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ABSTRACT: Unfolding of the immunoglobulin binding domain B1 of streptococcal protein G (GB1) was
induced by guanidine hydrochloride (GdnHCI) and studied by circular dichroism, steady-state, and time-
resolved fluorescence spectroscopy. The fluorescence methods employed the single tryptophan residue of
GB1 as an intrinsic reporter. While the transitions monitored by circular dichroism and steady-state
fluorescence coincided with each other, the transitions followed by dynamic fluorescence were markedly
different. Specifically, fluorescence anisotropy data showed that a relaxation spectrum of tryptophan
contained a slow motion with relaxation times of 9 ns in the native state and 4 ns in the unfolded state
in 6 M GdnHCI. At intermediate GdnHCI concentrations of 382 M, however, the slow relaxation

time increased to 18 ns. The fast nanosecond motion had an average time of 0.8 ns and showed no
dependence on the formation of native structure. Overall, dynamic fluorescence revealed two preliminary
stages in GB1 folding, which are equated with the formation of local structure ifistesrand hairpin

and the initial collapse. Both stages exist withouhelix formation, i.e., before the appearance of any
ordered secondary structure detectable by circular dichroism. Another stage in GB1 folding might exist
at very low (~1 M) GdnHCI concentrations.

Equilibrium unfolding of globular proteins offers insights mediate conformation, creating folding nuclei, thereby reduc-
into various interactions that govern the stability of native ing the search through conformational spak®.(Identifying
structures, and may provide clues to the pathway of folding. the existence of folding initiation sites, as well as unfolded
Unfolding induced by denaturants is modeled, in many cases,or partly folded intermediates, presents a difficult challenge.
by a two-state mechanism involving the native and the It depends crucially on the population of intermediate states
unfolded state X, 2). The native state is considered to and requires significant differences in their thermodynamic
comprise an ensemble of molecules, which share a commonand kinetic properties. Traditionally, if nearly identical (un)-
fold with the unique three-dimensional structure. The un- folding curves are observed by experimental measurements
folded state is thought to be more or less a random coil, characterizing secondary and tertiary structures, a two-state
with little or no regular structure. The number of reports, mechanism is assume#8, (13. This congruence, however,
however, testifying to the existence of equilibrium and/or cannot be considered as sufficient evidence for a two-state
kinetic intermediates in (un)folding induced by denaturants, model, especially if folding intermediates have no regular
increases steadily. An incomplete list inclugetactamase  structure. Clearly, the lack of appropriate probes for studying

(3), carbonic anhydrase Bi), ribonuclease AR), E. coli protein folding may contribute to the absence of observable
dihydrofolate reductaseé), barstar 7, 8), cytochromec (9), intermediates. In an endeavor to understand protein folding,
yeast phosphoglycerate kinag®), and many othersi(). detailed multiparametric investigations of equilibrium (un)-

Although these studies have focused mostly on the “molten folding are required. Whether equilibrium intermediates are
globule” state, they also raised new questions with respectalso intermediates on the kinetic folding pathway remains a
to the denatured state. For example: How do we define theserious question.

unfolded state, and what is the role of local interactions in  Over the last couple of years, several model systems have
protein folding? In fact, the local interactions in an unfolded emerged which have found widespread use in the protein
polypeptide chain could guide the protein toward an inter- folding field. One such protein is the immunoglobulin
binding domain B1 of streptococcal protein G (GBNMR
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Ficure 1: Ribbon diagram of the B1 domain of streptococcal
protein G. The single tryptophan residue W43 is located-strand

3 and is partially buried in the core of the protein. It makes close
(<5 A) hydrophobic contacts with two aromatic (F30, F52) and
three aliphatic (L5, A34, V54) residues. Also shown is the positively
charged polar side chain of K31.

folding a partly collapsed chairld). Recently, experimental
evidence for the presence of an early kinetic folding
intermediate containing a native-like core was proposed
based on stopped-flow fluorescence measuremé@sjs (

GB1 is a small (56 residues), stable, single-domain protein
with onea-helix and a four-strandefl-sheet comprised of
two hairpins (Figure 1). A single tryptophan residue (W43)
is located org-strand 3, and the local environment of W43
in the native state is mostly hydrophobic. Its side chain is in
van der Waals contact® A) with two aromatic and three
aliphatic residues. Thus, W43 is involved in the formation
of the interface between the-helix through contacts with
F30 and A34 and the neighborifigstrands through interac-
tions with L5, F52, and V54. Since W43 occupies a critical
position in the hydrophobic core of GB1, it constitutes an
ideal probe for studying protein folding with time-resolved
fluorescence spectroscopy. Dynamic fluorescence measure
ments are known to be more sensitive to rearrangements o
macromolecular structure than steady-state oh€s thus,
they may reveal the presence of intermediates more readily,
either in equilibrium or in kinetic studies. The present study
employs time-resolved fluorescence spectroscopy to follow
the equilibrium unfolding transition upon denaturation of
GB1 by guanidine hydrochloride (GdnHCI). We demonstrate
that it is possible to observe conformations partially struc-
tured around W43 which are present under strongly denatur-
ing conditions. These partially folded equilibrium interme-
diates are likely related to the kinetic folding intermediate
reported by Park et all1p).

MATERIALS AND METHODS

Chemicals and Solution&B1 was expressed and purified
essentially as described previously7). The protein was
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mined by refractive index measurements using an AO Abbe
refractometerZ0, 21). All experiments were carried out at
20+ 0.05°C controlled by an RTE-111 Neslab water bath.
The pH was measured using a Radiometer PHM83. Experi-
ments were carried out for protein concentrations covering
the range of 26400uM. No changes in recovered transition
curves were observed, demonstrating that no significant
protein aggregation is present.

Protein solutions with the desired GdnHCI concentration
were prepared by a “mixing” method described previously
(22). This procedure allows one to minimize variability with
respect to protein concentration as well as reaching the
equilibrium. Specifically, a solution containing folded protein
was added to one containing unfolded protein (in 6 M
GdnHCI) at identical protein concentration and in reverse
order. Each sample was equilibrated for at telak prior to
measurements. This time is sufficient for completion of the
(un)folding reaction induced by GdHCI, which is known to
occur on the millisecond time scalg4 15). No changes in
experimental data were observed after further 24 h.

Equilibrium (un)folding as a function of GdnHCI concen-
tration was monitored by circular dichroism, steady-state,
and time-resolved fluorescence. The apparent fraction of
folded molecules was extracted from each set of raw data,
assuming the two-state moddl3j:

X=Xy
fN - XN _ XU (1)
In eq 1 the experimental parameter measured at a given
GdnHCI concentration (e.g., fluorescence quantum yield,
lifetime, ellipticity, etc.) is denoted aX, while Xy and Xy
are the values oX characteristic of the folded and unfolded
conformations, respectively, at the same denaturant concen-
tration. The pre- and post-transition baselines were essentially
lat as monitored by fluorescence and CD measurements.
Hence, theXy and Xy parameters were assumed to be
independent of GdnHCI concentration. For fluorescence
experiments, this assumption holds since the emission of the
indole fluorophore in solution shows no significant change
with GdnHCI concentration2?). In addition, we have no
evidence that in the unfolded state (under native or native-
like conditions) the Trp residue is exposed to the solvent,
justifying such baseline correction for the present case.

Circular Dichroism Measurement<Circular dichroism
measurements were carried out on a J-720 spectropolarimeter
(JASCO, Japan) equipped with a temperature control system
(NESLAB, USA). The spectropolarimeter was calibrated
with (+)-10-camphorsulfonic acid. Far-UV spectra were
recorded over 200260 nm for a 5QuM protein sample in
a 0.1 cm cell. Near-UV spectra were obtained over-250
350 nm for 50 and 40@M protein samples in 1 and 0.2 cm

dissolved in 20 mM sodium phosphate buffer (pH 5.7) cells, respectively. Each spectrum (the average of 10 scans)
containing the desired amount of GdnHCI. Protein concen- was corrected for the appropriate solvent-blank, and, there-
tration was estimated by absorbance using a Hewlett-Packarchfter, smoothed with J-720 software. Raw data were ex-
8452A diode array spectrophotometer. The molar extinction pressed as molar ellipticity in units of deg?-dmol* (23).
coefficient at 280 nm was calculated from the tryptophan Measurements were performed with a bandwidth of 1 nm, a
and tyrosine composition and the standard values of 5690response time of 0.5 s, and a scan speed of 20 nm/min.
and 1280 M*-cm™* reported for those amino acidsg, 19. Steady-State Fluorescence Measuremerlisorescence
Ultrapure GdnHCI was purchased from U.S. Biochemicals spectra were obtained for 20/ protein samples on a SPEX
Inc. and further purified by recrystallization from water and Fluorolog-2 spectrofluorometer using the DM-3000 software
thereafter from ethanol. GdnHCI concentration was deter- (data interval of 0.5 nm, scan speed of 50 nm/min). Emission
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was measured under “magic angle” conditions in the ratio emission was calculated asri/Za;t; (27). In all cases, two
mode and corrected for the appropriate solvent-blanks, asdecay times and a third, short-lived, fixed component
well as for wavelength-dependent bias of the optics and (compensating for any scattered excitation or color shift) gave
detection system. An excitation wavelength of 295 nm was the best fit.

used in most of the experiments to avoid tyrosine absorbance. To generate the anisotropy decaft), the fluorescence
For selected experiments (see below), the excitation was setat 350 nm was monitored through a film polarizer oriented
at 280 nm. The emission was characterized by the quantumparallel, Iy (t), or perpendicular,lyy(t), to the vertical
yield, ¢, the position of the intensity maximumya., and excitation polarization and alternatively recorded. Data were
the width of the spectral distributioly\A;,. The quantum collected up to 20 000 counts in the peak. For each sample,
yield, ¢pror Was determined by comparison with an aqueous eight pairs of intensity decays were measured sequentially
solution of twice-recrystallizedN-acetyltryptophanamide and summed to calculate the anisotropy deady), as
(standard) withps; = 0.14 Q4): follows:

= M () = Gl Dt
P @ O 0T 28,0

s Fst Dprot
yvhereD is the absorption anH is the fluorescen_ce intens_ity The factorG was reduced to unity with a wedge depolarizer
integrated over the range of 36@50 nm. For native protein,  (optics for Research, DPU) placed 1 cm from the entrance
¢n was measured to be 0.26, while in the unfolded state (6 jit of the monochromator. The parameters of the anisotropy
M GdnHC_I) a valqe of 0.08 was obtained. The position of decay were recovered from the experimental deday&)
the emission maximunimay, Was recovered from the first- g lv(t) by the “sum and difference” method assuming
derivative plot of the emission spectrum, as the wavelength ine nonassociative modél). The anisotropy decayt) was

corresponding to the zero value of the first derivative. We considered to be a sum of discrete exponential functions:
also calculated the intensity-weighted average emission

(%)

wavelength[Amad) as follows: n »
=y fe (6)
1
Ao —— 3) wheref; andg; were the numerical parameters recovered to
ZF(}”) ensure the best fit of thB(t) function.
1

In all time-resolved fluorescence experiments, the refer-
ence lamp profile and color shift used for convolution
where F(4i) is the fluorescence intensity measured at the analysis were tested with a monoexponential standard
emission wavelength;. (melatonin aqueous solution with fluorescence lifetime
Time-Resaled Fluorescence Measurement§ime-re- = 5.2 ns). The convolution was compared with the experi-
solved fluorescence measurements were carried out by themental decay by a nonlinear least-squares analysis. The best
time-correlated single-photon counting technique as describedfit between the theoretical curve and the data was evaluated
previously @5). Samples were excited at 295 nm using a from the plot of weighted residuals, the autocorrelation
synchronously pumped, frequency doubled, cavity-dumped function of the weighted residuals, and the redugedalue.
dye laser (repetition rate of 4 MHz, pulse width of 5 ps, Estimation of error in the fitting parameters was done using
average UV power200xW). The channel width was 42 the “/2_surface” plane method®9, 3Q. The uncertainty in
ps, and the data were collected in 1014 channels. Thethe recovered variable was calculated on the basis of a 90%
monochromator and microchannel plate photomultiplier confidence intervald9), which usually corresponds to a 10%
combination yielded a transit time spread of 120 ps, allowing ;,crease in thegé minimum value 81).

one to resolve qorrelqtion times as short as 50 ps. ) . Regarding the tryptophan dynamics, the decrease of
Fluorescence intensity decays were collected under magiCanisotropy was considered to be caused by independent

angle” conditions for equal dwell times and by stepping the ,4tions” of the tryptophan reporter with corresponding
emission monochromator in increments of 5 nm in the range correlation timess; (see eq 6). The most feasible model

of 300-450 nm. Over 30 decays were obtained for each gmnjoved to analyze nanosecond dynamics of tryptophan in
sample and simultaneously analyzed according to the globaly gy hentide chains considers the fast motions as oscillations
procedure 26), assuming that fluorescence intensity decay (orsjonal vibrations) of an indole ring within the allowed

follows a multiexponential law: conformer well 25, 32. The slow motions include the
n rotations of the tryptophan residue together with the entire
I(t, A) = Za-(l)eft”‘ (4) protein, with a backbone segment, as well as the rotation of
' i
I

the indole ring about &-Cs and G—C, bonds g5, 32.

Since a broad spectrum of motions is possible in long-chain
The relative amplitudesy;, and the decay constants,were molecules, anisotropy experiments report the average dif-
the numerical parameters recovered. To resolve the emissiorfusion coefficient, or harmonic mean time of motions that
spectra associated with the individual decay constant (decay-are comparable in time scaleg, 33. In this regard, it should
associated spectra, DAS), the fluorescence intensities at théve pointed out that a large body of dynamic data for synthetic
various wavelengths were expressediaproducts, and the ~ macromolecules in solutions reveal that this average param-
relative contribution of each decay component to the total eter of the relaxation spectrum is a sensitive indicator of
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Ficure 2: Fluorescence spectra of M GB1 in 20 mM sodium
phosphate buffer (pH 5.7, 2€) for varying GdnHCI concentration.

A buffer spectrum is given at the bottom for reference. The inset
shows the variation of the emission maximum with increasing
GdnHCI concentration. The excitation wavelength was 295 nm.

structure formation. Specifically, substantial changes were
observed upon formation of local internal structures, or for
the coil-helix and coit-globule transitionsX6). A variety

of intermediate structures exhibiting different intra-macro-
molecular dynamics were found in folding studies of Trp-
containing synthetic polypeptide82). Thus, analysis of
fluorescence anisotropy data allows to extract information
about structure formation during folding, which is difficult
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CD spectra altered significantly in both shape and amplitude,
i.e., changed in a nonlinear fashion over the entire wavelength
region (Figure 3b). Both fluorescence and CD data cor-
respond well to those reported previously for GB1 and its
close analogueslé, 36-40).

We monitored the unfolding transition by measuring the
far-UV molar ellipticity at 222 nm, the near-UV ellipticity
at 275 nm, and the fluorescence quantum yield. The fraction
of folded molecules was calculated using eq 1, assuming
the two-state model. Figure 4 demonstrates that the CD
profiles superimpose perfectly on those derived from fluo-
rescence. A sharp transition is observed in the42M
GdnHCI range. The thermodynamic parameters recovered
from the unfolding curves, i.e.AGuater = —5 + 0.4
kcalmol™* and my = —1.8 + 0.1 kcal(mol-M)~%, are
identical to those in previous reports4 39. In fact, steady-
state fluorescence and CD data show that formation of the
native-like W43 environment (fluorescence), tight packing
of the aromatic groups (near-UV CD), and formation of
native secondary structure (far-UV CD) apparently occur
under identical conditions, seemingly supporting the two-
state transition assumption. Unexpected changes in the near-
UV CD data, however, prompted us to examine this further.
Figure 3b shows that the different parameters of the near-
UV CD spectrum, e.gfz7s and g3, track the unfolding in
a different way, exhibiting large or small changes. In fact,
in the region from 270 to 300 nm the main contribution to
the CD spectrum arises from tryptophan and tyrosine
residues, while the band near 290 nm is attributed tdlthe
transition of tryptophan alon@8). Note that the tryptophan
band near 290 nm appeaitstaM GdnHCI and its amplitude
shows no significant change during folding. This finding
might indicate that defined structural changes occur under
extensively denaturing conditions and the W43 aromatic side

to recover by other experimental means. In the subsequenthain is thus transferred to an asymmetric environment.

discussion, a relaxation time= 3¢, will be used to compare
the present data to prior results obtained by conventional
steady-state method4§, 34. In addition, the change in

Indication of changes in the W43 microenvironment above
4 M GdnHCI can also be derived from the analysis of the
emission maximum/max In contrast to the continuous

dynamics caused by a change in the solvent viscosity wasgecrease in fluorescence intensityay followed the unfold-

taken into accountl@, 25, and the relaxation times obtained
experimentally were adjusted to the viscosity of water at
20°C (y = 1.005 cP).

Viscosity MeasurementSpecific viscosity was obtained

ing in a nonmonotonic way (Figure 2, inset). It shifted over
the range of 24 M GdnHCI from the native value of
343+ 1 nm to 354+ 1 nm. Further increase in GdnHCI
concentration to 4.6 M led to an abrupt shift to 3511 nm,

with an Ostwald capillary viscometer having a water flow  followed by a reverse shift to 354 nnt @ M GdnHCI. The
time of 140 s. For each sample, the results were averagedy|ye-shifted emission in the native state is consistent with

for three independently prepared solutions, each measureq

he partially buried W43 in the hydrophobic core of the

10 times. The measurements were done at five protein yrgtein, as observed in NMR and X-ray structurg, (41—

concentrations varying from 0.5 to 2.5 mM. The solution
and solvent densities were estimated by using 10 mL
pycnometers calibrated with distilled water, and by refractive

43). The position of the emission maximum in the unfolded
state reflects the high polarity of the W43 microenvironment
in 6 M GdnHCI. A similar position of emission maximum

index measurements. The intrinsic viscosity was based onpas peen observed on numerous occasions for low molecular
reduced specific viscosity plotted versus protein concentrationyeight tryptophan derivatives surrounded by charged carboxy

(in g/100 mL) and extrapolated to zero concentrati8s) (

RESULTS AND DISCUSSION

Steady-State Fluorescence and Circular Dichroisin-
folding of GB1 induced by GdnHCI (pH 5.7, 2C) resulted
in a red shift of the emission spectrum and about a 3-fold
drop in the fluorescence quantum vyield (Figure 2). Far-UVv

or amino groups44). It appears that thény.x behavior in
4—6 M GdnHCI monitors changes in the dielectric constant
of the W43 microenvironment. Note that a more sophisticated
analysis in terms of the intensity-weighted average emission
wavelength (center of gravity) corroborates gy data.
Steady-state fluorescence experiments with varying excita-
tion wavelength provide supplementary evidence for local

CD spectra recorded for increasing GdnHCI concentrations conformational rearrangements of the region around W43
decreased in amplitude, due to the loss of secondary structurainder highly denaturing conditions. We find that by using

in the unfolding transition (Figure 3a). In contrast, near-UVv

excitation at 280 nm an additional emission appears in the
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Ficure 3: Far-UV (a) and near-UV (b) circular dichroism spectra of GB1 in 20 mM sodium phosphate buffer (pH 8Q), {0 varying
GdnHCI concentration. The conditions were as described under Materials and Methods.
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Ficure 4: Equilibrium GdnHCI denaturation curves for GB1 in
20 mM sodium phosphate buffer (pH 5.7, 20). The (un)folding
transition was followed by the ellipticity at 222 nnil), the
ellipticity at 275 nm ), and the intrinsic fluorescence excited at
295 nm ©). Raw data were converted by eq 1 to the fraction of
folded moleculesf, and plotted against GdnHCI concentration. The
solid line is the nonlinear least-squares fit of the data to the
equation: f/(1 — f) = exp[-(AG/RT)]. The inset shows the free
energy of folding as a function of GdnHCI concentration.
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Ficure 5: Effect of GAnHCI on the emission at 310 nm in the
fluorescence spectrum of GB1. Fluorescence was excited at 280
nm, and the spectra were normalized to the intensity at the
maximum. The inset shows the effect of [GdnHCI] on the width
of spectral distribution A} = 55 nm). Other experimental
conditions were as described for Figure 2.

and Y33, by phenylalanines. Using the single tyrosine mutant
protein, the emission spectrum was identical to that of the
wild-type protein; therefore, we assign the shoulder at 310

GB1 fluorescence spectrum. Changes in protein fluorescencenm to the aromatic residues W43 and Y45 residing on the

with variation of GdnHCI concentrations are shown in Figure
5. The emission at 310 nm is clearly visible at 4.6 M GdnHCI

pB-strand 3. To monitor the spectral changes induced by the
appearance of the emission at 310 nm, we calculated the

and disappears once the protein is folded. Evidently, excita- width of the spectral distributiom4,,,, normalized to that
tion at 280 nm activates both tryptophan and tyrosine in the native state and plot it as a function of GdnHCI
residues. To assign this band to particular aromatic residuesconcentration. Figure 5 shows that this parameter does not

we constructed a GB1 mutant containing only a single

track the unfolding transition in a two-state manner, exhibit-

tyrosine residue, namely, Y45, replacing the two others, Y3 ing a maximum at 4.6 M GdnHCI.
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25000

3 ; Table 1: Parameters Associated with Tryptophan Fluorescence
g s | Intensity Decay in GB1
20000 | 4 2. RN | fluorescence lifetime
g g o k,_ 2 GAnNHCI (M) Tshos NS Tiong, NS Olshorf® GLPns 234
S 18000 | D0 P 0 0.44 5.9 0.18 4.9 1.18
2 08 ‘ ‘ 0.6 0.48 5.7 0.15 4.9 1.1
o i ¢ . 0 N 0.46+0.02 5.8+ 0.1 0.16+0.02 4.9
Q 10000 | :f: Time (ns) 4.9
& i 15 2.1 5.4 0.19 4.8 1.28
e 2.7 1.8 51 0.37 3.9 1.4
so00 [ if : 34 1.5 45 0.65 2.6 1.04
i 3.6 15 4.4 0.72 2.3 1.05
‘-\ 4 1.6 4.4 0.77 2.2 1.28
0 S 1.7£0.2 48+04
0 5 10 1 4.1 1.4 3.7 0.77 1.8 0.99
Time (ns) 43 1.3 3.2 0.73 1.8 1.36
4.5 1.2 3.1 0.71 1.8 1.27
38 ¢ 4.6 1.2 3.0 0.7 1.8 1.16
53 o 1.3+0.1 3.3+03 18
=2 4.9 1.1 2.9 0.6 1.8 1.01
53 1 2.7 0.61 1.6 1.11
FiIGURE 6: Time-resolved fluorescence intensity decay of GB1 in 5.7 1 2.5 0.58 17 1.32
1.1 2.6 0.6 1.7 1.19

the native state (1) and unfolded state6 M GdnHCI (2). The . : :
experimental data (circles), fitted curves (solid curve), and scaled 1.054£0.05 2.7£0.2 0.60+£0.01 1.7£0.1
lamp profile (dotted curve) are shown. Weighted residuals are  aFraction of short-lived component as measured at 350°tvtean
displayed at the bottom. The inset shows the autocorrelation functiondecay timeZ0= Soiz;.
of the weighted residuals. The excitation was set at 295 nm, and
emission was collected at 350 nm. The protein concentration was
10 uM in 20 mM sodium phosphate buffer at pH 5.7 and 2R conditions cannot be assigned to fully unfolded and folded
_ . _ conformations. Indeed, the invariant DAS positions hint at

Time-Resaled Fluorescence Intensitfluorescence in-  the quasi-homogeneous environment of the apparent fluo-
tensity kinetics of the single tryptophan residue were rescence species. Therefore, it seems most likely that the
adequately described by a biexponential model over the entirefluorescence kinetics recorded in the-4®M GdnHCI range

range of GndHCI concentrations: report on the complex electronic relaxation of the W43
Ly Ly residue in the unfolded chain. This complexity might
[(t) = oo "+ Qyonge Tlong Zai =1 (7) originate from a multitude of tryptophan isomers or rotational

isomers of nearby quenching residues.

The reducecyé value, characterizing the goodness of the  Decreasing the GdnHCI concentration further, to 4 M,
fit, was always less than 1.5, and the weighted residuals andresults in changes of the W43 fluorescence, and the fraction
the autocorrelation of the residuals were randomly distributed of the short-lived componentsnor; increases by almost 30%.
around zero. Attempted fits of the experimental data to one- Figure 8 summarizes the fluorescence decay data and
or two-exponential models with the fixed mean decay demonstrates thatshon depends on GdnHCI concentration
constants recovered for native and unfolded moleculesin a nonmonotonic fashion, showing a maximum value at
showed a substantial>@0%) increase in the/ value. ~4 M GdnHCI. This indicates that changes in interactions
Since a three_exponentia| fit led to no impro\/emenkﬁ@ involving W43 occur at relatively hlgh denaturant concentra-
the simpler two-exponential model was chosen for further tion, namely, in the interval between 4 and 4.9 M GdnHCI.
consideration. A typical example of the analysis of the  Further, the lifetimes of short- and long-lived components
experimental data is shown in Figure 6. Parameters associatetiecovered for the 1:54 M GdnHCI range correspond within
with the fluorescence intensity decays obtained at different 10% to the mean decay times measured for native (4.9 ns)
GdnHCI concentrations are summarized in Table 1 togetherand unfolded (1.7 ns) molecules (Table 1). Moreover, the
with » values used to judge the quality of the fit. changes irsnoragree well with the unfolding transition as

Fluorescence kinetics employed to monitor the unfolding monitored by mean decay time (Figure 8), steady-state
reaction, obviously, might reflect both the complex relaxation fluorescence, and CD measurements (Figure 4).
of the tryptophan excited state in a particular conformation  The native protein exhibits nearly monoexponential fluo-
state as well as that in the mixture of global conformations rescence intensity kinetics, and the apparent population of
(i.e., native and unfolded). In fact, Table 1 shows that for the short-lived species is only about 15%. The lifetime of
unfolded protein, in the range of 4% M GdnHCI, the W43 the short-lived component, however, has a value of 0.4 ns
fluorescence exhibits no changes with GdnHCI concentrationin the native state and 2 ns in 1.5 M GdnHCI. No significant
as expected for the indole fluorophore in soluti@2)( The changes in the long lifetime were observed in this range,
spectra associated with the individual decay componentswhere 7,ng Wwas measured as 5.8 ns. To illustrate these
(DAS) are indistinguishable by the position of emission changes, we calculate the ratio of lifetimesnodTiong,
maximum and spectral distribution (Figure 7a). Since the recovered from the fluorescence decay of W43. For the
positions of emission maxima for folded and unfolded simplest two-state model, this parameter is expected to
proteins are shifted by about 10 nm (inset, Figure 7), decay remain constant over the entire range of the denaturant
components recovered for GB1 under extensively denaturedconcentrations. Figure 8 demonstrates that the lifetime ratio
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Ficure 7: Resolution of the emission spectrum of GB1 in the unfolded stat& M GdnHCI (a) and the native state (b) into decay-
associated spectra (DAS). The total emission spectrum (solid line without symbols) and each decay spectrum wijhalwhgtfort (1)

lifetimes are shown. For the native state (b), spectra of GB1 at 1.5 M GdnHCI are also displayed (filled symbols). The inset shows normalized
DAS recovered for unfolded and native states. The experimental conditions were as described for Figure 6.

may be caused by the proximity of a quencher, i.e., by
another amino acid close in space to W43. Inspection of the
3 GB1 structure reveals that in the native state residue K31,
tr o 80O ° residing on thex-helix, is in close contact (27 atoms within
the sphere of 5 A) with W43. Since lysine residues are
capable of being strong quenchers of indole fluorescence
(45), we suggest that in~1 M GdnHCI we observe the
melting of the interface between thehelix and thes-sheet,
e.g., an increase in the mutual distance or change in mutual
orientation of W43 and K31. Regarding GB1 folding, this
observation suggests that disruption of tertiary structure might
be a stepwise process beginning with loosening of the
structure at the weakest point in the native fal@)( Further
studies on the interaction of hydrophobic dyes with the
protein molecules, fluorescence energy transfer, and also
lifetime distribution analysis of the W43 fluorescence might
be useful to clarify specific features of these intermediate

Fluorescence Intensity Decay Parameters

structures.
8 Time-Resaled Fluorescence AnisotropyNanosecond
GdnHCI (M) dynamics of W43 were measured for a series of GdnHCI

FIGURE 8: Parameters associated with the tryptophan fluorescenceCOncentrations. Two correlation times are needed to account
intensity decay. The fraction of the short lifetime componegte: for the fluorescence anisotropy decay data, and the attempted
(1), and the fluorescence lifetime ratituodTiong (2), are shown fits to a one-exponential model showed a 2-fold increase in

for various GdnHCI concentrations. The apparent fraction of 2 i ; ;
unfolded molecules as monitored by the mean decay titag(3), Fhe Xr value. Adg'“o” of a third exponent_lal led .to no
is given for reference. The experimental conditions were as Improvement toyz. The parameters associated with the

described for Figure 6. decay of W43 fluorescence anisotropy are summarized in
Table 2. Figure 9 illustrates the changes in anisotropy kinetics
changes cooperatively from 0.08 to 0.4 over thel(®s M caused by the unfolding of the protein from the native state

GdnHCI range with no further significant changes up to 6 to the denatured state 6 M GdnHCI.

M GdnHCI. A shallow minimum, however, is present, which The apparent “zero-time” anisotropy, follows the (un)-

we refrain to analyze given the experimental accuracy. Most folding in a two-step manner exhibiting a change from 0.22
important, the decay-associated spectra generated for GBH- 0.02 to 0.16+ 0.02 in the 224 M GdnHCI range (Figure

at 0—1.5 M GdnHCI (pre-transition range) are indistinguish- 10a). These values were observed on numerous occasions
able by the position of the emission maximum~&42 nm, in studies of tryptophanyl derivativgd4), as well as a wide
suggesting the quasi-homogeneous nativelike environmentrange of polypeptides and proteir@5). The former value

of the apparent fluorescence species (Figure 7b). In fact, theis expected for a tryptophan residue in a rigid environment,
double exponential kinetics recorded over the pre-transition while the latter one is indicative of very fast librations of
range report both the complex fluorescence of W43 buried the indole ring within the unfolded polypeptide chain. The
in the protein core and the changes in W43 fluorescencefast motion of W43 shows no change upon (un)folding and
during formation of the native structure. The dynamic has an average relaxation time of &8.3 ns over the entire
quenching of the short-lived component in native molecules range of GAnHCI concentrations (Figure 10b). The amplitude



Nanosecond Dynamics of Tryptophan in Protein Folding Biochemistry, Vol. 39, No. 37, 2001223

Table 2: Parameters Associated with Tryptophan Fluorescence 04 a
Anisotropy Decay in GB1 §
correlation time%(ns) amplitudes <
GdnHCI (M) Prast Psiow ﬂfast leow XZR §
0 0.41 3.1 001 019  1.19 2
0.6 - 3.1 - 0.22 1.18 s
15 0.21 3.4 0.01 o021 1.34 w
2.3 0.4 4 0.04 0.17 1.42 =
2.7 0.16 4.2 0.09 0.17 1.14 =
3 0.3 4.2 0.07 0.13 1.02 0
3.4 05 55 006 01  1.04 & 2 b
3.6 0.53 7.6 0.06 0.1 1.13 £
3.8 0.38 4.8 0.06 0.08 1.39 g
4 0.3 2.9 0.10 0.08 1.24 =
4.1 0.32 3 0.08 0.09 1.49 5 Qa EL EH.
4.3 0.27 25 0.08 0.09 1.22 =1 F T Tt
45 0.55 25 0.08 0.08 1.38 2 i e o
4.6 0.51 24 0.08 0.08 1.05 %
4.9 0.42 2.3 0.07 0.08 1.11 =
5.3 0.35 21 0.09 0.08 1.16 4
5.7 0.25 2.4 0.08 008  1.01 el . ) . .
6 0.42 2.4 0.08 0.075 1.28 o 2 4 5
aThe error in the values of recovered parameters is about 10% as GdnHCI (M)

has been estimated through the analysig“curfaces (see Materials  Figure 10: Parameters associated with the fluorescence anisotropy
and Methods) and results of replicatidrin further analysis, the change  decay. The initial anisotropy (a) and the relaxation time of fast
in dynamics caused by solvent viscosity was taken into account, and motion (b) are shown for various GdnHCI concentrations. The

the relaxation times; = 3¢, experimentally obtained were adjusted to  experimental conditions were as described for Figure 9.
the viscosity of water at 20C (7 = 1.005 cP).

ns measured on native GB1 agrees well with theoretical
predictions for the overall rotation of the protein molecule,
0.25 | which can be derived from independent measurements,
namely, the viscosity of the protein solutioh7j:

;= SmM _
W Y (P)RT

3¢ (8)

0.15

Anisotropy

Here M is the molecular weight of the proteiny][is the
intrinsic viscosity of the protein solutionR is the gas
constant, and is the absolute temperature. The Simha factor,
v(p), is the numerical coefficient depending on the molecular
shape, which for a nearly spherical particle has a value of
0.05 - 2.5 (35). Consequently, for native GB1 (6257 D) in aqueous
5 10 15 solution ¢n,0 = 1.005 cP) at 20C with the experimental
value of Jj] = 2.9+ 0.5 cnf/g, the relaxation time for overall
. o Ti ved ot g ¢ GBI rotation is expected to be about 9 ns. The agreement of the
FIGURE 9. Time-resolved lluorescence anisotropy decay o experimental and theoretical estimates suggests that any
e native state (1) and i the Snfoded S 41 COnHC! g INfamolecular nanosecond motons n the native GBL are
scaled lamp profile (gray line) are shown. The excitation was set Sufficiently hindered not to be seen in fluorescence anisotropy
at 295 nm, and emission was collected at 350 nm. The protein kinetics. The relaxation time due to the overall rotation of
concentration was 1AM in 20 mM sodium phosphate buffer at  the unfolded GB1 chaimi6 M GdnHCI is expected to be
pH 5.7 and 20°C. about 120 ns. This estimate is based on the experimental
of fast motion, characterized by the paramedg: (see eq value of the intrinsic viscosity of GB1 solution (6 M
6), was found to be a sensitive measure for the formation of GdnHCI, 20°C) of 25 cn¥/g (25). On the time scale of
native structure. Figure 11 shows that folding leads to a tryptophan fluorescence~@ ns), this slow rotation has no
restriction of the fast motion, which most likely originates measurable effect on anisotropy kinetics. Thus, the average
in torsional vibrations of the indole ring. The decrease in relaxation time of 4 ns observed in the unfolded chain is
amplitude of torsional vibrations is evidently caused by basically identical to the average time of W43 intramolecular
increased steric repulsion and/or specific interactions of W43 motions. Recently, we demonstrated that a motion with the
with nearby amino acids. Importantly, (un)folding appears time of 4-6 ns is typical for unfolded proteins, adreno-

0.05

Time (ns)

to occur in a three-step manner when monitoregbhy a corticotropic hormones, and synthetic polypeptid25).(
sharp increase iffsst OCCUrs between 2 a@n3 M GdnHCI, Most likely, the underlying process is the isomeric rotation
followed by a second, smaller increase atmdriv GdnHCI. of the indole ring about g-C, bonds, i.e., the jump from

The most sensitive parameter monitoring the protein one conformer well to anothe2¥). Importantly, in the course
folding is the slow relaxation timeyow, recovered from W43  of GB1 (un)folding, the anisotropy experiments recover time
fluorescence anisotropy decay. The relaxation time-6f constants for different motions; i.e., the global protein
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Ficure 11: Amplitude of fast motion (a) and the slow relaxation process (b) observed in tryptophan fluorescence anisotropy kinetics
upon GB1 unfolding induced by GdnHCI. The relaxation times obtained experimentally were adjusted to the viscosity of watér at 20
(y = 1.005 cP). The experimental conditions were as described for Figure 9.

rotation is measured for the native state, and rotation of the
W43 side chain is measured for the unfolded state in 6 M
GdnHCI.

Figure 11 displays the values observed for the slow
relaxation time as a function of GdnHCI concentration. Three
distinguishable phases are clearly visible. Initially, the time
increases from 9 ns in the native state to 18 ns in 3.8 M
GdnHCI. This increase in relaxation time, which originally
was attributed to overall rotation, may be due to the
appearance of molecules with larger molecular dimensions.
Next, a sharp decrease in time to 7 ns is observed between
3.8 and 4.2 M GdnHCI. This increase in the internal mobility
of W43 (decrease in relaxation time) reflects the cooperative
loss of intramolecular interactions involving the fragment
of the polypeptide chain on which W43 resides. In the third
stage, a further increase in W43 rotational freedom is
observed, since the relaxation time drops to 4 ns in 6 M
GdnHCI. At this stage, the internal mobility of W43 exhibits . . . . . . .
a value typical for the mobility of tryptophan in an unfolded 0 2 4 6 8
polypeptide chainZ5). Importantly, these second and third GdnHCI (M)
stages observed by time-resolved fluorescence anisotropy arg¢icure 12: GdnHCl-induced unfolding of GB1 as monitored by
both in conditions where GB1 exhibits no secondary structure ellipticity at 222 nm (1), ellipticity at 275 nm (2), intrinsic
as measured by CD and shows invariant steady-statefluorescence (3), mean decay time (4), emission at 310 nm (5),
fluorescence properties (see Figure 4). fraction of the short-lived component in fluorescence intensity decay

. . . (6), ratio of time constants in fluorescence intensity decay (7),

Obviously, upon folding, the overall rotationro(era) amplitude of the fast motion (8), and relaxation time of the slow
becomes faster due to the greater compactness of themotion (9).
molecule, while the internal mobilityrgys) can slow due to
increasing numbers of intramolecular interactions. If we 20°C. This finding indicates that the GB1 molecular volume
assume that under the conditions corresponding to thein 4 M GdnHCI is significantly larger than that of native
maximum ey, these opposing processes contribute about protein (jj] ~ 3 cnv/g), yet substantially smaller than that

Fraction of folded molecules in arbitrary units

equally to the anisotropy decay: of the unfolded GB1 chaimi6 M GdnHCI (fj] ~ 25 cn¥/
g). Based on intrinsic viscosity and nanosecond dynamics
11 4 1 .2 .2 (9) measurements, we believe that the second step in GB1
Texp  Toveral Tintra  Toverall Tintra folding is the formation of an initial collapsed state.

Figure 12 summarizes all parameters measured in the
then forzex, = 18 ns observedi4 M GdnHCI, thergyeran is present study, vividly demonstrating that different intrinsic
expected to be around 36 ns. Since the time of overall probes yield non-overlapping unfolding. Specifically, the CD,
rotation is directly related to the molecular s(@®), in 4 M steady-state fluorescence, and mean decay time data support

GdnHCI the GB1 molecular volume is expected to be 4 times a two-state model of (un)folding and provide no evidence
larger than in the native state. To support this notion, we for the existence of any significantly populated intermediates
performed intrinsic viscosity,7f], measurements in 4 M over a wide range of GAnHCI concentration. This, however,
GdnHCI and obtained a value of 1% 3 cn?/g at does not completely reflect the conformational rearrangement
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of the protein molecule. This conclusion is supported by the fluorescence energy transfer experiments, which are in

appearance of an emission at 310 nm, by the changes in therogress.

fluorescence intensity decay, and by the variation in emission In summary, employing multi-parametrical experiments

maximum and tryptophan nanosecond mobility. The non- allows one to probe different aspects of intramacromolecular

coincidence of all transitions monitored by different molec- structure formation and yields valuable information above

ular probes suggests that equilibrium intermediates appearand beyond any single type of experiment. More important,

in GB1 unfolding. Most interestingly, these intermediates this multi-parametrical approach may provide a sound basis

occur prior to the formation oéi-helical structure in the  for generating structural details of equilibrium folding

protein. intermediates with known features, expanding the conven-
The first distinct species in equilibrium folding is observed tional, two-state view of folding.

at ~4.6 M GdnHCI. The decrease in tryptophan mobility

and the changes in emission suggest the involvement of theACKNOWLEDGMENT

W43 sidg chain in intramolecular interactions. Clearly, such We are grateful to Oleg B. Ptitsyn, who initiated this work

perturbations of the tryptophan fluorescence may be due 1054 \as inspirational for all data analysis. We express our
relatively local events, not involving the complete domain 555 reciation to Robert Jernigan and James Hofrichter for
or overall folding. No substantial changes in the molecular g refy|ly reading the manuscript and valuable discussion and

dimensions are observed within the range of 456M to William A. Eaton for generous use of equipment. We
GdnHCI, as judged by the intrinsic viscosity measurements. yn2nk Joshua Sampson for preparation of the GB1 mutant

Therefore, we suggest that this first intermediateg, rdost
likely relates to the formation of the 456 hairpin fragment,

a conclusion supported by results of fragment reconstitution
experiments 37, 48-50). Studies of the conformational
properties of fragments comprising the GB1 secondary
structure have shown that ingahairpin containing residues
41-56 some folded structures persist even under highly
denaturing conditions 48, 50. Recently, experimental
evidence that this fragment may contain a folding nucleation
site was obtained by NMR spectroscopy for urea-induced
denaturation of GB151). Together, these studies provide
strong evidence that the 456 fragment is an important
initiation site in the folding of the GB1 chain.

The second conformational intermediate;, Was sug-
gested by the cooperative decrease in tryptophan mobility
and by changes in intrinsic viscosity. Both parameters are
related to molecular collapse, rendering the protein compact
prior to formation ofo-helix and progressive formation of
the native tight packing. Therefore, the main difference
between Y and U is the degree of compactness. The GB1
molecular volume in the Uconformation differs very little
from that in the unfolded stateni6 M GdnHCI at 20°C,
whereas in the blconformation it decreases to about half of
its original volume. The nature of the structural elements
that might be present in the collapsed intermediates is
unclear. Yet, the obvious lack of any rigid secondary
structure points to a hydrophobic collapse of the protein
chain. This is in agreement with results of earlier NMR
studies on GB1 which have showt¥j that protection factors
for ND—NH exchange in the initial collapsed state (in 4 M
GdnHCI) are 10-fold higher than would be expected for a
random coil. Interestingly, a similar initial hydrophobic

collapsed state has been observed recently in the folding of 18.

barstar 8), which is another small single-domairi5 protein.

It may well be the case that partially folded intermediates
as revealed by the present study are a common feature o
a/p protein folding. All the data together on GB1 suggest
to us the following scenario: upon folding, the 436
segment first forms a stable (or semistabjghairpin
structure by diffusion from chaotropic solution, which
undergoes an interaction with the-40 segment (helix and
seconds-hairpin), followed by formation of the rigid native
structure. More specific information about the structure of
these partially folded intermediates can be obtained by

f20.

and Tom Bradrick for help in anisotropy experiments.
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