamamatsu 
Corp.). The instrument response function (IRF) was obtained 
at  295 nm using a dilute colloidal suspension of dried nondairy 
coffee whitener. The half-width of the IRF was - 100 ps.1' The 
protein was excited at  295 nm using the second harmonic output 
of the dye laser from an angle-tuned KDP crystal, and the 
fluorescence emission was collected through a 320-nm cut-off 
filter followed by a monochromator. The cut-off filter was used 
to prevent scattering of the excitation beam from the protein 
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samples. The peak counts obtained in control experiments were 
comparable to the background level. In fluorescence lifetime 
measurements, the emission was monitored at  the magic angle 
(54.7O) to eliminate thecontribution from thedecay of anisotropy. 
In time-resolved anisotropy measurements, the emission was 
collected a t  directions parallel (Ill) and perpendicular (II) to the 
polarization of the excitation beam. The anisotropy was calculated 
as 

where G(X) is the geometry factor a t  the wavelength (A) of 
emission. The G factor of the emission collection optics was 
determined in separate experiments using a standard sample (laser 
dye BMQ dissolved in ethanol) for which the rotationalcorrelation 
time was 0.23 ns and fluorescence lifetime was 0.83 ns. 

The fluorescence decay curves at  the magic angle were analyzed 
by deconvoluting the observed decay with the IRF to obtain the 
intensity decay function represented as a sum of three exponentials: 

Z( t )  = x a i e x p ( - t / 7 i )  i = 1-3 
i 

where Z(t) is the fluorescence intensity a t  time t and ai is the 
amplitude of the ith lifetime 7i such that Ciai = 1. 

Fluorescence lifetime distributions were obtained by employing 
the maximum entropy method (MEM).18J9 MEM for fluores- 
cence decay analysis begins with the assumption that the decay 
represents a distribution of lifetimes ranging from 10 ps to 10 ns 
(or any other range of 2 or 3 orders), all having equal probability 
(amplitude). Each iteration in the analysis attempts to arrive at  
a distribution by minimizing the x2 and maximizing the entropy, 
S (also called the Shannon-Jaynes entropy), which is defined as 
follows: 

where p i  is the probability (amplitude) for the ith lifetime. For 
a particular value of x2, there will be many possible distributions 
ofpi; MEM gives that distribution for which S is maximum. The 
method will not givestructures in thedistribution unless warranted 
by the data. The analysis is terminated if x2 < 1 .O or if subsequent 
interations have negligible influence on the values of xz and S 
and the distribution profile. The distribution was displayed in 
the log I scale. 

The time-resolved anisotropy decay was analyzed based on the 
model 

(4) 

where ro is the initial anisotropy, Bi is the amplitude of the ith 
rotational correlation time such that &Si = 1. In cases where 
the decay of r ( t )  was biexponential, 1 ~ 1  and 7 r 2  represent the 
internal rotation of Trp residues and the overall tumbling of the 
protein, respectively. In this model, each is associated with 
both 1 ~ 1  and I r 2 .  Nonlinear least-squares analysis (Marquardt 
method) was performed to extract the amplitude parameters ai, 
Pi, lifetimes T ~ ,  and correlation times 1+20 In the case of time- 
resolved anisotropy decay, Ill and II were analyzed globally21 by 
using the measured IRF. Since the goodness of fits were 
satisfactory with two correlation times ( I ~ ~  and Ir2), we have not 

increased the number of Iri components to more than two. 
Fluorescence decay curves were analyzed globally whenever it 
was found to be appropriate. In the global analysis, several decay 
curves were simultaneously analyzed for the same Ti but varying 
ffi.22 

All the time-resolved measurements involving a systematic 
variation of a specific experimental condition (e.g., quencher 
concentration, pH, etc.) were carried out on the same day. 

Since the analysis of time-resolved anisotropy decay involves 
multiparameter fitting with several unknowns, thevalues obtained 
from the analysis were employed to calculate the steady-state 
anisotropy (rss). 

(7) 

This value was compared with the experimentally measured value 
of the steady-state anisotropy a t  the same excitation and emission 
wavelengths under identical conditions. Only the set of parameters 
which gave the computed steady-state anisotropy value close to 
the observed value was accepted. 

The average angular range of the hindered rotation of the Trp 
residues was calculated by the model of isotropic diffusion inside 
a cone.23 The semiangle 13 of the cone was calculated as 

0 = cos- - [(l + 8(rm/r0)1/2)1/2 - 11) (8) 
l I G )  

Decay-associated spectra of the individual lifetime components 
Fi(A) were computed from thesteady-stateemission spectra (F(X)) 
and the fluorescence decay parameters ai and I ~ . ~ ~  

Steady-state fluorescence measurements were carried out by 
using a spectrofluorophotometer (Model RF540; Shimadzu 
Scientific Instrument Inc.). The slit width for excitation was 5 
nm, while that for emission was 10 nm. For measuring the steady- 
state anisotropy, the L format method25 was followed. 

Unless otherwise mentioned, the experiments were carried out 
a t  23-25 OC. Experiments in the presence of denaturants were 
carried out a t  least 2 h after the addition of the denaturant. Other 
details of the experimental method are given in the figure legends. 

Results 

Fluorescence Lifetime Measurements. Fluorescence Decay in 
the Absence of Denaturants. The fluorescence decay of Trp 
residues in barstar a t  p H  7 can adequately be described as a sum 
of two exponentials with fluorescence lifetimes of -4.1 and - 1.5 
ns. Typical decay profiles are shown in Figure 1. The decay 
parameters for various experimental conditions are given in Table 
1. We notice that a t  pH 3, one needs three exponentials to obtain 
a good fit, the additional lifetime being -0.2 ns. Also we observed 
an increase in the value of the longest lifetime from -4.1 ns a t  
p H  7 to -4.9 ns a t  pH 3. 

Apart from the analysis of fluorescence decays by a sum of 
discreteexponentials (asshownabove), thedata were also analyzed 
for a continuous distribution of lifetimesz”29 by the maximum 
entropy meth~d.~OJ It has been generally argued that analysis 
of fluorescence decays by a distribution of lifetimes is more 
appropriate than fitting them to a sum of a few exponentials 
especially in the cases of macromolecules and membrane 
~ystems.32.~~ 
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Figure 1. (A and B) Fluorescence intensity decay of barstar at pH 7 (A) and pH 3 (B). The excitation and emission wavelength were 295 and 360 
nm, respectively. The concentration of barstar was 30 fiM in 10 mM sodium dihydrogen phosphate, 1 mM EDTA, and 100 r M  dithiothreitol (DTT) 
for pH 7 and 10 mM glycine, 1 mM EDTA, and 100 r M  DTT for pH 3. The excitation profile (a), emission profile (b), and calculated emission profile 
(smooth line in b) are shown. The time resolution was 37.8 ps/channel. The deconvoluted lifetimes are 3.94 ns (46%) and 1.32 ns (54%) (xfd = 0.91) 
at pH 7.0 and 4.83 ns (26%), 1.45 ns (46%), and 0.2 ns (33%) (xfd = 1.11) at pH 3.0. The values given in Table 1 are averages of at least five 
measurements. The temperature was 25 OC. (C) Fluorescence lifetime distributions of barstar analyzed by the maximum entropy method. Profiles 
corresponding to pH 7.0, 3.0, and 7.0 with either 0.4 M or 0.8 M acrylamide (acryl) are shown. The x2 values in all cases were between 1.0 and 1.1. 
Other conditions are similar to A and B. Note the emergence of a third (middle) peak at 0.4 M acrylamide. 

TABLE 1: Parameters Obtained from the Analysis of 
Fluorescence Intensity Decays of Barstar and NATA* 

lifetimes, ns amplitudes 
conditions 11 1 2  1 3  a1 a2 a3 X?d 

1. barstar at pH 7 4.11 1.46 0.49 0.51 1.28 
2. -do- at pH 3 4.88 1.48 0.20 0.21 0.46 0.33 1.15 
3. -do- at pH 7 + 6 M GdnHCl 3.57 1.38 0.47 0.53 1.39 
4. -do- at pH 3 + 6 M GdnHCl 3.53 1.55 0.24 0.28 0.51 0.21 1.07 
5. -do- at pH 7 + 8 M urea 3.92 1.24 0.59 0.41 1.13 
6. -do-at pH 3 + 8 Murea 4.03 2.07 0.66 0.24 0.50 0.26 1.14 
7. -do- at pH 7 + 5 M GdnSCN 2.85 1.37 0.21 0.33 0.41 0.26 1.18 
8. -do- at pH 3 + 5 M GdnSCN 2.53 1.22 0.25 0.30 0.44 0.27 1.15 

10. -do- at pH 3 2.63 1.27 
11. -do- at pH 7 + 6 M GdnHCl 2.84 1.03 
12. -do- at pH 3 + 6 M GdnHCl 2.80 1.17 
13. -do- at pH 7 + 8 M urea 3.91 1.19 
14. -do- at pH 3 + 8 M urea 3.24 1.25 

2.30 1.21 
16. -do- at pH 3 + 5 M GdnSCN 2.22 1.33 

a The general experimental conditions are given in the legend to Figure 
1. The uncertainties in the values of 1 1  and 72 are about 5%, and the 
uncertainty in the value of 73 is about 25%. 

9. NATA at pH 7 2.79 1.20 

15. -do- at pH 7 + 5 M GdnSCN 

The distribution analysis of barstar a t  pH 7 and pH 3 are 
shown in Figure 1C. It can be seen that the distribution has two 
peaks at  pH 7 and three peaks at  pH 3, and the peak positions 
are consistent with the lifetimes obtained by the discrete analysis. 
It is important to realize that no functional form has been assumed 
in the lifetime distribution analysis by the maximum entropy 
method (see Experimental Section). This is unlike in the case 
of earlier s t ~ d i e s ~ ~ , ~ ~  where some specific functions were assumed 
in fitting the data. Due to computational restrictions, distribution 
analysis was carried out only in specific cases (see below). The 
good match observed between the lifetimes obtained in the discrete 
analysis and the average lifetimes of the corresponding peaks in 
the distribution analysis validates the use of discrete analysis in 
all the situations. 

The appearance of the short (-0.24s) component was pH 
dependent. Figure 2 shows the increase in the contribution of the 
short lifetimecomponent (a3f3/7,) to the intensity with decreasing 

I 0 native I 
o with 6 M GdnHCl 

Figure 2. Dependence of the contribution (ag l / im)  of the very short 
lifetime (-0.2-11s) component with pH in the presence (0) and in the 
absence (0) of 6 M GdnHCl. The decay profiles were analyzed 
independently. At pH 7 and 8, thedecay was biexponential. The buffer 
consisted of a mixture of 10 mM sodium dihydrogen phosphate, 10 mM 
trisodium citrate, and 10 mM sodium borate, adjusted to the desired pH. 
Other conditions were similar to those given in Figure 1. 

pH. In this case, three exponential fits were performed at  all the 
pH values below 7. The pKa of the titration was around 4.5. 
Figure 3 shows the pH dependence of the value of the longest 
lifetime (7,). This also shows a transition around pH 4.5. The 
model compound N-acetyl-L-tryptophanamide (NATA), however, 
showed only a small (5%) decrease in lifetime from pH 7 to pH 
3 (Figure 3). 

Fluorescence Decay in the Presence of Denaturants. In the 
presence of the denaturant GdnHCl (6 M), the longest lifetime 
component (-4 ns) showed a marked decrease, indicating the 
collapse of tertiary structure (Table 1). In this case also, three 
exponentials were required to obtain a good fit a t  pH 3 with 6 
M GdnHC1. Also shown are the effects of other denaturants 
such as 8 M urea and 5 M guanidine isothiocyanate (GdnSCN) 
(Table 1). The lifetimes observed in the presence of these 
denaturants are different from those observed with 6 M GdnHCl; 
this is because, unlike GdnHC1, they affect the fluorescencedecay 
of Trp as observed by our studies with the model compound NATA 



Molten Globule-like Conformation of Barstar 

NATA 1 2.,p-----. 
.. - 72, 

PH 

2.0 

1.5 
4 

Figure 3. Dependence of fluorescence lifetimes 71 (-4 ns) and 72 (- 1.5 
ns) of barstar on pH. The behavior of the lifetime of the model compound 
NATA is also shown for comparison. The excitation and emission 
wavelengths for NATA were 295 and 360 nm, respectively. Other 
conditions were similar to those given in Figure 2. The decay was single 
exponential for NATA at all pH values. 

ao 1 

1.0 A 

1 
PH ' 

Figure 4. Dependence of the mean fluorescence lifetime, T,,, (=Zpi~i), 
of barstar on pH in the presence (0)  and in the absence (0) of 6 M 
GdnHCl. The mean lifetime at 60 O C  in the presence of 6 M GdnHCl 
(A) is shown for pH 3 and 7. The decay profiles were analyzed 
independently. Other conditions were similar to those given in Figure 
2. 

(Table 1). The lifetimes observed in the presence of 6 M GdnHCl 
were not significantly dependent on pH. 

Figure 4 shows the change in the mean lifetime (7, = &cY,T~/ 

&I,) with pH in the presence and absence of 6 M GdnHC1. The 
increase in the mean lifetime with the increase in pH, in the 
native condition, implies the emergence of some definite three- 
dimensional structure. This increase was significantly (but not 
completely) reduced in the presence of 6 M GdnHCl (Figure 4). 
The increase in mean lifetime with pH was also observed at  60 
OCin thepresenceof6 M GdnHCl (Figure4). Themeanlifetime 
increased from 0.95 ns a t  pH 3 to 1.13 ns a t  pH 7. 

Effect of the Mutation Cys - Ala in Barstar. Barstar has two 
cysteine residues (Cys-40 and Cys-82), and one of them (Cys-40) 
is two residues away from one of the Trp residues (Trp-38). The 
fluorescence decay characteristics of the Cys - Ala mutant (in 
which both cysteines were replaced by alanines) of barstar were 
compared with the wild-type barstar with the aim of obtaining 
some clues regarding the environment surrounding the Trp 
residues in barstar. Cysteine is known to quench Trp fluores- 
cence.35 The results are summarized in Table 2. It can be seen 
that mutant barstar has 42% more quantum yield (proportional 
to steady-state fluorescence intensity) compared to the wild type, 
both at  pH 7 and pH 3. This difference in quantum yield was 
virtually absent when the protein was denatured with 6 M 
GdnHC1. This suggests that cysteine could be in the vicinity of 
a t  least one Trp in the tertiary/secondary structure of barstar. 
Between the wild type and the mutant, the changes in the mean 
lifetime (7,) were qualitatively similar to changes in the steady- 
state intensities (I), although the changes in the former were 
smaller (Table 2). This difference was more pronounced a t  p H  
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7 than at  pH 3. This would indicate that the loss in the fluorescence 
intensity (I) at  pH 7 arises mainly by static quenching with an 
immeasurably short lifetime. At pH 7, the wild type showed a 
decrease in the normalized amplitude of the 4-11s component when 
compared to the mutant. This could be due to partial quenching 
of the 4 4 s  decay component by SH group(s) in the wild type. 

Fluorescence Quenching by KI and Acrylamide. The quenching 
of fluorescence of barstar by acrylamide and KI was studied 
under various experimental conditions by monitoring the time- 
resolved fluorescence at  various quencher concentrations. Stern- 
Volmer plots for quenching by KI are shown in Figure 5. No 
significant quenching was observed at  pH 7 for all the lifetimes. 
This indicates that the Trp residue(s) is not accessible to solvent 
a t  pH 7. The quenching rate constant, k,, for the mean lifetime 
was - 8  X lo7 M-' s-l. At pH 3, the level of quenching was 
significantly higher than that observed at  pH 7, indicating 
increased exposure of Trp residues to solvent. At pH 3, the mean 
lifetime displayed a sharp decrease at  low concentration and a 
tendency to saturate above 400 mM KI (Figure 5B), suggesting 
that a t  least one of the Trp residues is more accessible to solvent 
than others. In the presence of 6 M GdnHC1, the quenching was 
more efficient a t  both pH 3 and pH 7 as expected (data not 
shown). Also, the quenching pattern ( ~ o / T  vs [KI] plots) by KI 
a t  both pH values was similar in the presence of 6 M GdnHCl 
(data not shown). 

Acrylamide was found to be a more efficient quencher compared 
to KI (Figure 6). The more efficient quenching by acrylamide 
could be due to its ability to access partially buried Trp residues. 
The pattern of acrylamide quenching at  pH 7 indicates that the 
short lifetime component (1.5 ns) is quenched more effectively 
when compared to the long lifetime component (4 ns), and the 
normalized amplitudes did not vary significantly with the quencher 
concentration (data not shown). Also, the Stern-Volmer (S-V) 
plot for the short lifetime component was linear, whereas it was 
nonlinear in the case of the long lifetime component (Figure 6A). 
k, was -1 X lo9 M-l s-l in the case of the short lifetime 
component. The nonlinear S-V plot seen in the case of the long 
lifetime was fitted to a model with two populations of Trp residues 
having similar lifetimes (see Appendix and Figure 6A) but 
differing in their accessibility to acrylamide. The k, values for 
the two populations were calculated to be -4 X lo9 and - 1 X 
lo7 M-I s-l. The relative contributions of the two populations to 
the emission intensity were 0.17 and 0.83, respectively. This 
analysis suggests that the long lifetime component (4 ns) arises 
mainly from a group of two Trp residues and the short lifetime 
(1.5 ns) is due to the third Trp residue. Also, one of the two Trp 
residues contributing to the long lifetime is accessible to acrylamide 
(with k, - 4 X lo9 M-I s-l), and the other is deeply buried (k ,  - 1 X 107 M-1 s-l). The k, value of 1 X lo9 M-l s-l obtained 
for the short lifetime indicates this component to be accessible 
to acrylamide. Solvent-exposed Trp residues in several proteins 
have k, (with acrylamide) values in the range ( 3 4 )  X lo9 M-I 
s-l.36 Hence, the value of 1 X lo9 M-I s-l obtained for the 1.5-ns 
decay component would suggest a partially buried situation. 

The preferential quenching of the short (1 -5-11s) component a t  
pH 7 can be seen very clearly in the distribution analysis (Figure 
1C). The peak corresponding to the short component shifted to 
lower 7 values with increasing concentration of acrylamide. The 
behavior of the other peak (4 ns) is quite interesting. A part of 
this peak was quenched and appeared as another component a t  
moderate (-400 mM) levels of acrylamide (Figure 1C). The 
resolution of the 4-11s peak into two components agrees with the 
two-component analysis of the nonlinear Stern-Volmer plots for 
this decay component (Figure 6A). At higher concentrations of 
acrylamide (-800 mM), the middle component was absent 
probably as the result of merger into the quenched 1.5-11s 
component. Thus, the analysis by lifetime distribution supports 
the conclusion that the shorter lifetime (1.5-11s) component 
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TABLE 2 Comparison of Fluorescence Decay Characteristics of the Cys - Ala Mutant (Mut) of Barstar with That of the Wild 
Tvw (WTP 

- PH7 // 1.5 ns - 

- 

conditions 
1. WT,pH7 
2. Mut, pH 7 
3. WT, pH 7 ,6  M GdnHCl 
4. Mut, pH 7 , 6  M GdnHCl 
5. WT,pH3 
6. Mut, pH 3 
7. WT, pH 3 ,6  M GdnHCl 
8. Mut, pH 3,6 M GdnHCl 

7m,b 

2.75 
3.16 
2.41 
2.46 
1.76 
2.31 
1.83 
1.83 

I C  

1 .oo 
1.42 
1 .oo 
1.06 
1 .oo 
1.42 
1 .oo 
1.14 

lifetimes, ns 
71 7 2  73 

4.1 1 1.46 
4.11 1.55 
3.57 1.38 
3.55 1.37 
4.88 1.48 0.20 
5.14 1.70 0.24 
3.53 1.55 0.24 
3.53 1.53 0.16 

amplitudes 
a1 a 2  a3 

0.49 0.5 1 
0.63 0.37 
0.47 0.53 
0.50 0.50 
0.21 0.46 0.33 
0.28 0.46 0.26 
0.28 0.51 0.21 
0.30 0.48 0.22 

~~ ~ 

XL 
1.28 
1.16 
1.39 
1.50 
1.15 
1.03 
1.07 
1.03 

The experimental conditions are given in the legend to Figure 1. Mean lifetime (=Ziai7i). e The steady-state intensity, calculated from the 
integrated area of steady-state emission spectrum, relative to WT, for equal absorbance at the excitation wavelength X = 280 nm. 
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Figure 5. Stern-Volmer plots for the quenching of fluorescence lifetimes 
of barstar by KI at pH 7.0 (A) and pH 3.0 (B). 70 and 7 are the lifetimes 
in the absence and in the presence of the quencher, respectively. T,,, 
(mean lifetime), M; 71 (-4 ns), 0; and 72 (- 1.5 ns) 0. The very short 
0.24s component was not included due to large errors in its determination. 
The medium also contained Na2S203 (100 pM) to avoid the formation 
of 13-. Other conditions are similar to those given in Figure 1. 

represents the population of accessible fluorophores and the longer 
(44s)  component is contributed by both buried and accessible 
populations of fluorophores. 

Comparison of the pattern of quenching at  p H  7 and 3 (Figure 
6A and 6B) indicates the following: (i) The short lifetime (1.5- 
ns) component is quenched more effectively a t  pH 7 when 
compared to pH 3, indicating less accessibility of this component 
a t  pH 3; (ii) the mean lifetime (T,,,) decreased to a larger extent 
a t  pH 3, suggesting that the overallaccessibility of theTrp residues 
is more at  this pH. The latter observation is similar to that 
observed with KI (Figure 5). 

Emission Wavelength Dependence of Fluorescence Decay. The 
fluorescence decay characteristics of barstar a t  pH 3 and 7 were 
observed as a function of the emission wavelength. The decay 
curves for a given pH at  various emission wavelengths were 
analyzed globally to extract the wavelength-dependent amplitude 
parameters (see Experimental Section). The decay-associated 
spectra constructed from these are shown in Figure 7 (see 
Experimental Section). It can be seen that a t  pH 7, the long 
lifetime (4.0-11s) component showed a dominance and a maximum 
in the shorter wavelength region of the spectrum (Figure 7A). 
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Figure 6. Stern-Volmer plots for the quenching of fluorescence lifetimes 
of barstar by acrylamide (acryl) at pH 7.0 (A) and pH 3.0 (B). The 
symbols stand for the same parameters as in Figure 5. The smooth line 
for the 71 at pH 7 (-4 ns) was simulated for a model having two 
populations with k, values -4 X lo9 and - 1 X lo7 M-l s-I and relative 
populations of 0.17 and 0.83, respectively, according to eq 5 in the 
Appendix. Other conditions are similar to those given in Figure 1. 

The spectrum of the shorter lifetime (1.54s) component had its 
maximum red-shifted compared to the long lifetime component. 
These data suggest that the Trp residue(s) contributing to the 
long lifetime is in a more hydrophobic environment (and hence 
buried) compared to those contributing to the shorter lifetime. 
Fluorescencequenching by acrylamide had also indicated a similar 
picture (Figure 6A). 

Thedecay-associated spectra a t  pH 3 were quitedifferent when 
compared to pH 7 (Figure 7B). The long (4.94s) lifetime 
component had its spectra red-shifted when compared to pH 7 
(Figure 7B), suggesting increased exposure to solvent. The short 
(1.5-11s) and the very short (0.2-11s) lifetime components showed 
maxima in the short wavelength region. The observed decrease 
in the quenching efficiency by acrylamide of the short (1.5-ns) 
component a t  pH 3 when compared to pH 7 (Figure 6) also 
supports the decrease in the accessibility of this component a t  pH 
3. 

Time-Resolved Fluorescence Anisotropy Studies. In order to 
get information on the dynamic aspects of the various structural 
forms, time-resolved fluorescence anisotropy ( r )  measurements 
were carried out. Typical decay curves at pH 7 and 3 are shown 
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Figure 7. Decay-associated spectra (DAS) of individual decay components 
a tpH7,0(A)andpH 3.O(B). Emissionscollectedatvariouswavelengths 
were analyzed globally for the same fluorescence lifetimes but varying 
amplitudevalues in order toconstruct the DAS (see Experimental Section). 
The steady-state (ss) emission spectra are also shown for comparison. 
Other experimental conditions are similar to those given in Figure 1. 

in Figure 8. To enhance the clarity and avoid crowding, the 
decay curves have been shifted (see legend) in the Y axis. It can 
be seen that, in the absence of any denaturant, the decay pattern 
at  pH 3 is quite different from that a t  pH 7. Whereas the 
fluorescence anisotropy showed a tendency to decay back to zero 
at  pH 7, it showed a tendency to level off to a non-zero value of 
r (called r - )  at  pH 3. A plot of 82 obtained at  various pH values 
showed a transition at  -pH 4.5 (data not shown) similar to 
earlier titrations (Figure 2). 

Analysis of the fluorescence anisotropy decay curves (see 
Experimental Section for the model) shows that the curve could 
be fitted to a single rotational correlation time ( T ~ )  of -4.1 ns 
(Table 3) a t  pH 7. In contrast, a t  pH 3, the fitting required two 
correlation times of -1.1 ns and another very long (>50 ns) 
which would lead to non-zero value of r(r,) during our observation 
time window of 10-15 ns. The value of T~ (4.1 ns) obtained at 
pH 7 is associated with the rotational dynamics of the whole 
protein. This interpretation agrees fairly well with the theoreti- 
cally ~a lcu la ted3~ value of 3.6 ns for a hydrated globular protein 
of molecular weight 10  100 in aqueous medium a t  25 "C. This 
could indicate that the surroundings of the Trp residues in barstar 
are quite structured and devoid of any segmental mobility a t  pH 
7. The smaller value (- 1.1 ns) of T ,  at  pH 3 would demand 
either segmental mobility or random coil state around Trp 
residue(s). 

The second and much longer value (>50 ns) of T ,  seen at  pH 
3 is quite surprising. The value of T ,  > 50 ns cannot be correlated 
with a monomeric protein even after the inclusion of three layers 
of hydration shells. The most likely explanation is the presence 
of the aggregated state of this protein at  this pH. Assuming a 
globular shape for this aggregate, we could say that the average 
molecular weight of this aggregate would be >50 000. Subsequent 
sedimentation velocity measurements have indicated a monomer 
a t  pH 7 and an aggregate of - 160 000 a t  pH 3 (Khurana and 
Udgaonkar, unpublished observations). The aggregated state a t  
pH 3 is seen in gel filtration experiments also (Khurana and 
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Figure 8. Decays of fluorescence anisotropy of barstar a t  pH 7.0 (A) and 
pH 3.0 (B). Other conditions are similar to those given in Figure 1. 
Decays in the absence (a) and in the presence (b) of 6 M GdnHCl are 
shown. Trace c (in B) shows the decay in the case of the Cys - Ala 
mutant at pH 3.0 in the absence of GdnHCI. The traces are shifted along 
the Y axis in order to avoid congestion. The shifts are as follows: (A) 
0.0 for trace a and +0.1 for trace b; (B) 0.0 for trace a, 0.0 for trace b, 
and +0.1 for trace c. Note that the anisotropy tends to saturate to non- 
zero values ( r - )  in the presence of 6 M GdnHCl (traces b). 

TABLE 3: Parameters Associated with the Decay of 
Fluorescence Anisotropy of the Wild Type (WT) and the Cys - Ala Mutant (Mut) Barstar' 

condition 

1. WT,pH 7 
2. WT,pH 3 
3. WT, pH 3,0.2 M KCI 
4. Mut, pH 3 
5. Mut, pH 3,0.2 M KC1 
6. WT, pH 7 , 6  M GdnHCl 
7. WT, pH 3,6 M GdnHCl 

ro T ~ I ,  ns 712, ns 
0.12 4.1 
0.10 1.1 >50 
0.12 1.2 >50 
0.11 1.0 22 
0.11 1.0 33 
0.09 2.0 
0.10 1.0 m 

81 82 XL 
1 .o 1.75 
0.26 0.74 1.59 
0.26 0.74 1.75 
0.36 0.64 1.36 
0.34 0.66 1.70 
0.92 0.08 1.52 
0.79 0.21 1.28 

See the legend to Figure 1 for general experimental conditions and 
Experimental Section for the model used in the analysis. 

Udgaonkar, unpublished results). The relative proportion (PI 
and 82)  of the two rotational correlation times seen at  p H  3 was 
independent of the ionic strength of the medium in the range 
10-210mM (Table 3). Thisrulesout any electrostaticinteraction 
as the driving force for the aggregation. In the case of the Cys 
-Ala mutant, a t  pH 3, the longer component T,Z was significantly 
shorter than that observed in the wild type and could be measured 
with a fair level of accuracy (Figure 8 and Table 3). The value 
of T , ~  (-20 ns) observed in this case indicates again the presence 
of aggregates. However, the significantly smaller value of T,Z 

when compared to the wild type indicates that either the average 
size of aggregates or the extent of aggregation is small. It is 
significant to note that, in this case also, neither rr2 nor 8 2  was 
dependent on ionic strength (Table 3). 

In the presence of 6 M GdnHC1, the anisotropy decay could 
be fitted well to a correlation time of 1-2 ns (8 = 0.8-0.9) and 
r,  component, in all cases. This shows that the aggregates formed 
at  pH 3 could be broken up by denaturants. The value of T ,  (1-2 
ns) obtained in these cases is similar to those obtained with other 
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denatured proteins.38~39 The titration of 162 with increasing 
concentration of GdnHCl showed a transition (from 0.74 to 0.21) 
with midpoint around 3 M GdnHCl at  pH 3 (data not shown). 
Thus, this transition agrees well with the steady-state unfolding 
studies a t  pH 3.13 

Discussion 

Barstar is an ideal protein for folding studies because of its 
small size (10 loo), solubility in aqueous media, and the ease 
with which it can becloned, expressed, and purified.& Thecrystal 
structure of the Cys - Ala mutant of barstar complexed with 
barnase has been solved recently.41 Recent studies by one of us 
has shown that barstar could exist in two conformations, N (native) 
state and A (acid) form, the A form being stabilized at  pH values 
below 4.13 It was also shown that the A form, which resembles 
the molten globule, has -60% of the secondary structure of the 
N state. Since molten globule-like forms could be early 
intermediates in protein folding, structural and dynamic studies 
of this conformation have attracted several ~ o r k e r s . ~ J 0 ~ ~ 2  We 
have used the intrinsic fluorescence of the three Trp residues of 
barstar to get structural and dynamic information on the molten 
globule-like A form as well as the native (N) state. 

Time-resolved intrinsic fluorescence studies in proteins have 
been complicated by the multiexponential nature of fluorescence 
decay even in proteins with a single Trp r e ~ i d u e . ' ~ J ~ , ~ ~ - ~ * .  Hence, 
the assignment of the fluorescence lifetimes obtained in the case 
of barstar, which has three Trp residues, to any single Trp residue 
is not straightforward. Multiple exponential decay of Trp 
fluorescence has been generally attributed to multiple conforma- 
tions (rotamers) of Trp resid~es,53?~~ multiple microstates of 
pr0teins,5~ or multiple structures of the p r ~ t e i n . ~ ~ , ~ ~  Site-directed 
mutagenesis has been used in some cases to assign the lifetimes 
to individual Trp residues in multiple Trp p r ~ t e i n s . ~ ~ J ~  Also, 
selective photolysis of the exposed Trp residue has been used to 
associate individual decay components to individual Trp residues 
in native a-crystallin.55 

Barstar, a t  pH 7, has fluorescence lifetimes of -4.1 and - 1.5 
ns, while a t  pH 3 the lifetimes are -4.9, -1.5, and -0.2 ns. 
Quenching of fluorescence by KI (Figure 5) has shown that none 
of the Trp residues is solvent exposed at pH 7. Quenching by 
acrylamide (Figure 6) has suggested that the 1.5-ns decay 
component represents a fairly accessible population of Trp 
residues, while the - 4 4 s  component is contributed by two 
populations, one accessible and the other buried. Hence, it is 
very likely that the - 1.5-ns decay arises from one of the three 
Trp residues and the - 4 4 s  decay corresponds to the other two. 
Thus, our analysis of fluorescence quenching has suggested a 
method of identifying the individual decay components with either 
an individual or a group of Trp populations. The buried nature 
of one of the populations contributing to the 44s decay is also 
supported by its decay associated spectra which showed a 
dominance in the blue region at  pH 7 (Figure 7A). Although 
we have associated the three populations identified from quenching 
studies to the three Trp residues, we cannot rule out multiple 
conformations of either the Trp side chains or the entire protein. 
In this situation, each population may have contributions from 
more than one particular Trp residue. 

The pH dependence of the decay parameters of barstar in the 
nativestate (Figures 2-4) reveals an apparent pKa of -4.5, which 
is consistent with thesteady-statemeasurements.l3 In the presence 
of the denaturant GdnHC1, the pH dependence of the decay 
parameters was much less pronounced (Figures 2 and 4). The 
mean lifetime increases 1.22 times on going from pH 3 to pH 7. 
A similar increase (1.19 times) was also observed at  60 OC. Under 
denaturing conditions, one expects that the protein is in the random 
coil state, and the pH dependence is most likely to arise from the 

pH titration of side chains of residues which are near/next to 
Trp. The likely residues in barstar are Asp-39 and Glu-52, which 
are next toTrp-38 and Trp-53, respectively. Residual structures 
under denaturing conditions have been reported recently in other 
proteins.56.57 The fluorescence experimental results do not rule 
out the presence of such residual structures for barstar in 6 M 
GdnHCl at  25 or 60 OC. 

Theincreasein themean lifetime (T,) in theCys- Ala mutant 
when compared to the wild type (Table 2) suggests that the 
cysteine residue(s) could quench the Trp fluorescence. This 
mutant has been shown to be active, although its complex with 
barnase is less stable than that of the wild type.58 Both T, and 
the steady-state fluorescence intensity did not show significant 
change in the mutant in the presence of 6 M GdnHCl (Table 2). 
This indicates that the quenching by cysteine residue(s) arises 
due to their proximity to a t  least one Trp residue in the native 
structure. 

The time-resolved fluorescence and anisotropy studies have 
brought out some distinct differences in the native (N) state and 
the low pH (A) form of barstar. The emergence of the very short 
lifetime (-0.24s) component a t  lower pH and the - 20% increase 
in the long lifetime (-44s) component a t  pH 3 also indicate that 
the structures a t  pH 3 and 7 are quite different from each other. 
These changes observed at  pH 3 were not observed with some 
randomly selected other proteins such as hen eggwhite lysozyme, 
myelin basic protein, and melittin (data not shown). The origin 
of the -0.24s decay component observed at  low pH (-3) could 
lie in a more dynamic state of the A form. The increased mobility 
could lead to population of states (e.g., rotamers of tryptophan), 
which would result in a short lifetime. 

The decay-associated spectra of the long lifetime component 
underwent a red shift when the pH was changed from 7 to 3 
(Figure 7). This suggests an increased exposure to solvent as 
expected for a dynamic molten globule-like state. The increased 
level of fluorescence quenching (as seen in the mean lifetime, T,) 

observed at  pH 3 when compared to pH 7 (Figures 5 and 6), by 
both KI and acrylamide, also shows that the structure in general 
is more open in the A form. In fact, molten globule-like structures 
are characterized by a high level of openness with very little 
tertiary  interaction^.^ Thus, the fluorescence intensity decay 
studies a t  pH 7 and 3 do indeed bring out the special nature of 
the structure of the A form. 

The fluorescence anisotropy decay has given further information 
on the A form of barstar in comparison to its native form. The 
rotational correlation time of 4.1 ns observed a t  p H  7 (Table 3) 
is consistent with the theoretically calculated value (3.6 ns) for 
a hydrated globular protein of molecular weight 10 100. This 
implies a rigid environment for all the Trp residues and the absence 
of any segmental mobility near the Trp residues. This, in turn, 
would imply a buried and solvent inaccessible nature for all the 
Trp residues. In fact, the absence of significant quenching by KI 
had also suggested a similar picture. 

At pH 3, the fluorescence anisotropy decay gave at least two 
correlation times of 1.1 and >50 ns. The short correlation time 
(71~) of 1.1 ns observed in the A form could be due to a high level 
of segmental mobility (which was absent a t  pH 7) around the Trp 
residue(s). The segmental mobility would allow a restricted 
rotation of the Trp residues. If one assumes that the rotational 
dynamics of the Trp residue is confined to a cone, then the 
semiangle of the cone can be calculated from the r ,  (=&ro) value.25 
The calculated value of the semiangle is 26' a t  pH 3. A value 
of 90' indicatesfreerotation of theTrp. Thevalueof obtained 
a t  p H  3 is quite close to that observed in the presence of 6 M 
GdnHC1. The very long correlation time (712 > 50 ns) observed 
a t  pH 3 deserves some special comments. Any correlation time 
of > 10 ns cannot be explained by a monomer protein of molecular 
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weight 10 100 even after including three layers of hydrationshells. 
Hence, the observed long correlation time (>SO ns) almost 
certainly would indicate the presence of very high molecular weight 
aggregates. The absence of concentration dependence (in the 
range 30-300 MM) of decay of fluorescence anisotropy at  pH 3 
(data not shown) shows that the driving force for aggregation in 
the A form is quite strong, resulting in aggregation even at  the 
lowest concentration used. Also the aggregates are unlikely to 
be stabilized by an electrostatic interactionas shown by theabsence 
of ionic strength dependence of the amplitude associated with the 
long (>50-ns) correlation time (Table 3). Hydrophobic interac- 
tion of the (partially) exposed interior surfaces could be the factor 
responsible for aggregation. Exposure of hydrophobic interior 
in the A form was suggested by the binding of l-anilino-8- 
naphthalene su1f0nate.l~ 

It is interesting to note that the Cys - Ala mutant had a 
significantly lower value of 7,2 (-20 ns), indicating a much 
reduced level of aggregation in the A form (Table 3). Since the 
experimental medium had a high concentration of dithiothreitol 
in all our samples, it is unlikely that the increased level of 
aggregation in the wild type is due to any intermolecular disulfide 
bridge. Also, the reversibility of the pH titration in the wild type 
rules out any disulfide bond formation. It is likely that thecysteine 
S H  group(s) is involved in aggregation by forming intermolecular 
H bonds. 

The reduced level of quenching of the 1.5-11s component, by 
acrylamide, a t  pH 3 when compared to pH 7 is also explained 
by the aggregate nature of the A form. The requirement of higher 
concentrations of GdnHCl to melt the structure in the A form 
when compared to the N state13 is also due to aggregation in the 
A form. 

It is interesting to note that the anisotropy does not decay back 
to zero in the presence of GdnHCl at  both pH 7 and pH 3. This 
is likely to be due to hindrance, offered by a long polypeptide 
chain, to the free rotation of the Trp side chains. In the presence 
of 6 M GdnHC1, the cone semiangle was 6 6 O  at  pH 7 and 54' 
a t  pH 3, indicating a relatively free rotation in the denatured 
state. The increased restriction to rotation at  pH 3 could be the 
result of some residual level of aggregation even in the presence 
of GdnHC1. 

An interesting question arises as to whether GdnHCl disrupts 
the aggregation before unfolding of the protein at  pH 3. The 
near identical transition (with midpoint - 3 M GdnHC1) observed 
during the unfolding process13 and in the amplitude associated 
with the long correlation time (02) argues against this possibility. 
Thus, it is likely that the process of structural unfolding leads to 
the dissociation of the aggregates. 

The most significant finding of the present work is the 
identification of the nature of the A form. Although the 
fluorescence technique has been extensively used in characterizing 
the structural and dynamic aspects of many proteins in their 
native states, very little work has been carried out on their 
alternative structural forms. The importance of such work arises 
from the difficulty in characterizing these alternative forms either 
by X-ray crystallography or by NMR. Does the molten globule- 
like A form have an significance in the folding pathway of barstar? 
It could be argued that the highly aggregated A form may not 
be an intermediate in the folding pathway of bastar since any 
intermediate would have to be a monomer. Folding intermediates 
that aggregate have, however, been detected on the folding 
pathway of several proteins, and it is possible that aggregation 
of folding intermediates could be a manifestation of a facile 
interaction of the molten globule monomer with the hydrophobic 
surface of a chaperones9 when the protein folds inside the living 
cell. The role of the A form on the folding pathway of barstar 
and its interaction with chaperones is currently under active 
investigation. 
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Appendix 

equation for dynamic quenching of fluorescence is given by 
Resolving Nonlinear Stern-Volmer Plots. The Stern-Volmer 

70 - = 1 + kqrOIQ] 

where 70 and T are the lifetimes in the absence and in the presence 
of the quencher (Q), respectively. kq is the bimolecular quenching 
rate constant. 

When two populations of fluorophores have their lifetime values 
( q  and 72) very close to each other but have different levels of 
accessibility by the quencher (characterized by k,l and kq2 
respectively), the observed lifetime is given by 

where a is the fractional amplitude associated with T ~ .  Also we 
could write 

for the two populations. 
Equations A2, A3, and A4 give 

('45) 
'ob8 - a + 1-a -- 
TO 1 + kqi.o[QI 1 + k,z.o[Ql 

This equation has been used to fit the nonlinear Stern-Volmer 
plot in Figure 6. 
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