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ABSTRACT. The denaturant-induced unfolding kinetics of the 89-residue protein, barstar, have been examined
using fluorescence resonance energy transfer (FRET) & 2d pH 8.0. The core tryptophan, Trp53,

in barstar serves as a fluorescence donor, and a thionitrobenzoic acid moiety (TNB) attached to a cysteine
residue acts as an acceptor to form an efficient FRET pair. Four different single-cysteine containing mutants
of barstar with cysteine residues at positions 25, 40, 62, and 82 were studied. The unfolding kinetics of
the four mutant forms of barstar were monitored by measurement of the changes in the fluorescence
intensity of Trp53 in the unlabeled and TNB-labeled proteins. The rate of change of fluorescence of the
single-tryptophan residue, Trp53, in the unlabeled protein, where no FRET occurs, yields the rate of
solvation of the core. This rate is similar for all four unlabeled proteins. The rate of the increase in the
fluorescence of Trp53 in the labeled protein, where FRET from the tryptophan to the TNB label occurs,
yields the rate of decrease in FRET efficiency during unfolding. The decrease in FRET efficiency for
proteins labeled at either of the two buried positions (Cys40 or Cys82) occurs at a rate similar to the rate
of core solvation. The decrease in FRET efficiency for the acceptor at Cys40 is also shown to be sensitive
to the isomerization of the Tyr47Pro48cis bond. For the proteins where the label is at a solvent-
exposed position (Cys25 and Cys62), the decrease in FRET efficiency occurs in two kinetic phases; 15
25% of the FRET efficiency decreases in the faster phase, and the remaining FRET efficiency decreases
in a slower phase, the rate of which is the same as the rate of core solvation. These results clearly indicate
that, during unfolding, the protein surface expands faster than, and independently of, water intrusion into
the core.

Classically, all polypeptide chains are expected to iadd even when its folding kinetics have been thoroughly char-
a folding pathway, which is a well-defined sequence of acterized.

events that carries the protein from the unfolded, random  Eyperimental characterization of protein unfolding kinetics
coil-like state to the native stat@)( The pathway concept  pecame important due to the prediction that complex energy
implies that protein unfolding must fpllow the_ reverse |andscapes are likely to be available for unfoldigg4) as
sequence of events because each step in the folding pathwayhey are for folding. Indeed, kinetic intermediates have been
is reversible. On the other hand, the energy landscapegetected in the unfolding of ribonuclease®({7), myoglobin
perspective qf protein folding envisions the folding reaction (8), Escherichia colDHFR (9), and barstar0—12). Single-

as representing the ensemble average of a process that igyolecule unfolding studies also indicate that unfolding occurs
microscopically heterogeneoud, @). Statistical models of i, 3 stepwise mannen, 14). A study of the mechanical
protein folding in the energy landscape perspective suggestynfolding of a B-hairpin by molecular dynamics (MD)
that unfolding may not be a direct reversal of foldird.(  gimylations has also indicated stepwise unfolding pathways,
Expen_ment_ally! it has been dlfflcglt to compare f_oldmg an(_j wherein the complete breakdown of backbone hydrogen
unfolding kinetics, because folding and unfolding experi- 15n4s precedes dissociation of the hydrophobic clug®r (
ments are carried out under different solvent conditions. EVen e relaxation kinetics c. coli CspA in response to laser-
though the same structural transitions may be involved in ,q,ced temperature jumps indicate the existence of multiple
both folding and unfolding, the rate-limiting steps under the unfolding pathwaysX6). The thermal unfolding oE. coli

two experimental conditions may be different, and hence, pER by MD simulations 17) indicated that the core is
the observable intermediate structures may be different. Thus,,4st resistant to unfolding, and that it unfolds after all the

itis not possible to predict the unfolding kinetics of a protein, ,ihar domains have unfolded.
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information about the conformational space available to a Barstar, an 89-residue protein, has been extensively used
polypeptide chain for sampling. The observation of multistate for protein folding and unfolding studied @12, 18, 27,
folding and unfolding kinetics allows the experimental 32, 38—41). The folding as well as unfolding reactions of
characterization of the theoretically postulated energy land- barstar appear to be multistate with discrete intermediates
scapes, and enables the understanding of the physicapopulating parallel pathways. The Tyr4Pro48 bond is in
interactions that play a role in the rate-limiting steps of thecisconformation in the native state, and in the unfolded
folding and unfolding. state it exists in both theis (Ug or the fast folding form)
The detection of intermediates in protein (un)folding and trans (Us or the slow folding form) conformations.
studies depends on the sensitivity of the method used forNative barstar with a high denaturant concentration unfolds
monitoring the structural transitions. Measurement of circular to Ur via parallel competing pathways where intermediates
dichroism (CD) signals enables monitoring of the changes have been detected, 12).
in secondary structure, while fluorescence emission is used In the study presented here, a multisite FRET approach
for monitoring changes in tertiary structure. These optical has been used for the first time to characterize structural
signals give information only about the average properties events during the unfolding of barstar. The core tryptophan
of all forms of the protein present at the time of measurement, (Trp53) of barstar has been used as the donor fluorophore.
and they do not give residue specific information. Equilib- An acceptor site was engineered at each of four different
rium or pulsed hydrogen exchange measurements givelocations in barstar by cysteine substitution mutagenesis,
information about the status of individual residues during followed by labeling with TNB. It is shown, from the
the unfolding transitionq, 24—26). Exchange occurs upon changes in the FRET efficiency that occur during unfolding
solvent exposure during unfolding, whereas groups that areof all four proteins containing Trp53 and either Cys25-TNB,
buried remain protected from exchange. Equilibrium and Cys40-TNB, Cys62-TNB, or Cys82-TNB, that the surface
pulse labeling of cysteine thiols have also been used for residues move away from the core faster than water
characterizing unfolding transitions under both low- and penetrates into the core. The use of multiple FRET pairs has
high-denaturant conditions for barstdi2( 27). A thiol— enabled measurement of specific structural changes which
disulfide exchange study of apomyoglobin during its unfold- cannot be observed by routinely used spectroscopic methods.
ing enabled the identification of the site for initial tertiary
structure breakdowr2@). Both the hydrogen exchange and MATERIALS AND METHODS
thiol exchange methods suffer from the drawback that Protein Purification Wild-type barstar contains three
obtaining information about residues which are solvent- tryptophans (Trp38, Trp44, and Trp53) and two cysteines
exposed in the native state is relatively difficult. (Cys40 and Cys82). All the mutant versions of barstar used
Fluorescence resonance energy transfer (FRES)a  in this study contain a single tryptophan residue (Trp53) and
sensitive method for monitoring structural transitions in @ single cysteine at one of four different locations. For
proteins (reviewed in ref@9 and30). FRET is the transfer ~ simplicity, the mutant proteins are denoted by the position

of excited-state energy from the initially excited donor Of the single cysteine residue present in them. The mutant
fluorophore to an acceptor fluorophore, by a radiationless proteins W38F/W44F/S12T/C40A (Cys82), W38F/W44F/

process. It requires that the donor molecules emit at C82A (Cys40), W38F/WA44F/C40A/C82A/A25C (Cys25),
wavelengths which overlap with the absorption spectrum of and W38F/W44F/C40A/C82A/L62C (Cys62) were generated

the acceptor31). The efficiency of energy transfer depends by site-directed mutagenesis, and the proteins were purified
on the distance between the donor and acceptor fluorophoregs described previouslyt?). Protein concentrations were
present in the protein. The transfer efficiency can be determined by absorbance at 280 nm, usingggof 10 000
determined by fluorescence measurements of the extent oM™~ cm™ (43) for all the proteins. Mass spectrometry on
quenching of the donor fluorescence by the acceptor. The@ Micromass Q-TOF Ultima instrument showed that the
distance between a donor fluorophore and an acceptor locatednasses of the different mutant forms of barstar were 10 232
in a protein, as well as the change in this distance ac- Da for Cys25 and Cys40, 10 190 Da for Cys62, and 10 246
companying a structural transition, can therefore be moni- Da for Cys82. Each mass is consistent with the N-terminal
tored by FRET. The donor and acceptor positions can be methionine remaining uncleaved. The TNB-labeled proteins
designed appropriately for observing changes in specific were obtained by reaction of the protem8 M urea (pH
intramolecular distances, involving either buried or exposed 8.5) with a 100-fold molar excess of DTNE&4). After the
residues. Distance distributions during the equilibrium labeling reaction was complete, the free dye and urea were
unfolding of barstar32), bovine pancreatic RNase &%), removed by passing the protein through a PD10 column
and cytochromec (34) have been determined by time- (Pharmacia). Mass spectrometric characterization showed that
resolved FRET experiments. The only instance of unfolding all proteins were>98% labeled, with the expected 196 Da
kinetics studied by FRET is for yeast phosphoglycerate increase in mass due to the TNB group.

kinase (PGK) 85), where the unfolding process was shown Buffers and SolutionsAll experiments were carried out

to begin by movement of the two domains of the protein at 25°C, in buffer containing 20 mM Tris and 0.25 mM
away from each other. More recently, FRET has been usedEDTA (pH 8.0). Concentrations of stock urea solutions were

for monitoring the refolding kinetics of cytochronme(34, determined by refractive index measurements. In all the
36) and acyl-CoA binding protein3(). experiments, the protein concentration that was used was 15
20 uM.

1 Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); FRET, Measurement _of Absorptlon Spectré’he absorptlon

fluorescence resonance energy transfer; EDTA, ethylenediaminetetra-SPectra of the TNB-labeled proteins were collected on a
acetic acid; CD, circular dichroism. CARY100 double-beam spectrophotometer. The spectra were
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collected with a bandwidth of 1 nm and a scan speed of 1  For the determination ofl, the fluorescence emission
nm/s, using a cuvette with a path length of 1 cm. spectra IF(1)] of the unlabeled proteins were collected on

Measurement of Equilibrium Unfolding Transitiorisor the SFM 400 coupled to the MOS-250 detection system,
equilibrium unfolding measurements, barstar solutions con- using an excitation wavelength of 295 nm (bandwidth of 5
taining different concentrations of denaturant were incubated nm) and measuring emission from 310 to 410 nm (bandwidth
for ~3 h (incubation periods ranging from 2 to 24 h gave of 10 nm). Absorption spectra for the TNB-labeled proteins
the same results). Tryptophan fluorescence excited at 295were collected as described above, from 310 to 410 nm. All
nm was monitored at 320 and 380 nm for the unlabeled absorption spectra were divided by the respective protein
protein, and at 380 nm for the TNB-labeled proteins, using concentration (in molar) to obtai{l). J was determined as
the MOS-250 detection system. Circular dichroism (CD) the overlap betweeR(1) ande(4) according to eq 2c, where
measurements were taken on a Jasco 720 spectropolarimetethe wavelengtit is in nanometers3l).

as described previousiyt)). For the determination of th@p values of the N and U
Measurement of Unfolding Rates by Fluorescerige- forms, use was made of the previously published value for
folding reactions with different urea concentrations were Trp of 0.14 @6). Under similar conditions, the fluorescence
carried out in the stopped-flow module (SFM 400). /40 lifetime of Trp is 2.6 ns and that of the N state of the barstar
of the native protein100xM) was diluted into different  is 4.97 ns 82). SinceQp is proportional to the fluorescence
urea concentrations to a final volume of 300 The mixing lifetime, the Qp of the N state was determined to be 0.27

dead time for the reactions was 4.1 ms. Fluorescence changeg2). Using this value for the)p of the N state, and the

during the unfolding kinetics were monitored at 320 nm for ratio of the area under the fluorescence spectrum of U to

the unlabeled proteins (donor alone sample), and at 380 nmthe area under the fluorescence spectrum of N,Qbeof

for the TNB-labeled proteins (doneacceptor sample) upon  the U state was determined to be 0.11.

excitation at 295 nm, using the MOS-250 detection system. The fluorescence intensities of the donarceptor samples
(Fpoa) and of the donor-alone sampl€p) can be used to

DATA ANALYSIS determine the energy transfer efficiency:

Analysis of Equilibrium Unfolding Transition$/easure- =
ments of fluorescence intensity or CD at different urea E=1-—-2A (2d)
concentrations were analyzed according to a two-state, N Fo

= U, mechanism45) to determine the free energy change

for unfolding [AGy(H,0)] and the midpoint of the unfolding The_ change_ in energy tr_ansfer eﬁ_‘igiency during an
transition Cr). unfolding reaction, that is, during a transition from the native

Analysis of Fluorescence-Monitored Kinetioit each (N) state to the unfolded (U) form of the protein, is given as

denaturant concentration, the change in fluorescence intensity F F

(y) observed for the unfolding reactions as a function of time AE = (1 - DA'N) - (1 - DA’U) (3a)
t at different denaturant concentrations was fit to either a N Fon Fou

single- or two-exponential equation, given by

where the subscripts N and U refer to the properties of the
native and unfolded proteins, respectively. If the donor
fluorescence in the native and unfolded proteins are similar,
that iS,FD,N = FD,U = Fp, then

y=y,+a’ (1a)

y=y,+ta t+p* (1b)

AE = FDA,N - FDA,U _ AFpa
whereyy is the fluorescence intensity when the reaction is N-U Fo Fo
complete { = infinity), 4, and 1, are the apparent rate
constants, and and b are the amplitudes of the kinetic Thus, the change in the fluorescence of the demmmceptor
phases. sample during unfolding represents directly the change in

Analysis of FRETThe efficiency of energy transfer for a  the energy transfer efficiency between the donor and acceptor
donor-acceptor pair depends on the distaRdsetween the  during unfolding.
donor and acceptor and is given by Forster’s relati®l):(

(3b)

RESULTS

(2a) Quenching of Fluorescence of the TNB-Labeled Proteins
Is Due to FRETFigure 1 shows Trp53 and the position of
the cysteine residue in each of the four different single-
cysteine containing mutants of barstar. The fluorescence
emission spectrum is identical in shape and intensity for all
four mutant proteins studied here (data only for Cys25 and
fF(/l) e(A) A4 da Cys40 are shown in panels a and b of Figure 2). The
J=———— M Tem ' (nm))  (20) fluorescence of both native and unfolded forms is quenched
fF(i) di upon labeling the cysteine with TNB, as seen from the
spectra of Cys25-TNB and Cys40-TNB in panels a and b of
whereR; is the Forster’s distancé,is the overlap integral,  Figure 2. The shapes of the fluorescence spectra remain the
Qo is the quantum yield of the donon, is the refractive same, and only the fluorescence intensity is reduced upon
index of the medium, and? is the orientation factor3(). TNB labeling. The spectra of the two labeled proteins shown

6\—1
E= 1+%i

R, = 0.211¢*n“QuJ)"® (A) (2b)
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Table 1: Energy Transfer Parameters

solvent accessibility _FRET efficiency J* (x1073M~temtnnt) Ro (A)P D—A distance in N (A)

FRET pair of Cys (%} N U N U N U by FRET calcé
Trp53—Cys25 54 0.84 0.46 7.4 7.6 269 225 20.4 17.0
Trp53—Cys40 5 0.92 0.61 51 7.8 252 226 16.8 16.8
Trp53—Cys62 42 0.95 0.69 7.3 8.2 268 226 16.4 11.6
Trp53—-Cys82 20 0.96 0.33 7.7 8.1 270 227 15.9 16.9

a Percent accessible surface area, calculated in comparison with a model tripBgJiceRy was calculated using eq 2b, using the following
values: k2 = %3, n = 1.33 for N and 1.4 for U, an@p = 0.27 for N and 0.11 for UJ was calculated using eq 2tAn average coordinate was

calculated for the side chain of each residue from the coordinates in PDB entry 1bta, and the average distance between any two residues from these

coordinates was estimated. The coordinates for all atoms in the side chain were considered for calculating the average coordinate.

Leu62 determined to be 0.2Bp). The orientation factor?> depends
on how Trp53 and the TNB moeity are oriented with respect
\

to each other. If the donor and acceptor are oriented randomly
with respect to each other, the value@fis %3 (47, 48).

The donor, Trp53, and a fluorescent label attached to Cys82
have been shown to have sufficient motional freedom by
time-resolved fluorescence anisotropy measuremagatg9),

and the assumption of a random orientation of the donor
Trp53 and acceptor in the native state was justified previoud®y (
for the Trp53-Cys82-TNB pair. Apart from this FRET pair,
[ ’ \

three other FRET pairs have been used for this study, but
all of these have a common donor (Trp53). The donor
properties as seen from the shape of the fluorescence
emission spectra and fluorescence lifetime decays (data not
shown) are identical in all four mutant proteins. Thus, the
guantum vyield and the motional freedom of the donor are
assumed to be the same in all the mutants studied here. Cys82
Cys40 is a buried residue, and it was shown that a fluorescent probe
attached to it has significant rotational freedom. It is therefore
b reasonable to assume that the other buried cysteine residue,
' Cys40, and the exposed Cys residues (Cys25 and -62; see
below) have similar rotational freedom. Thus, the assumption
Cys82 of a value of%/; for «?> was made for the calculation &
Ficure 1: NMR structure of barstar (generated by RASMOL using for all the FRET pairs (Table 1). Estimates of distances made
PDB entry 1bta) indicating the positions of the single tryptophan ith this assumption are found to match estimates using other
(Trps3) and the single cysteine residues (Cys25, -40, -62, and -82) athods for other proteing(). The distances in the native
in the mutant proteins used for the unfolding experiments. .
state recovered from FRET analysis (Table 1) agree reason-
in panels a and b of Figure 2 indicate that (i) the extent of ably with the distances calculated from the NMR structure
quenching depends on the position of the TNB label and (51) of barstar. It should be noted that the energy transfer
(i) the extent of quenching in the native state is far greater €fficiency, and hence the distance, can be determined more
than that seen in the unfolded form. The observation that accurately by measurement of the fluorescence lifetimes of
the extent of quenching depends on the distance betweerthe donor alone and doneacceptor samples.
Trp53 and the Cys-TNB, and it is more in the compact native  Cys25 and Cys62 Are Seint-ExposedCalculation of the
state compared to the expanded unfolded form, indicates thatdegree of solvent exposure of various residues from the NMR
the quenching is due to FRET between the donor (Trp53) structure of barstar (Figure 1 and Table 1) indicates that
and the acceptor (TNB). residues 40 and 82 are buried and residues 25 and 62 are
The energy transfer efficiency can be determined using solvent-exposed. The absorption spectrum of the TNB group
eq 2d, by measuring the fluorescence of the donor in theis environment sensitive; the absorption maximum is red-
absence of acceptdtp (in the unlabeled protein), and of  shifted upon solvent exposure. Figure 2c shows the absorp-
the donor in the presence of accepkya (in the corre- tion spectra of Cys25-TNB in the native and unfolded forms.
sponding TNB-labeled protein). The energy transfer ef- The coincidence of the two spectra, with absorption maxima
ficiency (E) for each of the four FRET pairs, in the native at 336 nm, indicates that the TNB group is as solvent-
(N) as well as unfolded (U) form, was determined using the exposed in the native state as it is in the fully unfolded form.
total area under the fluorescence spectrum (310n#i0 Figure 2d shows the absorption spectra of Cys40-TNB in
nm) for Fp as well as forFpa (Table 1).E can be used to  the native and unfolded forms. The absorption maximum of
determine the distanc® between the donor and acceptor the native protein at 320 nm is clearly blue-shifted with
using eq 2a. This requires determinationRgaf as given by respect to the absorption maximum of the unfolded protein
eq 2b. The overlap integral) was determined for each at 336 nm. This indicates that the TNB attached to Cys40
donor-acceptor pair. The quantum yield of Trp53 in the is buried in the native state and becomes solvent-exposed
native state of Cys82 mutant of barstar had earlier beenupon unfolding. The absorption maxima of Cys62-TNB and

Ala25
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Ficure 2: Fluorescence and absorption spectra of unlabeled and TNB-labeled Cys25 (a and c) and Cys40 (b and d). (a and b) Fluorescence
spectra of unlabeled proteins in the native state{—) and the unfolded form—{) and the TNB-labeled protein in the nativ@)(and

unfolded @) forms. All fluorescence spectra are normalized to a value of 1 for the fluorescence intensity at 320 nm for the native, unlabeled
Cys25 protein. The excitation wavelength was 295 nnimaib nmbandwidth, and the emission bandwidth was 20 nm. (b and d) Absorption
spectra of the TNB-labeled proteins in the nati@ énd unfolded 4) forms. Absorption spectra were collected lwé 1 nmbandwidth.

Cys82-TNB in the unfolded forms are also at 336 nm. The Table 2: Stability Parameters Calculated from Urea-Induced
absorption maximum of native Cys62-TNB is at 330 nm, Equilibrium Unfolding Transitions
and that of native Cys82-TNB is at 326 nm (data not shown). AGy AGy

The extent of solvent exposure in the native state can alsoprotein (kcal/mol) Cn (M)  protein  (kcal/mol) Cm (M)
be deduced from the kinetics of labeling of the cysteine Cys25 —4.4+0.5 3.5+ 0.1 Cys25-TNB —4.3+0.5 3.4+0.1
residue with DTNB 27). A solvent-exposed cysteine residue Cys40 —4.2+£0.5 3.3+ 0.1 Cys40-TNB —4.7+0.5 3.7£0.1
is expected to be labeled at similar rates in the native and gggg :igi 8:2 g:ﬁ 8:1 a’ggg:mg :i:éi g:g g:gi 8:1
unfolded forms. Cys82 and Cys40 label at a much slower
rate in the native state than in the unfolded stdf2 27), proteins are similar, and are not significantly altered upon
because they are buried residues. Although the absorptionlabeling. The only exception is Cys40, the stability of which
maximum of native Cys62-TNB is blue-shifted relative to increases upon labeling with TNB, as reported previously
the completely exposed TNB absorption maximum, it was (44).
seen that native Cys62 is labeled at a fast rate comparable The equilibrium unfolding transition can also be monitored
to the labeling rate in the completely unfolded protein (data by measurement of the change in the fluorescence intensity
not shown). Native Cys25 too is labeled at the same rate asof Trp53. Figure 3b shows the equilibrium unfolding
is unfolded Cys25. Thus, the TNB absorption maxima and transition of Cys25 monitored by fluorescence at 320 nm.
the cysteine labeling kinetics indicate that the TNB group is The difference in the fluorescence spectra of the native and
solvent-exposed when attached to Cys25 or Cys62, while itunfolded forms of Cys25 is maximal at 320 nm, so this
is buried when attached to Cys40 or Cys82. wavelength was chosen for observation of the unfolding

TNB Labeling Does Not Alter StabilitfFigure 3a shows  transition. On the other hand, the difference between the
that the urea-induced equilibrium unfolding transitions of fluorescence of the native and unfolded forms of Cys25 is
Cys25 and Cys25-TNB proteins monitored by mean residue smallest at 380 nm (Figure 3b, inset). This indicates that the
ellipticity at 222 nm are coincident, indicating that TNB fluorescence of Trp53 at 380 nm does not change signifi-
labeling does not alter the stability of the protein. The values cantly in response to the change in its environment upon
of AGy(H.0O) and C,, for the unfolding transition were unfolding. To monitor the change in FRET efficiency during
determined from two-state analysis of the unfolding transi- unfolding, the changes in the fluorescence of the donor alone
tion, for all the TNB-labeled and unlabeled proteins, and are (Fp) and donofr-acceptor Epa) proteins have to be moni-
given in Table 2. The stabilities of the different mutant tored (eq 2d). If during the unfolding process the change in
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tored at 380 nm, to simplify the FRET analysis. Figure 3c
shows the equilibrium unfolding transition of Cys25-TNB
monitored at 380 nm. Two-state analysis of the equilibrium
unfolding transitions monitored by fluorescence emission
gave values foAGy(H.0) andC;, similar to those obtained
from the analysis of unfolding transitions monitored by CD.
Also, the unfolding transition of Cys25-TNB monitored by
fluorescence emission at 320 nm gives the same stability.
In principle, the FRET experiments can be carried out at
any wavelength. In this study, FRET was monitored at 380
: nm, which allows the simplifying assumption, as described
0.0 : : ; . above, to be made in the FRET analysis.

0 2 4 6 8 10 Complete Unfolding Kinetics Can Be Obsed for
Labeled and Unlabeled Proteiné. representative trace of
the fluorescence-monitored unfolding kinetics for Cys82 (in
7 M urea) is shown in Figure 4a. The decrease in fluores-
cence intensity at 320 nm during unfolding of Cys82 occurs
in a single phase which can be fit to eq 1a. The inset in
Figure 4a shows the goodness of the single-exponential fit
to the first 200 ms of unfolding data. Figure 4b shows the
unfolding kinetics of Cys82-TNB (in 6.5 M urea). The
increase in fluorescence intensity at 380 nm due to the
decrease in FRET during unfolding also occurs in a single
kinetic phase. The start and end points of the unfolding
kinetics match the expected amplitude of the complete
unfolding reaction observed in the equilibrium unfolding
transition for both the unlabeled and TNB-labeled proteins
(Figure 4c,d).The entire unfolding kinetics for the other three
mutant proteins and their TNB-labeled forms are also
observable (Figures 5a,b and 6) and consistent with the
amplitudes expected from their equilibrium unfolding transi-
tions (data not shown).

Unfolding Kinetics Monitored by FRET for the Buried
Residues (Cys40 and Cys8Z)he unfolding kinetics of
Cys82 and Cys82-TNB are very similar as seen from the
good agreement in the apparent rates of unfolding of the
two proteins at different urea concentrations (Figure 4e). The
unfolding kinetics of Cys40 and Cys40-TNB are shown in
Figure 5. The representative unfolding kinetic trace for Cys40
shown in Figure 5a (in 7.1 M urea) indicates that the

0 : . ; . fluorescence change upon unfolding occurs in a single phase
0 2 4 6 8 10 with a rate constant of 1 s ™. Figure 5b shows a representa-
tive unfolding kinetic trace of Cys40-TNB (in 7.1 M urea).
[Urea] (M) There are clearly two kinetic phases with apparent rates of
Ficure 3: Equilibrium unfolding transitions of Cys25 and Cys25- ~0.35 and~0.027 s . The observed unfolding rates for
TNB. (a) Equilibrium unfolding transitions monitored by mean Cys40 and Cys40-TNB obtained by fitting the kinetic data
residue ellipticity at 222 nm for Cys2%j and Cys-TNB 4). The to eq la or 1b are compared in Figure 5c. The observed
lines through the data are fits obtained by two-state analysis. (b) nfo|ding rate for Cys40 is greater than the faster unfolding
Equilibrium unfolding transition of Cys25 monitored by fluores- .
cence emission at 320 and 380 nm (inset). The fluorescencef@t€ observed for Cys40-TNB. The slower unfolding rates
intensities at both wavelengths are normalized to the fluorescencefor both Cys40 and Cys40-TNB are similar in magnitude in
intensity of the native protein at 320 nm. (c) Equilibrium unfolding the urea concentration range where both can be measured.
350 am. The fizorescence miensiy fs normalized to e fuorescence - JUe 5d shows the relative amplitude of the faster of the
intensity of the native protein at 380 nm. The excitation wavelength two unfolding phases observed for Cys40-TNB. At higher
for all measurements was 295 nm. urea concentrations, where only Cys40-TNB shows a mea-
surable unfolding rate, the rate and its relative amplitude are
the donor fluorescence is negligible, then the observed invariant with urea concentration.
fluorescence-monitored unfolding kinetics of the donor Unfolding Kinetics Monitored by FRET for the $eht-
acceptor samplesFfa) represent directly the kinetics of Exposed Residues (Cys25 and Cys6Znels a and b of
change of the energy transfer efficiendy) (between the Figure 6 show representative unfolding kinetic traces for
donor and acceptor (eqs 3a and 3b). Since at 380 nm theCys25 and Cys62. The unfolding kinetics of Cys25 as well
change in the donor fluorescencEp) is negligible, the as of Cys62 are described well by a single-exponential phase
fluorescence of the TNB-labeled proteits£) was moni- that accounts for the entire expected unfolding amplitude.
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Ficure 4: Unfolding kinetics of Cys82 and Cys82-TNB. (a and b) Representative unfolding kinetic traces monitored by fluorescence
emission at 320 nm for Cys82 unfolding in 7.0 M urea (a) and at 380 nm for Cys82-TNB unfolding in 6.5 M urea (b). The insets show the
unfolding traces during the first 200 ms. The data are normalized to the fluorescence of the respective native protein. The lines through the
data in panels a and b represent fits to eq 1a (Materials and Methods). The ratigad unfolded { — —) signals expected from the
equilibrium unfolding transition are also shown. Panels ¢ and d show the equilibrium unfolding trangitiand @, respectively) and the

start (» and A, respectively) and end pointy (and v, respectively) of the kinetic unfolding experiments for Cys82 (c) and Cys82-TNB

(d). (e) Observed unfolding rates obtained by fitting the fluorescence-monitored kinetics to eq 1a, for Qya8# Cys82-TNB ).

The insets in panels a and b of Figure 6 show that the datato use two-exponential fits is evident from the residuals of
fits are well described by single-exponential kinetics at short the fits of the data to single- and two-exponential equations
unfolding times. Panels ¢ and d of Figure 6, which show (insets of panels ¢ and d of Figure 6).

representative kinetic traces for Cys25-TNB and Cys62-TNB, Thus, the unfolding kinetics of both Cys25-TNB and
clearly indicate that it is necessary to fit the observed kinetics Cys62-TNB show an additional very fast unfolding phase
to a two-exponential equation; the single-exponential fits do not seen for the corresponding unlabeled proteins. Panels a
not pass through the data at short unfolding times. The needand b of Figure 7 show the observed unfolding rates for



1558 Biochemistry, Vol. 42, No. 6, 2003 Sridevi and Udgaonkar

1.2

0
0.00 005 010 015 0.2

Relative fluorescence at 320 nm
Relative fluorescence at 380 nm

Time of unfolding (s)

< >
I(D 10 g 1.0
o c o d
c o -
= ® » 0.8 -
E 1 4 ® QCDQ o
o o o® b
= .
C .§ o 0.6 -
2 tss® 8"
5 01 ¢ S (]
[0] = 0.4 -
© o =" s # Q s
= o0 £ ¢
B 001 " @© o2
o Y.<
o 2
2 ©
£0.001 T T T T T o 00 T T T T T
o 3 4 5 6 7 8 9 12 3 4 5 6 7 8 9

[Urea] (M)

Ficure 5: Unfolding kinetics of Cys40 and Cys40-TNB in 7.1 M urea. (a and b) Representative unfolding kinetic traces monitored by
fluorescence emission at 320 nm for Cys40 (a) and at 380 nm for Cys40-TNB (b). The insets show the unfolding trace during the first 200
ms. The data were normalized to the fluorescence of the respective native pretgitie solid line through the data in panel a is a fit

to eqg 1a and in panel b is a fit to eq 1b. The nativ§ &nd unfolded ¢ — —) signals expected from the equilibrium unfolding transition

are also shown. (c) Observed unfolding rates for Cysa@rfd) and Cys40-TNB @ andM) obtained by fitting the kinetic data to either

eq la or 1b. (d) Relative amplitude of the fast unfolding phase for Cys40-TNB.

unlabeled and TNB-labeled Cys25 and Cys62. The fast during unfolding at high urea concentrationl) The
unfolding rates of the unlabeled and TNB-labeled proteins absence of a burst phase change in fluorescence during
are identical, and the TNB-labeled proteins show an ad- unfolding, for any of the four mutant proteins used in this
ditional very fast unfolding rate. The amplitude of the very study, was therefore surprising, because each of these mutant
fast unfolding rate is independent of urea concentration asproteins also contains only Trp53. The unfolding kinetics

shown in panels ¢ and d of Figure 7. of W38F/W44F were therefore studied again, and it was seen
that a burst phase change in fluorescence was absent for that
DISCUSSION mutant protein also (unpublished observations; see the

Kinetics of Core Seftion. During unfolding, the decrease  SUpporting Information). At present, it is unclear why the
in the fluorescence intensity of the core tryptophan, Trp53, Purst phase change in fluorescence was seen in the previous
reflects a change in its environment from a hydrophobic to Study, but it was likely because the protein sample was
a solvated one, following the penetration of water into the different at that time.
core @3). The rate of fluorescence change can be interpreted FRET as a Structural Probe for Monitoring Unfolding
directly as the rate of core solvation, because the fluorescenceKinetics. FRET between two residues in a protein provides
emission upon excitation at 295 nm is only due to the single site specific information in terms of the distance between
tryptophan residue. In all the mutants studied here, the the two residues, and how the two residues move with respect
unfolding kinetics monitored by changes in the fluorescence to each other during a structural transition. Further, if multiple
of the core tryptophan in the unlabeled proteins are similar; FRET pairs spanning different distances in the protein are
the kinetics are single-exponential, and the entire fluorescenceused, a more detailed picture of the structural transitions can
change is observable. The observed unfolding rates for allbe obtained. The unfolding transition of barstar has been
the proteins are also similar. In earlier unfolding kinetic studied here using four FRET pairs. The donor (Trp53) is
experiments with the single-tryptophan mutant of barstar, located centrally in the hydrophobic core of the protéit)
W38F/W44F, which also contains only Trp53, a burst phase and the acceptors were placed in different structural elements
change in the fluorescence emission was reported to occurof barstar in four different mutant proteins: Cys25 in helix
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Ficure 6: Unfolding kinetics of Cys25, Cys25-TNB, Cys62, and Cys62-TNB in 6.1 M urea. (a and b) Representative unfolding kinetic
traces monitored by fluorescence emission at 320 nm for Cys25 (a) and Cys62 (b). The insets show the unfolding traces during the first 200
ms. The solid lines through the data are fits to eq 1la. (c and d) Representative unfolding kinetic traces monitored by fluorescence emission
at 380 nm for Cys25-TNB (c) and Cys62-TNB (d). The solid lines through the data are fits to eq 1b, and the dashed line is a fit to eq 1a.
Insets i and ii show the residuals for fits of the data to eqs 1a and 1b, respectively. All the unfolding kinetic traces are normalized to the
fluorescence of the respective native prote#ri). The native ) and unfolded ¢ — —) signals expected from the equilibrium unfolding
transition are also shown.

1, Cys40 in helix 2, Cys62 in helix 3, and Cys82 in loop 6 FRET-Monitored KineticsThe unfolding kinetics of the
(see Figure 1). These different distances allow the structuralfour TNB-labeled proteins were monitored by changes in
changes at these sites during the unfolding transition to befluorescence intensity at 380 nm. Since the change in the
monitored. The stabilities of these mutant proteins are very donor fluorescence intensity in the unlabeled protein is
similar (Table 2). Also, their fluorescence and CD spectra negligible at 380 nm (see the Results), the fluorescence
are identical. The stability is not significantly altered upon change observed during unfolding for the labeled protein can
labeling with the acceptor (TNB), and neither the shape of be attributed directly to the change in the energy transfer
the fluorescence nor the CD spectrum is altered. It is efficiency E), which accompanies unfolding. Energy transfer
therefore reasonable to compare directly the unfolding efficiency depends on the distanRdetween the donor and
kinetics of the four different proteins, labeled as well as acceptor and the Forster’s distanBg(egns 2a and 2bJR,
unlabeled. depends on the orientation factor, refractive index, donor
The energy transfer efficiency is very high for all the quantum yield, and overlap integral between the donor and
FRET pairs in the native states of the four proteins (Table the acceptor.
1), as expected for compact structures. The efficiency of It is important to consider hovir, might change upon
energy transfer is lower in the unfolded state (U); some unfolding from the N to U form. (i) Since the relative
energy transfer is seen because the U state is not arorientation of the donor and acceptor can be assumed to be
outstretched polymer but a highly expanded random B68jl ( random in the N state (see the Results), and is expected to
The energy transfer efficiencies in the N state of each protein be random in the unstructured U form, the value of the
are well-correlated with the expected distance of the single orientation factor can be assumed to be unchanged upon
Cys residues from Trp53, as obtained from the NMR unfolding. (ii) The refractive index of the solvent changes
structure (Figure 1 and Table 1). The changes in FRET from 1.33 to 1.4 upon going from native to high-denaturant
efficiency accompanying the transition from the N state to conditions. (iii) The overlap integral changes only slightly
the U form are large for all four FRET pairs, making from the N to the U form, and was determined for the N
measurement of FRET of each of these pairs a suitable probeand U forms of all four proteins (Table 1). (iv) The quantum
for monitoring the unfolding transition of barstar. yield of the donor changes from 0.27 in the N st&8) (to
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Ficure 7: Dependence of the unfolding kinetics of Cys25 and Cys62 on urea concentration. Unfolding kinetics were monitored by tryptophan
fluorescence in unlabeled proteins and by FRET in the labeled proteins. (a) Observed unfolding rates foOLgs2bQys25-TNB @

and a). (b) Observed unfolding rates for Cys6®)(and Cys62-TNB @ and 4). (c and d) Relative amplitude of the very fast phase
observed for Cys25-TNB (c) and Cys62-TNB (d).

0.11 in the U form. Taking all these factors into consider- donor quantum yield. The unfolding kinetics of unlabeled
ation,R, was calculated for the N and U forms of the proteins (donor alone) proteins measure directly the kinetics of change
(Table 1). If only factors+iii above are taken into account, in the quantum yield of the donor due to unfolding. If the
then the change iRy, upon unfolding from the N to the U~ FRET-monitored kinetics of unfolding of a labeled protein
form, is calculated to be only-24%. If it is assumed theR show an additional faster kinetic phase, apart from the kinetic
remains the same (as in the N state), the changedue to phase also observed for the corresponding unlabeled protein,
the change iR, alone would be £3%. When the large  then the additional FRET-monitored kinetic phase must be
change in the quantum yield of the dond®g), upon a consequence of a change in the deremceptor distance
unfolding from the N to U form, is, however, taken into (R) during unfolding.
account, a large difference between the valueRqah the FRET-Monitored Kinetics for the Sant-Exposed Ac-
N and U forms is observed. From the value®Rpfn the N ceptors.The TNB group attached to Cys25 or Cys62 is
and U forms, and if the value d&® in the N state (given in  solvent-exposed, because these residues are on the surface
Table 1) were not to changg,would be expected to change of the protein. Loss of FRET for the Trp5&ys25-TNB
by 23, 7, 8, and 7%, upon complete unfolding, for the Cys25, and Trp53-Cys62-TNB pairs occurs in two kinetic phases.
Cys40, Cys62, and Cys82 proteins, respectively. The ob-The faster phase~10-15 s!) corresponds to an-25%
served change i upon unfolding of the N to the U state  decrease in FRET efficiency for the Trp58ys25-TNB pair
is, however, significantly more than what is expected from and an~15% decrease for the Trp5&ys62-TNB pair. For
a change iR, alone (Table 1). Thus, the changeErupon each of these labeled proteins, the rate of the slower phase
unfolding from the N to the U form must reflect, to a large is the same as the rate of fluorescence change observed
extent, the change in the distarRédetween the donor and  during the unfolding of the corresponding unlabeled protein.
acceptor. Such biphasic kinetics could imply that (1) all molecules
Since the change iR, during unfolding is primarily due initially expand fast to such an extent as to cause the 15
to the change in the quantum yield of the donBs, is 25% loss of FRET efficiency or (2) a fraction of the
expected to change significantly only in those steps of the molecules are expanding to such an extent that the overall
unfolding reaction where the donor quantum yield also change in FRET that can be observed for the bulk sample is
changes. All the four proteins have the same donor, and it~20%. Situation 2 implies that some molecules are less
is reasonable to assume, for all four proteins, that the changestable and progress faster toward the unfolded state. Although
in Ry occurs at the same rate as that of the change in thethere is no evidence for multiple native forms of barstar,
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there is evidence for multiple unfolding pathwayd (12). Cys40-TNB pair occurs in two phases (Figure 5), both of
The observation that the relative amplitude of the very fast which are slower than the unfolding rates of the unlabeled
unfolding phase is independent of denaturant concentrationprotein. The stability of this mutant increases upon TNB
for the unfolding of both the Cys25-TNB and Cys62-TNB labeling (Table 2), and the increased stability may be the
proteins suggests that explanation 2 is unlikely because areason for the fast unfolding rate being slower for the TNB-
change in denaturant concentration might be expected to altelabeled protein than for the unlabeled protein. The important
the distribution of molecules unfolding along one pathway information from the FRET-monitored kinetics for this
or the other. Thus, it appears that all the protein molecules mutant protein is that the slow unfolding rate, which can be
expand in the fast phase, leading to a partial loss of FRET observed even at high denaturant concentrations, is inde-
efficiency. The remaining loss of FRET efficiency for all pendent of denaturant at high urea concentraticts I1).
molecules occurs at the same rate as core solvation, whichAlso, the amplitude of this slow phase is not dependent on
is the rate of the overall unfolding of the protein. denaturant concentration beyond the transition zone. The
The rate of core solvation is 1 order of magnitude slower magnitude of this rate is characteristic of the rate of the
than the rate at which the partial loss of FRET efficiency proline isomerization reaction. It appears that the proline
between the core tryptophan and the surface residues (25somerization reaction, which normally cannot be observed
and 62) occurs, which suggests that the surface expansiorby any spectroscopic measurement, can be observed by the
occurs faster than core solvation. It appears that the surfacemeasurement of the change in FRET efficiency between
residues of the protein move away from the core faster, and Trp53 and Cys40-TNB, because the Tyr4ro048 bond is
that the core slowly becomes solvated simultaneously. Usingin the middle of this FRET pair in the protein sequence. Thus,
the values oft for the N and U states (Table 1), it can be the exquisite sensitivity of FRET to small distance changes
shown that the 25% loss of FRET efficiency for Cys25-TNB allows FRET to be exploited in probing the proline isomer-
corresponds to arv10% increase in the Trp53Cys25-TNB ization reaction in the unfolded form of the protein, under
distance, relative to the N state distance. Similarly, the 15% conditions where the reaction is otherwise silent to all other
loss of FRET efficiency for Cys62-TNB corresponds to an spectroscopic probes.
~11% increase in the Trp53Cys62-TNB distance, relative Unfolding Pathway of Barstaitt had been shown in earlier
to that in the N state. If the distance of the surface cysteine unfolding studies that barstar unfoldis parallel unfolding
from the core tryptophan is taken to represent the radius of pathways with multiple intermediate4@—12). In light of
the protein (assumed to be spherical), then a 10% loss ofthe FRET experiments discussed here, it appears that the
FRET efficiency corresponds to an40% increase in the  native state expands initially at the surface, while, simulta-
volume of the protein. It is important, however, to note that neously, changes in the secondary structure and core solva-
this increase in volume may not represent an overall changetion occur at slightly different rates, as the protein unfolds
in volume, because it could be occurring due to expansion along multiple routes. Theoretical studies have suggested that
of the surface away from the core, without the core itself all protein chains leaving the native state cannot directly
being significantly solvated. access the stable denatured state, but must first surmount
FRET-Monitored Kinetics for the Buried Acceptofihe one particular energy barrier to reach stable denatured
loss of FRET efficiency for the Trp53Cys82-TNB pair conformations, after which multiple unfolding routes become
occurs in a single phase at a rate similar to the rate of coreaccessible4).
solvation seen in the unlabeled protein. This implies thatthe Surface Expansion and Core Bation Occur Simulta-
change in the Trp53Cys82 distance occurs concurrently neously and Not SequentiallJhe observation that the loss
with core solvation, which is not altogether unexpected in FRET efficiency occurs in two kinetic phases for Cys25
because both the donor and acceptor are buried residues. Thiand Cys62 (Figure 7) might suggest that unfolding occurs
suggests that the distances within the core change slowlythrough a mechanism of the % | — U type, where the
compared to the changes at the surface residues, furtheintermediate | has a packed core but an overall larger
supporting the conclusion that structural changes occurdimension than N. In such a mechanism, the fast change in
slower in the core than on the surface. The unfolding kinetics FRET efficiency would occur during the N~ | transition,
of this FRET pair also indicate that TNB labeling does not due to the surface residues moving away from the core. The

influence the unfolding kinetics of the protein. core solvation and remaining loss of FRET efficiency would
The Tyrd7-Pro48 bond in barstar sin the native state, ~ then occur during the + U transition. Such a mechanism
and in the unfolded state it can exist both in the (Ur or would, however, predict that a lag should be observed in

the fast folding form) andrans (Us or the slow folding form) the change in core solvation observed by the fluorescence
conformations. The Hand Us forms are identical except  change in the unlabeled protein, but no lag is observed for
for the conformation of a single proline bond. Normally, the any of the proteins. Instead of invoking more complex
proline isomerization step involving the Tyr4Pro48 bond mechanisms, we find it is simpler to assume that core
can be detected by fluorescence measurement only in thesolvation and surface expansion occur simultaneously and
transition zone of unfolding, because it is here that it is independently, but that the latter occurs faster. An analogy
coupled kinetically to the structural unfolding reaction during may be made to the unfolding of a two-domain protein,
which the change in fluorescence actually occurs. Beyond where one domain may unfold independently of the other.
the transition zoneX5 M urea), the unfolding kinetics are It is proposed here that the surface of the protein expands
single-exponentiall, 27), because unfolding to the-\dtate faster than, and independent of, core expansion and solvation.
occurs rapidly and is complete before the subsequent proline Equilibrium unfolding studies of barstar using the Trp53
isomerization step begins; hence, the two reactions are noCys82-TNB FRET pair have shown that the protein expands
longer coupled. The loss of FRET efficiency for the Trp53  progressively through a continuum of native-like states, and
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achieves the dimensions of a molten globule-like state beforetransitions, and appropriate positioning of the FRET pairs
undergoing a first-order unfolding reactioB2. In these has been used to obtain information about specific regions
expanded native-like states, the secondary structure and coref the protein during unfolding.

solvation remain as they are in the native state. In the kinetic

experiments monitored by FRET here, a surface expansionACKNOWLEDGMENT

is seen to occur in a fast phase independent of the core \ye thank M. K. Mathew and G. Krishnamoorthy for
solvation. It is not surprising that this expansion is not seen giscyssion and useful insights into the interpretation of the
for the buried residues (Cys82 and Cys40), because thegaia R. Sowdhamini for the solvent exposure calculation,

changes in the distances of these residues from the coréx g R. Koti and G. S. Lakshmikanth for discussion, and

tryptophan are very likely to occur at a rate similar to the R g54e for obtaining the mass spectra of the proteins.

rate of core solvation. The FRET-monitored kinetics therefore

provide further evidence in support of the multistate nature SUPPORTING INFORMATION AVAILABLE

of the unfolding reaction of barstar, and provide additional
information about how the unfolding structural transition
might occur.

Relation of Stability and Structure Formation and/or Loss.

Representative kinetic trace of unfolding of W38F/W44F
in 7.9 M urea at pH 8.0. This material is available free of
charge via the Internet at http://pubs.acs.org.
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