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ABSTRACT. The evolution of the nanosecond dynamics of the core tryptophan, Trp53, of barstar has been
monitored during the induction of collapse and structure formation in the denatured D form at pH 12, by
addition of increasing concentrations of the stabilizing sallS@. Time-resolved fluorescence methods
have been used to monitor the dynamics of Trp53 in the intermediates that are populated during the
salt-induced transition of the D form to the molten globule B form. The D form approximates a random
coil and displays two rotational correlation times. A long rotational correlation time of 2.54 ns originates
from segmental mobility, and a short correlation time of 0.26 ns originates from independent motion of
the tryptophan side chain. Upon additione®.1 M N&SQy, the long rotational correlation time increases

to ~6.4 ns, as the chain collapses and the segmental motions merge to reflect the global tumbling motion
of a pre-molten globule P form. The P form exists as an expanded formy@@36 greater volume than

the native (N) state. The persistence of-a50% contribution to anisotropy decay by the short rotational
correlation time suggests that the core of the P form is highly molten and permits free rotation of the Trp
side chain. With increasing salt concentrations, tight core packing is achieved before secondary and tertiary
structure formation is complete, an observation which agrees well with earlier kinetic folding studies.
Thus, the equilibrium model developed here for describing the formation of structure during folding
faithfully captures snapshots of transient kinetic intermediates observed on the folding pathway of barstar.
A comparison of the refolding kinetics at pH 7, when refolding is initiated from the D, P, and B forms,
suggests that formation of a collapsed state with a rigid core~88@%6 secondary and tertiary structure,
which presumably defines a coarse native-like topology, constitutes the intrinsic barrier in the folding of
barstar.

Transfer of information from the linear sequence of amino search during the folding process, are issues of intense debate
acids in a polypeptide chain to the unique three-dimensional and research4(-9).

structure of a protein defines the process of protein folding. The MG is envisaged as an ensemble of highly dynamic,
For many proteins, the folding process occurs in multiple interconverting forms whose average properties include (a)
stages. The process of information transfer can then beconsiderable secondary structure, (b) few or no tertiary
analyzed by critically studying each step in the folding contacts, (c) solvent-exposed hydrophobic patches, and (d)
process. Kinetic intermediates are, however, short-lived andnpear-native dimensions. MG-like forms, both kinetid¢

are not easily amenable to detailed structural characterization.15) and equilibrium 16—21), have been suggested to play
Several proteins populate partially structured forms, com- productive roles in the folding of proteins, and their relevance
monly termed molten globule (MG) forms, at equilibrium  has been validated further by theoretical studieg p2—
under diverse solvent condition${3). MG forms possess  24). The mechanism of formation of a MG from an unfolded
structural features that are intermediate between the natlveprotein s poor|y understood, and the p|acement of the MG
and the unfolded forms. The extent of similarity between an wijth respect to the folding transition state is not clear. An
equilibrium MG and its kinetic counterpart, and the relevance understanding of the physical forces that drive the-WG

of a kinetic intermediate in directing the conformational transition, and an understanding of the structures, energetics,

_ ) and dynamics of forms populated during this transition, will
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with definite stereochemical requiremen82) occurs pro- Kinetic refolding studies suggest that the formation of a
gressively in stable intermediates later during folding. What collapsed state with a compact core, overlaid witB0%
remains poorly understood is the role of the hydrophobic secondary and tertiary structure, constitutes the rate-limiting
core during the folding process, as well as the extent to which barrier to the folding process.

formation of the core contributes to the rate-limiting barrier.

Mutational studies coupled #-value analysis suggest that MATERIALS AND METHODS

a folding nucleus comprising critical core residudé+38)
might already have formed in the transition state for folding.
It has been suggested that the evolution of a gross, dynamic
native-like topology that defines the transition state comprises
the energetic barrier in folding39—43). Does tight packing

in the core play a role in determining the native-like fold in
the transition state and in late folding intermediates? What
role does it play in further development of structure? While
both experimental44—46) and theoretical studiegd{—49)
have suggested that the native fold determines packing, an
that packing does not determine the native fold, very little
is known about when, during the folding process, tight
packing of the core is achieved.

To address some of these fundamental questions, this stud
carries forward, now through the application of time-resolved
fluorescence lifetime and anisotropy measuremesiis 53),
earlier steady-state spectroscopic investigations of the salt
induced formation of structure in the high-pH denatured, D
form of barstar 21). The highly sensitive fluorescence
gL%%?étlec?)r%f, Tr:g\S/g ss)éebnurg%lgﬁrgg I?;e%rlgvfgs T/};?ngbl e relative to the prote'in concentratiqn. All buffers were passed
information about core solvation during the folding reaction. through a Q.22¢m filter beforg being used.
The use of high-resolution time-resolved fluorescence meth- All €xperiments were carried out at 2&, and a>10-
ods has permitted the evolution of local and global structural fold concentration range to rule out aggregation artifacts.
features of barstar to be monitored during folding, with the EXPeriments in the presence of 8& were carried out after
motional dynamics of Trp53 serving as a measure of the N sample had been incubated for 2 h, and all the
consolidation of the core during folding. measurements were repeated at 24 h.

The earlier results had indicated that the equiliborium  Steady-State Fluorescence Anisotropy Measurements.

folding pathway can be summarized by the following Steady-state anisotropys measurements were carried out
mechanism Z1): by using a SPEX FluoroMax-3 spectrofluorometer. Aniso-

tropy measurements were taken after excitation of the sample
D=P=|=B—N at 295 nm, and by monitoring the emission at 335 nm, at
parallel and perpendicular polarizations independently. Great

According to this mechanism, the fully unfolded D form at precaution and care were exercised in the measurement of
pH 12 undergoes a global collapse to the structure-less, prethe geometry §) factor of the emission monochromator,
molten globule P form, with the addition 6§0.1 M Na- which was calculated using a dilute scattering solution.
SOy With further addition of salt, the P form attains aspects  Light Scattering Measuremen@ynamic light scattering
of secondary and tertiary structure in a highly noncooperative experiments were carried out on a DynaPro-99 unit (Protein
manner, to finally attain the molten globule conformation Solutions Ltd.). Samples were incubated 8bh in buffers
(B) at 1 M NaSOQ; (pH 12). The tryptophan emission at pH 12 containing 81 M N&SQ;. The samples were
spectrum of the B form suggests that it is a dry molten degassed, spun down at 14000 rpm for 15 min, and filtered
globule with a solvent-excluded core. The noncooperative through 0.02um filters. Data were acquired over 150 s,
nature of the salt-induced structural transitions as monitoredwhere each data point was averagedr@se at asensitivity
by multiple spectroscopic probes and urea denaturationof 80%. All fluctuations in scattering intensities which were
profiles suggest that at least one intermediate populates thegreater than 15% were excluded from data analysis. The
= B transition. Kinetic refolding studies supported by DynalsS software (Protein Solutions Ltd.) was used to resolve
simulations have shown the B form to be an on-pathway the measurements into well-defined Gaussian distributions.
folding intermediate. The goodness of fit was verified by the residuals. Salt
This study provides a detailed picture of how the protein concentrations were confirmed by refractive index measure-
core evolves during the formation of the on-pathway, molten ments.
globule intermediate, the B form. It is shown that the product  Fluorescence Lifetime and Anisotropy Decay Measure-
of the initial collapse of the unfolded polypeptide chain, the mentsTime-resolved fluorescence decay measurements were
pre-molten globule, P form, has a highly solvated, dynamic made employing a continuous-wave (CW) mode-locked
core. Compaction and consolidation of the core appear tofrequency-doubled Nd:YAG laser-driven dye (Rhodamine
be complete before secondary and tertiary structural features6G) laser that generates-40 ps pulses33, 56). The second
characteristic of the molten globule B form are attained. harmonic output (295 nm) of an angle-tuned KDP crystal

Protein Expression and Purificatior\ single tryptophan
(Trp53)-containing mutant form of barstar, W38FW44F, has
been used for all the studies. The procedure for purification
was similar to that described earlier for wild-typet) barstar
(55). An extinction coefficient of 10000 M cm* at 280
nm was used to estimate protein concentrations. The protein
used for all experiments was98% pure as estimated by
SDS-PAGE. ESI-MS on a Micromass QTOF-Ultima spec-
rometer, using protein at a concentration ofi@, showed
hat the mass of the protein was 10265 Da, which is
consistent with the N-terminal methionine not being cleaved
after synthesis.

Buffers.All chemicals used to make buffers were of the
¥1ighest purity grade (Sigma Aldrich Inc.). Sodium phosphate
was used for buffering at pH 7. Sodium tetraborate was used
for buffering at high pH. The pH was adjusted using NaOH
or HCI. Sodium sulfate was dissolved in 30 mM sodium
tetraborate foa 1 M stock solution. All buffers included
250 uM EDTA and a 206-50-fold molar excess of DTT
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was used to excite the protein sample, and the fluorescencdifetimes andjth rotational correlation times, respectively,
emission was collected through a 320 nm cutoff filter such thaya; = ;= 1. In this model, each is associated
followed by a monochromator. The filter prevents scattered with both z,, and 7,,. Nonlinear least-squares analysis
light from reaching the detector. Scattered light is highly (Marquardt method) was performed to extract amplitude
polarized ¢ = 1), and even a small percentage of it reaching parametersy;, i, lifetimes zj, and correlation times;. I,

the detector can cause significant changes in the anisotropyand I; were analyzed globally by using the measured IRF
of dilute solutions. The peak counts obtained in the control (53). TheG factor was calculated as described above. Since
experiments were comparable to the background level. Inthe goodness of fits were satisfactory with two correlation
fluorescence lifetime measurements, the emission was monitimes (, andt,), and did not improve with the addition of
tored at the magic angle (54)#o eliminate the contribution  a third component, the number af components was kept
from the decay of anisotropy. Fluorescence decay curvesat two. The best fit of the theoretical curve to the data was
were obtained by using a time-correlated single-photon evaluated from the plot of weighted residuals, and the
counting (TCSPC) setup coupled to a microchannel plate reducedy? value. The steady-state fluorescence anisotropy
photomultiplier (model 2809U, Hamamatsu Corp.). The (rs) was calculated from the parameters obtained from the
instrument response function (IRF) had a half-width-@f0 time domain data by using eq 7:

ps. The fluorescence decay curves at the magic angle were

analyzed by deconvoluting the observed decay with the IRF

to obtain the intensity decay function represented as a sum foZ zaiﬂi
of multiple exponentials: b

1 1\
— + J—
T T

]

rit) = (7)
= :[ i=1— zaifi
I(t) = Zai ex;( r») i=1-4 (1) .

The average angular range of the hindered rotation of
Trp53 was calculated by the model of isotropic diffusion
inside a cone §7). The semiangle® of the cone was
calculated as

wherel(t) is the fluorescence intensity at tinteand o is
the amplitude of théth lifetime 7; such thaty,o; = 1.
Anisotropy was calculated as

) = (I, —19GHA)

=i a6 2) © =cos [",([1+8(8)" 43 —1)] ()
I o

where 5, is the amplitude corresponding to the slow
rotational correlation timeg;,.

Viscosity Measurement3he viscosities of solutions at
pH 7 and 12, containing different concentrations ofS{a,
ranging from 0 to 1 M, were determined using an Ostwald
viscometer thermostated at 26. The relative viscosity was
obtained by dividing the solution viscosity by the solvent
viscosity. The values of the relative viscosity were used to
correct the hydrodynamic radius obtained from the DLS

where I, and I are the emission intensities collected at
polarizations parallel and perpendicular to the polarization
of the excitation beam, respectively, aB(R) is the geometry
factor at the wavelength of emission)( The G factor of

the emission collection optics was determined in separate
experiments using a standard sample (laser dye BMQ
dissolved in ethanol) for which the rotational correlation time
was 0.23 ns and the fluorescence lifetime was 0.83 ns.

Intensity decays in the parallel and perpendicular Ch"’mnelsmeasurements, and were also used to correct the values of

were acquired for the_ protein at each s_alt concentration, andy, o, long rotational correlation time obtained from the time-
the parameters obtained upon analysis were averaged ovef,

. . ; esolved anisotropy measurements.
three independent experiments. Time-resolved fluorescence
decays were analyzed on the basis of the following model: RESULTS

Fluorescence Lifetime Measuremerisrlier studies had
shown that the lifetimes obtained by fitting the fluorescence
intensity decay data to discrete exponentials agreed well with
=1I(t)[l— r] (4) those obtained from the model free maximum entropy

3 method (MEM) analysis §3). Here, the data have been

analyzed by fitting the fluorescence intensity decays to
—t . discrete exponential functions. Figure 1a shows the fluores-
I(t) = Z(xi expg— i=1-4 (5)
T T;

1= 2OIL + 2r(0) (3)
ID

cence lifetime decay characteristics of Trp53 in W38FW44F
under native conditions (pH 7). While the data can be fit to
—t a single exponential, the goodness of fit increases signifi-
r(t) = rOZﬁj ex;{—) j=1-2 (6) cantly upon fitting to two exponentials with the major
] T, fluorescence lifetime decay component (~ 5.06 ns)
contributing to ~95% of the amplitude and the second
where |, and I are the emission intensities collected at componentt, ~ 1.1 ns) contributing to the remaining 5%
polarizations parallel and perpendicular to the polarization of the amplitude (Table 1).
of the excitation beam, respectivelyt) is the total fluores- Figure 1b shows a representative trace for the fluorescence
cence intensity at timé r, is the initial anisotropy, and decay kinetics from the excited state of Trp53 in the U form
andp; are the amplitudes associated with itefluorescence in 6 M GdnHCI at pH 7. The data fit best to three
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Ficure 1: Fluorescence intensity decays of the different states of barstar (W38FW44F mutant): (a) N state (pH 7), (b) U form (6 M
GdnHCl at pH 7), and (c) D form (pH 12). Excitation and emission wavelengths were 295 and 335 nm, respectively. The excitation profile
(dashed line), the emission profile (dots), and the calculated emission profile (solid line) are shown. The goodness of fit is shown in panels
below each decay profile, with the respectjfevalues.

Table 1: Parameters Associated with the Decay of Fluorescence Intensity of W38FW44FGit 25

experimental conditions
pH [GdnHCI] (M) [NaeSQO] (M) 71 (NS) oL 72 (NS) o 73 (NS) o3 74 (NS) s Tm (NS)

7 0 (N state) 0 - - - — 1.1 005 506  0.95 4.86

7 6 (U form) 0 - - 0.29 0.26 153 038 361  0.36 1.97
12 0 0 (D form) 0020 077 0.33 0.06 1.6 0.11 36 0.06 0.4
12 0 0.015 0.024  0.79 0.31 0.06 134  0.09 3.03 0.06 0.3
12 0 0.035 0030  0.78 0.32 0.05 130 010 3.6 0.07 0.38
12 0 0.05 0.030  0.76 0.34 0.07 143 010  3.29 0.07 0.47
12 0 0.1 0.054  0.66 0.51 0.12 170 016 410  0.09 0.6
12 0 0.2 0.050  0.57 0.41 0.12 155 020  3.59 0.11 0.79
12 0 0.3 0050 052 0.41 0.14 157 021 383 013 0.91
12 0 0.4 0.055  0.47 0.44 0.15 156 020  3.87 0.17 1.08
12 0 0.5 0.060  0.50 0.50 0.15 179 017  4.02 0.17 1.12
12 0 0.6 0.060  0.50 0.46 0.12 177 016 3.92 0.21 13
12 0 0.7 0.070  0.41 0.50 0.13 180 020 393 025 1.21
12 0 0.8 0.054  0.48 0.42 0.09 170 015 380 027 1.33
12 0 0.9 0.050  0.46 0.36 0.08 160 0.5 378 030 1.44
12 0 1.0 (B form) 0.067  0.44 0.43 0.10 167 017 3.82 0.30 15

2 They? values were in the range of 0.99.2 for all the data. The errors in the values #%%, obtained from three independent experiments.
71— 174 are the fluorescence lifetimes;—ay4 are the fractional amplitudes for the corresponding lifetimgss the mean lifetime.

exponentials. The lifetimes and their corresponding ampli- dependence of the fluorescence lifetime of tryptophan,
tudes are as follows: 3.61 ns and 36.2%, 1.53 ns and 38.44%N-acetyl-I-tryptophanamide (NATA) was dissolved in pH 12
and 0.3 ns and 25.36%, respectively. The mean lifetipe ( buffer, and its lifetime was measured. The lifetime of NATA
= Y oyti) decreases from 4.9 ns for the native protein with O changed from 2.8 ns at pH 7 to 2.4 ns at pH 12 (data not
M GdnHCI at pH 7 to 1.97 ns for the protein unfolded in 6 shown). Thus, the ultrafast (40 ps) component does not
M GdnHCI at pH 7 (Table 1). While only three lifetime appear to be the result of an alteration of the fluorophore at
components can be observed for the U form, an additional, high pH. It should be noted that the ratio of the mean lifetime
very short lifetime component(77% amplitude) of~40 of the N state to that of the D form predicts the observed
ps is observed for the D form at pH 12. The fluorescence ratio of steady-state fluorescence intensities. In the case of
intensity decay of Trp53 in the D form fits best to four the U form, since the ultrafast lifetime component is too fast
exponentials > = 1.1) as shown by the residuals (Figure to be observed by the instrumentation that was used, the ratio
1c). The mean lifetime of Trp53 in the D form at pH 12 is of the steady-state fluorescence intensity of the N state to
~0.4 ns, due to the predominant contribution from the that of the U form is not predicted by the ratio of measured
ultrafast sub-nanosecond component. To rule out any pHmean lifetimes.
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Ficure 2: Decays of fluorescence anisotropy of the different states of barstar: (a) N state, (b) U form, and (c) D form. Excitation and
emission wavelengths were 295 and 335 nm, respectively. The top panel in each case shows the fluorescence intensity decays from the
parallel and perpendicular channels. The dots correspond to the raw data, and the solid line through the data represents the calculated
emission profile. The middle panel in each case shows the anisotropy decay, calculated using eq 2. The dotted lines are the raw anisotropy
decays, and the thick solid lines through the data correspond to the fitted lines obtained using eq 6. The bottom panels show plots of the
residuals for estimating the goodness of fit. Detailed parameters are listed in Table 2.

The fluorescence lifetime of Trp53 in the D form was the autocorrelation of the residuals show random distributions
measured in the presence of different concentrations of theindicating an optimal fit.
stabilizing salt NaSO,. At all salt concentrations, the Native protein at pH 7 displays a single rotational
fluorescence intensity decay fits best to four exponentials. correlation time f; ~ 5.1 ns 2 = 1.09)] as shown in Figure
The observed lifetimes and their associated amplitudes arex5 The value of the initial anisotropye) is 0.2. In contrast
shown in Table 1. With increasing concentrations ok-Na  tg earlier observationsg, 56), in which a single rotational
SO, at pH 12, two changes are very apparent. (i) The correlation time of~1.6 ns was observed for the U form,
contribution of the slowest lifetime component4 ns) to  two rotational correlation times are observed for the U form

the overall intensity decay increases frorfi to~30%. This  jn 6 M GdnHCI at pH 7. A long rotational correlation time
occurs primarily at the expense of the ultrafastdQ ps) (t:,) of ~3.7 ns and a short rotational correlation timeg)(
component whose amplitude decreases frofi7 to~45%. of ~0.7 ns are observeg = 1.06) with each component
(i) The mean lifetime increases from0.4 ns at pH 12 with  making an~50% contribution to the total anisotropy decay
0 M N&SOs to ~1.5 ns at pH 12 in 1 M N&SO,. (Figure 2b). Force fitting the same data to a single expo-

Anisotropy Decay Measuremenime-resolved fluores- nential results in a large nonrandom distribution of the data
cence anisotropy decay measurements were carried out fopoints about the fit and a higl? value. The 2.2 and 1.6 ns
barstar in the N state (pH 7), the U form (6 M GdnHCI at rotational correlation times that were observed in earlier
pH 7), the D form (pH 12), and the molten globule B form studies 83, 56) for the urea- and guanidine hydrochloride-
(1 M NaSO, at pH 12) to study the rotational dynamics of unfolded proteins, respectively, could have arisen from a
the Trp in different conformational states. In each case, the Weighted average of free side chain motion and segmental
decay parameters that were obtained were averaged ovefotion, which might have been unresolvable due to the
three independent experiments. Typical examples of aniso-quality of the data. The U form has an apparent value for
tropy decays for the different states of the protein are shown Of 018, Wh|Ch iS |ess than the Value Of 0.2 Observed for the
in Figure 2. The values obtained for, 7., 51, andf., the N state. The cone angle for rest_ricted rotation, calculated
%2 values, and the values obtained for the initial anisotropy Using the value ofs; using eq 8, gives a value of 39
(ro) and steady-state anisotropyy(are summarized in Table Similarly, the anisotropy decay for the D form at pH 12
2. The reduceg? value, a measure of the goodness of fit, as shown in Figure 2c fits best to two exponentiafs £
was always less than 1.2, and the weighted residuals andl.11). The observed long rotational correlation time) ©f
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Table 2: Parameters Associated with the Decay of Fluorescence Anisotropy of W38FW44FGit 25

experimental conditions

pH [GdnHCI] (M) [Na&SOy] (M) 7r, (NS) 7,* (ns) 1 7r, (NS) i ro Iss rsd Va

7 0 (N state) 0 5.10 5.10 1.00 - — 0.202 0.100 0.100 1.09

7 0 1.0 7.82 5.10 1.00 — — 0.202 0.100 0.100 1.10

7 6 (U form) 0 3.67 2.25 0.49 0.76 0.51 0.180 0.072 0.070 1.10
12 0 0 (D form) 2.60 2.54 0.50 0.26 0.5 0.175 0.060 0.059 1.11
12 0 0.015 3.64 3.55 0.53 0.4 0.47 0.198 0.062 0.070 1.12
12 0 0.035 4.30 4.20 0.50 0.52 0.5 0.197 0.066 0.073 1.10
12 0 0.05 5.88 5.70 0.48 0.62 0.52 0.190 0.068 0.080 1.15
12 0 0.1 6.70 6.37 0.54 0.63 0.46 0.204 0.071 0.090 1.00
12 0 0.2 7.07 6.51 0.73 0.78 0.27 0.198 0.090 0.108 1.04
12 0 0.3 7.21 6.36 0.81 0.96 0.19 0.200 0.105 0.120 1.00
12 0 0.4 7.60 6.37 0.88 1.04 0.12 0.202 0.116 0.127 1.16
12 0 0.5 7.20 5.72 0.92 1.06 0.08 0.201 0.122 0.128 1.04
12 0 0.6 (ko) 8.20 6.21 1.00 — 0.00 0.198 0.121 0.130 1.02
12 0 0.7 8.40 6.05 1.00 — 0.00 0.198 0.123 0.130 1.01
12 0 0.8 9.33 6.42 1.00 — 0.00 0.193 0.123 0.128 1.07
12 0 0.9 9.25 6.10 1.00 — 0.00 0.195 0.125 0.128 1.00
12 0 1.0 (B form) 9.38 6.11 1.00 — 0.00 0.198 0.123 0.127 1.08

a1, andr, are the observed rotational correlation times, Andnd3, are the corresponding fractional amplitudeg: is the viscosity-corrected
value of the long rotational correlation time,. represents the initial anisotropsss andrsg represent the steady-state anisotropy values obtained
from time-resolved anisotropy decay experiments using eq 7 and directly from steady-state measurements, respectively. The errors in the values are
+10%, obtained from three independent experiments.

2.6 ns and the short rotational correlation tinag) (of 0.26 80 ]
ns contribute equally~450%) to the total observable decay 60 # ¢ass o " 8 ° ss]
in anisotropy. Force fitting to a single exponential results in 1
a large nonrandom distribution of the data about the fit and ~ 40 a -
a highy? value. The cone angle of rotation calculated using = ]
the value off; is 35°. An r, value of 0.175 for the D form .
is similar to the value for the U form (0.18) and less than 10 o @ ° 1
the value for the N state (0.2). The valueg gofor the N, D, 55 ¢
and U forms are considerably smaller than the expected value 0.5 ;E 1
of 0.4. P

Table 2 and Figure 3 show how the short and long LU —
rotational correlation times of the D form at pH 12 evolve ———
with increasing salt concentration. Since the addition of 1 100 - LA {
M Na,SO, to a buffered solution at pH 7 or 12 increases the I * ]
value of the relative viscosity to 1.53 at 2& (data not g 1 . + b
shown), and because the long rotational timg Of the N g
state, which is known to represent global tumbling motion '§ 60 L |
(56), is observed to scale linearly with solution viscosity = @
(unpublished results), the value of measured at each salt E or |
concentration, in the range of-@ M, was corrected using 2L @ . |
the value of the relative viscosity measured for each solution. I ° |
Table 2 shows the uncorrected as well as viscosity-corrected ok L O 0 0 0 o

values ofr,,. No similar correction has been carried out for
the short rotational correlation timg,, because that is known
to represent local motion of the Trp53 side chaiB)( The [NaySO4] (M)

theory concerning the effect of bulk viscosity changes on g re 3: Rotational correlation times and amplitudes plotted as
segmental motion of a polypeptide chain and local rotational a function of NaSQ, concentration. (a) Viscosity-corrected long

motion of an amino acid side chain is not well-understood. correlation timesz,,* (®), show an initial increase fromv2.5 to

It should also be mentioned that the instrumentation that was™~6-4 ns at 0.1 M Ng5Q,. The values remain constant at higher

: : _salt concentrations. Short correlation timgg(O), show a gradual
used, whose instrument response function (IRF) has a half increase from 0.26 to 1.1 ns at 0.5 M J$&,. The error bars are

width of ~40 ps, cannot properly distinguish any change standard deviations obtained from three independent experiments.
occurring in a fluorescence anisotropy decay with a time (b) Amplitudes of decay in anisotropy due tq andz;, [31 (®)
constant of less than 100 ps. For example, the rotationalandp: (O), respectively] are shown. Error bars represent standard
correlation time of NATA i 1 M NaSO; at pH 12 was deviations obtained from averaging over three independent experi-
measured to be~70 ps, similar to the value~80 ps) ments.

measured in the absence of added salt at pH 12. 3a). Between 0.1 ahl M N&SQ,, the value ofr,,* remains

Figure 3 shows that the value 2.5 ns for the viscosity-  constant at~6 ns. Figure 3b shows the contribution of the

corrected long correlation time;(*) in the D form increases  slow and fast rotational events to the total observable decay
in value to~6.4 ns upon addition of0.1 M N&SO (Figure in anisotropy, at each N80, concentration. In the-60.1

0.0 0.2 0.4 0.6 0.8 1.0
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M Na,SO, concentration range, where the maximum change The data collected using CD in the peptide (Figure 4a) and
in the value ofr.* occurs, the amplitude corresponding to aromatic region (Figure 4b) as probes for secondary structure
7,* (f1) remains constant at50%. Beyond 0.1 M NSOy, and tertiary structure have been taken from earlier studies
the value off; increases steadily and reaches 100%-0y6 (21). CD at 222 nm, which monitors-helical secondary
M Na,SO,. Correspondingly, the amplitude corresponding structure [Figure 4a8)], and CD at 216 nm, which monitors
to 7., B2 (=1 — f31), remains constant at50% in the 6-0.1 p-sheet structure [Figure 4aJ], show sigmoidal depend-
M Na,SO, concentration range, and beyond 0.1 M,Si@,, ences on NgO, concentration. CD at 275 nm, which
it decreases steadily in value to become negligible-0y6 measures the asymmetry in the environment around the
M Na SO, Beyond 0.5 M NaSO, (pH 12), the anisotropy  aromatic residues, increases in value with increasing Na
decay of Trp53 in the protein fits best to a single exponential SO, concentration from 0 to 0.5 M N&Q,, beyond which
(zr,* ~ 6 ns). The value of,, increases from 0.26 ns in the it saturates. The values for the steady-state tryptophan
D state to~1.1 ns by 0.5 M NgS0O, [Figure 3a Q)]. fluorescence intensity changes (Figure 4c) agree very well

Several checks were carried out to test the uniqueness ofwith the mean lifetime 1,,) (Figure 4d) obtained from the
the values of parameters obtained from fitting the data. (1) set of experiments presented here. The valuessafeter-
Force fitting the anisotropy decay data obtained at concentra-mined directly from steady-state measurements (Figure 4e)
tions of NaSQ, greater than 0.5 M to two exponentials did agree well with the values determined from analysis of the
not improve the/? values and also gives negative amplitudes time-resolved fluorescence anisotropy data (Table 2) and,
for one of the decay components. Also, eachwas hence, validate that analysis.
constrained to a value distant from that obtained by the free The absolute values of the hydrodynamic radiBs) (as
fit the value obtained fop? was much higher, and the obtained from DLS are slightly different from those reported
residuals showed nonrandom distributions, indicating that the earlier 1) after we correct for a combination of pH and
free fit yielded a unique value af.. (2) Force fitting the viscosity errors. The DLS experiments have been repeated,
anisotropy decay data obtained at each of the concentrationsand the data are shown in Figure 4f. The trend of variation
of NaeSO, between 0 and 0.1 M to three exponentials was of Ry with NaSQO, concentration remains the same as
tried in several different ways, (a) with the threevalues reported earlier. The value & obtained for the D form at
fixed at~0.26 ns (the value of;, in 0 M N&SQy), ~2.6 ns pH 12 now agrees with that expected from gel filtration,
(the value ofr,, in 0 M N&S0y), and~9 ns (the value of,, NMR, and other procedures.
in 0.1-1 M NaSQ;) and only the amplitudes allowed to Figure 5 shows that the transitions monitored by steady-
vary, (b) with onez; value fixed at~2.6 ns and the other  state tryptophan fluorescence intensity, aromatic CD, and
two 7, values along with the three amplitudes allowed to mean lifetime obtained from the time-resolved fluorescence
vary, (c) with oner; value fixed at~9 ns and the other two  experiment (Table 1), which are all probes for the gross
7, values along with the three amplitudes allowed to vary, tertiary fold, overlap well with each other within error. The
and (d) with all three, values along with all three amplitudes  transition monitored by steady-state anisotropy) (s not
allowed to vary. The forced three-exponential fits resulted shown along with the transitions measured by the other
either in a bad fit or in a negative amplitude for one of the probes, because unlike the latter, steady-state anisotropy is
7 values, indicating that three-exponential fits do not yield not solely a mole fraction-weighted signal; it scales as a
stable and consistent values for the three rotational correlationfunction of mole fraction as well as of the relative quantum
times. yields of the forms of the protein that is preseB6) The

It must be mentioned that the value of the mean lifetime buildup of secondary structurei{helix ands-sheet) shows
(zm) increases from 0.4 ns to only 1.5 ns during the entire a distinct sigmoidal dependence on 8@, concentration,
(from 0 o 1 M NaSQ,) salt-induced folding transition. The  which is markedly different from, and noncoincident with,
fact that even the highest value (1.5 ns) measureafas other structural parameters.
much shorter than the highest valued(ns) measured far Refolding KineticsIn Figure 6, the kinetics of refolding
is potentially a point of concern in determining the value of at pH 7, when refolding was initiated from different initial
the long rotational correlation time. This is because the conditions, are compared. Figure 6a shows the changes in
information pertaining to the decay in anisotropy is contained tryptophan fluorescence intensity as a function of time, when
in the difference between the parallel and perpendicular refolding is initiated from different initial conditions, while
components of fluorescence emission. Whes 2.6 ns and Figure 6b shows the dependence of refolding rates gA Na
m = 0.4 ns, the difference between the two components SO, concentration when refolding is initiated from different
does not persist beyondl.2 ns, and whemn, = 9 ns andry, initial conditions. When refolding is initiated from the D form
= 1.5 ns, the difference does not persist beyertl5 ns. at pH 12, the major phase of refolding (85%) occurs at a
Hence, determination of the rotational correlation times of rate of ~45 + 5 s'* and leads to the formation of the N
the slow tumbling motion is associated with a greater inherent state. The dependence of refolding rates oS concen-
error due to under-representation in the intensity decay tration is nonlinear. The refolding rates increase to a value
curves, while the faster motions are represented moreof ~100 s (by ~0.5 M NaSQy), following which the rates
accurately. Nevertheless, as seen in Figure 2c, the longdo not increase significantly umtl M N&SQO,. When
rotational correlation times could be recovered with sufficient refolding is initiated from the P form at 0.1 M MNaO, (pH
accuracy. 12), the refolding rates at low salt concentration®6 M

Dependences of Multiple Spectroscopic Properties on NaSQ,) are marginally faster compared to the rate of folding
NaSQ, ConcentrationFigure 4 compares the dependences from the D form. Refolding rates show a distinct nonlinear
on N&SO, concentration of multiple steady-state and time- dependence on final salt concentration. When refolding is
resolved spectroscopic properties of the protein at pH 12. initiated from 0.6 M NaSQ, (pH 12), it occurs at a rate of
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Ficure 5: Fractional values of multiple structural probes; (O),

nm (@), and far-UV CD at 222 nm@®&) and 216 nmY). The solid ]
lines through the data are three-state fits to observed transitionsJ. Nandakumar, and J. B. Udgaonkar, unpublished observa-

(21).

at pH 12 with 1 M NaSQ,, it also show faster refolding
rates (125 s'), which are independent of the final salt
concentration in the range of 6G:1 M N&SQ,.

Modification of Protein at High pHIn the previous study
of structure formation upon addition of P8O, at pH 12,
no chemical modification of the protein could be discerned
by mass spectrometry carried out at pH 7. Mass spectrometry
at pH 2 indicates, however, that the mass of the protein
increases by-1 Da, from 10 264.89- 0.12 to 10 266.14t
0.09 Da, when the protein at 100/ is incubated at pH 12
for a period of 2-4 h. For the protein treated at pH 12, the
observation of a mass increase of 1 Da for a sample at pH
2 and not for a sample at pH 7 suggests that deamidation of
an Asn to an Asp or a GIn to a Glu in the protein occurs
between hours 2 and 4 of the treatment at pH 12 (R. Sade,

tions).
This chemical modification affects the stability of the

~110 s! and is fast compared to refolding initiated from protein measured at pH 7. Afta 4 hincubation of 10Q«M

the D and P forms. Furthermore, the refolding kinetics do protein at pH 12, the midpoint of the GdnHCI-induced
not depend on the final N8O, concentration in the-01 M
range. Similarly, when refolding is initiated from the B form by far-UV CD or fluorescence) to 1.2 0.1 M when

denaturation curve decreases from 1.75 M (whether measured



7994 Biochemistry, Vol. 42, No. 26, 2003 Rami et al.

IWMVASAWAAAMN A A A A Mt ]
0.6 1o B
z S 1 a
é 0.5 § 0.8 —
5 |
gﬂ 04 —3 0.6
g 03 2 o4 )
§ —“5 L 0 .100 200. 300
g 0.2 é} 0.2 Time (min)
=~ 0.1 0.0 . ] \ |
0.04 0.08
0.0 : :
0.00 0.02 0.04 Time of refolding (s)
Time of refolding (s)
1O e M AAANNAA b AN
g 0.8 b
2 1000
g I o
_% 0.6 = f
= 1 A“E
- 1)
K i 04 l l000 100 200 300
= =
é 02 Timef,min)
| R 2 ...............................
0.0
0.01 0.02
Time of unfolding (s)

Ficure 7: pH jump-induced refolding kinetics (a) and unfolding
kinetics (b) are not significantly affected by chemical modification.
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FIGURE 6: Core compaction is the rate-limiting step in the folding at pH 12; the native protein has a signal of 1. The solid line through
of barstar. (a) Refolding traces in 0.1 M )60, at pH 7 are shown ~ the fluorescence intensity data indicates exponential fits to the data.
when refolding is initiated from different initial conditions. The The trace marked wita 1 inpanel a represents the folding trace
different symbols represent refolding initiated from the pH 12 Of protein treated at pH 12 for 15 s, and the trace marked with a 1
unfolded D form ), the 0.1 M NaSQ,, pH 12 P form Q), the in panel b represents the unfolding trace of the untreated protein.
0.6 M N&SQy, pH 12 k¢ form (a), and the 1 M NgSQy, pH 12 The traces marked 2 in panels a and b represent the folding and
B form (O). (b) Refolding rates (fast phase) of the pH 12 unfolded Uunfolding traces of protein treated at pH 12 for 4 h. The inset in
D form (@), 1 M N&SO,, pH 12 B form @), 0.1 M NaSO,, pH each panel indicates the scatter observed in the refolding (a) or
12 P form ©), and 0.6 M NaSOy, pH 12 k¢ form (A) when unfolding (b) rates as a function of time of incubation at pH 12.
refolded in different concentrations of P80 in the range of 6-1 The A symbols in the inset of panel a indicate the fast and
M, at pH 7. The values represent the means, and the error barsintermediate refolding rates of protein at pH 12 which had been
represent the standard deviations from three separate experimentginfolded at pH 12 for 15 s. Tha symbols in the inset of panel b
The line through the data is a mere guide to the eye and does notindicate the unfolding rates of protein at pH 7 which had not been
represent any functional dependence of the observed rates,on Na unfolded to pH 12.
SO, concentration.

Figure 7a shows that the refolding kinetics, following a

) jump in pH from 12 to 7, of barstar that had been unfolded
monitored by fluorescence, and to 1.450.05 M when 5t by 12 for 4 h are virtually identical to the refolding
monitored by CD (data not shown). Thus, the chemical yinetics of a protein that had been unfolded at pH 12 for
_modlflcatllon leads to stabilization of an equilibrium unfolding only 15 s, and for which no chemical modification could be
|ntermed|a_1t_e,_and converts barstar from a two-state to a threejiscerned by mass spectrometry. The inset of Figure 7a
state equilibrium unfolder (R. Sade and J. B. Udgaonkar, shows that the rates of the fast as well as intermediate phases
unpublished observations). of refolding, following jumps from pH 12 to 7, are not

The chemical modification does not, however, have any affected when the time of unfolding at pH 12 is changed
effect on the reversibility of the folding or unfolding reaction. from 15 s to 4 h. Figure 7b shows that the unfolding kinetics
Complete fluorescence and CD signals corresponding to theof barstar, following a jump in pH from 7 to 12, are very
N state are recovered upon refolding the pH 12 unfolded similar, within the range of error inherent in measurements
protein at pH 7 $8). Similarly, CD as well as fluorescence of such fast rates, for a protein that had been previously
signals for the N and U states, observed during GdnHCI- refolded followirg a 4 hincubation at pH 12 and for protein
induced unfolding transitions at pH 7, are the same for the that had not been incubated in such a way. The inset of
protein that had been incubated previously at pH 12 for 4 h Figure 7b shows that the very fast rate of unfolding,
(at 100uM) before being refolded at pH 7 and for protein following a jump in pH from 7 to 12, is unaffected when
that had not been incubated in such a way. Moreover, all the time of incubation at pH 12, prior to refolding, is
structural probes used to characterize structure (Figurdy 1 increased to 4 h.
gave identical signals whether the protein was incubated for The results therefore suggest that the chemical modifica-
2 h (the minimum time for an equilibrium to be established) tion, while affecting the stability of the protein at pH 7, has
or 24 h under different conditions at pH 12. a negligible effect on the rates of the folding and unfolding
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transitions effected by pH jumps, such as those reported inwithin the protein. Short rotational correlation times provide
Figure 6. Thus, the chemical modification does not appear invaluable information about the internal dynamics of
to affect the results presented in this study, and previously proteins. The side chain of Trp53 is 99% buried in the core

(22). of native state of barstar as observed in both the crystal
structure 62) and solution NMR structure6@). Studying
DISCUSSION the dynamics of such a Trp therefore allows a systematic

characterization of core dynamics in the N state, in the D

Fluorescence Lifetime Characteristics of Different Con- and B forms, and during the B~ B transition.

formational States of BarstalJnder native conditions, the : . '
: ) e ’ N State.The anisotropy decay of native barstar fits well
0,
flugy bur:;;i Trp53bct1|s_,plag/sbtwo (Ijlfetlmtes of 5.06 ('?5IAJ) ar|1d . to a single exponential, giving a long rotational correlation
fthnsé 6) as o a!n;e ')t/ad |scredetexp|)0nen tla ?nta)t/ﬁ'stime of 5.1 ns. For a protein of10.1 kDa, a rotational
othe fluorescence ntensity decay data. n contrast 1o the e |ation time of 5 ns can be accounted for only upon

N state, the unfolded U formni6é M GdnHCI at pH 7 - . o g
o o : ' incorporation of a shell comprising two layers of tightl
exhibits complex decay kinetics best approximated by three boun[c)j water molecules on t[r)me pr%tein su)r/fa6é).( Tr?e y

lifetime components. Steady-state spectroscopic probesabsence of a fast decay in anisotropy suggests that Trp53,

(intrinsic Trp fluorescence, CD at 222, 216, and 275 nm) located ong-strand 2 g,) with its indole side chain

]]:a'l tOHd%te%t any _tertlarby or s?con?a(y stru(cj:tgre in .thlt.e PL1Jt sandwiched between-helix 1 (a;) andp. in the hydrophobic
orm. Hydrodynamic probes (gel exclusion and dynamic lig core, lacks independent motion, and argues in favor of a

scattering) also suggest that the protein is in a highly . .

: ; tightly packed core region around Trp53. Trp53 therefore
extended state under such severe denaturing condig2dhs ( rgpor);sponly on the glc?bal tumbling mF())tion inpthe N state
The observation of multiple lifetimes in the U form correlates NMR studies of the backborN relaxation dynamics of '

\évolt:fo?;a{rl)cr:eﬁid rli)gg!gyofoés;r;?] t.gﬁlygeggdz Igfg?'lge wild-type barstar have also determined the overall molecular
lon. P 1ally a singie lireti tumbling correlation time to be 5.2 n§%), in support of

o e e sty e, 7 e resoved fescence aisoopy data

thrge rotamers of trypt.ophan probably experience diff,erent The. value -Of 0.2 for the initial anisotropys, of the N

local environments which could govern the rate of quenching state Is cc_>nS|derany smaller than t_he va_Iue of 6.285

and give rise to multiple lifetimes. Alternately, dynamic observed in the case of Trp in a rigid environment such as

processes such as spectral relaxatidn and/or resénance ener onvm_yI alcohol film or propylene glych66—68) and ¢ he

transfer (RET) can also lead to multiexponential decay I¥e_0re_tlcal yalue of 0.4 e_xpected for colll_near absorption and
" emission dipoles. Sub-picosecond rotational dynantio} (

The D form at pH 12 closely resembles the U form in - g,chy as the vibration of the indole emission dipole within a
being completely unfolded and lacking all aspects of structure otameric potential well, are the most likely reason for the

(58). The additional~40 ps component observed in the opserved value off, being lower than the theoretical
fluorescence intensity decay of the D form most likely ogtimates.
represents an ultrafast, intrapolypeptide quenching process, Chemically Unfolded and High-pH Denatured Forrige

as control experiment_s cle_zarly indicate that the fast de_cay ISrotational freedom of Trp53 increases upon unfolding due
not due to an alteration in the fluorescence properties Of 1 the disruption of structure and packing interactions in the
indole at high pH (see Results). At present, it is not possible ystein core. The system loses fluorescence anisotropy much
to identify the quenching group. faster in the U and D forms than in the N state. The
With increasing NgSO, concentrations at pH 12, the anjsotropy decay reveals two characteristic motions of Trp53
contribution of the slowest component-4 ns) to the  in the unfolded form. A fast component,, of 0.26 ns for
fluorescence intensity decay increases (b§5%) at the  the D form and 0.7 ns for the U form contributes+&0%
expense of the ultrafast40 ps) component. It appears that decay in the anisotropy. Independent motions of tryptophan
the generation of packing interactions during core formation as observed for NATA in water or in short, unstructured
causes the quenching group to move away from the tryp- peptides show short correlation times in the range of 50
tophan in a significant fraction of molecules, and hence, the 500 ps 63, 69, 70). 7,,, which falls in this range of values,
contribution of quenching to the total decay is reduced. The therefore appears to represent the local, rotational motion
buildup of the slowest decay component at the expense ofof Trp53 around the €-C; bond in the extended polypep-
the quenching component points toward the movement of tide. This rotation appears, however, not to be fully unhin-
the indole ring of Trp53 away from an environment that dered, and is responsible for only a partial loss of anisotropy
favors quenching to the conformational substate which hasas reflected in thed, value (<1). In accordance with this,
the longest lifetime. As a consequence, there is an increasehe cone angles for restricted rotation, calculated using eq
in the mean lifetime ), which is coincident with the g8, give a value of 35for the D form and 39 for the U
increase in steady-state fluorescence intensity as expectegorm. The second, slower decay component, which has
(Figure 5). a value of~2.5 ns for the D form and 2.25 ns for the U
Motional Dynamics of Trp53 in the Different Conforma- form, is too small to represent the rotational dynamics of
tional States of Barstatn addition to being affected by size, the entire polypeptide chain, and therefore presumably reports
the decay of fluorescence anisotropy in proteins is affected on segmental flexibility, which accounts for the remaining
by shape and segmental flexibility6@ 61). Rotational 50% of the amplitude of anisotropy decayhas a value of
correlation times that are too short to be approximated by 0.175 in the D form and 0.18 in the U form, which is less
overall rotational diffusion of a protein molecule have been than the value of 0.2 observed for the N state. This points to
attributed to independent motions of tryptophan residues an increased loss of anisotropy through sub-picosecond
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rotational events, because of the increased flexibility in the of a collapse event for correct folding of a polypeptide,(

D and U forms. 73) are poorly understood. For proteins, the collapse of an
Global Collapse Precedes Specific Structure Formation. extended chain into a limited volume can bring to the fore
Earlier dynamic light scattering and gel exclusion chromato- the excluded volume effects of side chains, thereby severely
graphic studies had shown that the first step in the equilib- limiting the number of side chain conformations accessible

rium folding of barstar at pH 12, upon addition 60.1 M for sampling 47, 49). It appears, however, that a large
N&SOQ,, is a global collapse of the extended D form to the number of non-nativep and y angles (or main chain
structure-less, pre-molten globule P for21), presumably conformations) can exist even in the relatively compact
because of Debye screening of repulsive charges. Far-UVconformations of a collapsed ensemble, resulting in the
CD at 222 nm fails to detect any increase in helicity entropy of the system4@) being larger than that of the N
accompanying structural collapse, and far-UV CD at 216 nm state. It has been suggested that the thermodynamics and
fails to detect any formation gf-sheet. The steady-state kinetics of polypeptide collapse should depend on the net
fluorescence intensity of Trp53 indicates that Trp53 is as charge and salt concentration (electrostatic screening) of the
solvated in the collapsed form as it is in the D form. Near- system T4). It is therefore likely that the electrostatic
UV CD at 275 nm indicates the absence of any specific repulsion in the D form at pH 12 impedes collapse, until the
tertiary structure in the P form. The collapse of the D form charges are screened by cations to facilitate chain contraction.
to the P form may be likened to DNA condensatiati)( Short-range hydrophobic interactions, in local clusters of
caused by modification of electrostatic interactions between nonpolar residues, are probably responsible for stabilizing
DNA segments by a variety of chemical agents. The many the collapsed state with no hydrophobic covd, (75). In
types of noncovalent interactions that drive the process of this context, lattice model studies have suggested that a net
DNA condensation, and the requirement of a collapsed stateincrease in the attraction between residues facilitates folding
for biological function, make the process similar to the initial through an obligatory, rapidly collapsed, structure-less
step in protein folding. globule (72, 76, 77).

Global Collapse Precedes Consolidation of the Core. A fundamental question in protein folding studies is
Table 2 and Figure 3 show how the rotational correlation whether the initial collapse reaction is a cooperative two-
times evolve with addition of N&O, to the D form at pH state transitionZ4), or whether it is a continuous transition
12. The longer rotational correlation time.f) of 2.54 ns occurring through progressively more compact forms as
(Table 2) in the D form which accounts fer50% of the envisaged for homopolymers. In the case of cytochrame
anisotropy decaytaD M Na,SO, and pH 12 increases to the initial collapse of the polypeptide chain from the extended
~6.4 ns (Table 2) in the P form at0.1 M Na&SQO, and pH state appears to be a two-state process defined by a free
12 (Figure 3a). The P form therefore has80% greater  energy barrier {8, 79), whose origin is postulated to lie in
volume than the N state. The evolution of* that ac- the conformational entropy loss occurring during collapse.
companies structural collapse of the polypeptide therefore In the case of isocytochrome, compact as well as extended
reflects the emergence of a global tumbling motion from the conformations appear to coexist in the very early stages of
coalescence of local segmental motions. This salt-inducedfolding, and extended conformations persist uri00 ms
global collapse of the polypeptide chain that occurs during of folding (80). Heterogeneity in the initial collapse reaction
the D— P transition is evident not only from measurements had also been demonstrated previously in kinetic studies of
of the long rotational correlation time but also from DLS the folding of barstar§1, 82), lysozyme 83), and ribo-
measurements. nuclease A §4).

7r,, Which represents local tryptophan motion, increases In the equilibrium folding studies reported here, it is seen
from 0.26 ns in the D form to 0.65 ns in the P form in 0.1 that during the D= P transition, the long rotational time
M Na,SO, (Figure 3a), suggesting that the motion of Trp53 (z.,*) appears to increase gradually from 2.54 to 6.4 ns as
is weakly hindered. Most significantly, the contribution of the NaSQ, concentration is increased from 0 to 0.1 M. If
the fast rotational motion of Trp53 to fluorescence anisotropy this transition is two-state, then the D and P forms should
decay still persists at50%, a value similar to that observed coexist over this range of salt concentrations. The fluores-
for the D form (Figure 3b). This implies that the product of cence anisotropy decays should then have contributions from
the global collapse is a swollen, globular form with a highly both forms of the proteins, and the observed (uncorrected)
fluid interior. The interior of the collapsed state permits free rotational correlation times characteristic of the D form (2.6
tryptophan motion, suggesting that it lacks any long-lived and 0.26 ns) and P form~@ ns) would be observable at
side chain packing interactions, and that it is a nonspecifically each salt concentration over which the<® P transition
collapsed, dynamic form with high entropy. The above results occurs, with only the amplitudes changing. The fluorescence
provide the most direct view of the internal dynamics of the anisotropy decays could not, however, be satisfactorily fit
collapsed form that other studies failed to highlight. The (see Results) to three exponentials that would indicate the
results also agree well with the steady-state tryptophan coexistence of the D and P forms, suggesting therefore that
fluorescence spectra obtained for the D and the P foBf)s (  the D== P transition is not two-state, but is instead a gradual
The D and P forms have comparable fluorescence intensitiescontinuous transition. It should, however, be noted that the
at 320 nm, suggesting that Trp53 is equally solvent-exposedlimitations imposed on the analysis by the signal-to-noise
in both the cases. Thénax shifts from 355 nm for the D ratio in the data may be the trivial reason three-exponential
form to 352 nm for the P form, suggesting a small change fits, in which the rotational correlation times are constrained
in the hydrophobicity of the environment around Trp23)( to the values expected for the D and P forms, do not work.

Nature of Polypeptide Chain Collapséhe nature of the Core Compaction Follows Collapse and Precedes Comple-
transition that governs polymer collapse and the requirementtion of Structure AcquisitionBetween 0.1 ath 1 M Na-
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SO, the value ofr,* remains constant at6 ns. The volume
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collapsed P form are only marginally faster than the rates

of the protein (a measure of the overall dimensions) thereforeobserved when folding is initiated from the D form,
remains~30% greater than that of the N state, a result that suggesting that the loss of conformational entropy, which
is in close agreement with earlier steady-state measurementsoccurs during the B~ P transition, does not contribute solely

With increasing NgSQOs concentrations, the value af,,
however, increases from 0.26 to 1.1 ns in 0.5 M8,
The fast motion of Trp53 is considerably restricted, and
contributes to only~10% of the observable decay in
anisotropy at 0.5 M N&Qu. In sharp contrast, the acquisition

to the height of the barrier. On the other hand, the loss of
conformational entropy accompanying the=DP transition
may not be significant, if only the backbone configuration
of the P form is relatively constrained, while the side chains
remain highly disordered (see above). When refolding is

of secondary structure and tertiary contacts correspondinginitiated from protein at 0.6 M N&O, and pH 12, the

to the molten globule B form is complete only b M Na,-

refolding kinetics are invariant to salt concentration and show

SOy (Figure 5), which suggests that the core is consolidated a rate of~110 s?, which is similar to the rate observed

before the complete acquisition of other global structural
features corresponding to the B form.

The increase in the value af, [Figure 3a ©O)] and a
reduction in its contribution to the observable decay in
fluorescence anisotropy [Figure 3)] suggest that the
environment of the indole side chain of Trp53 becomes
increasingly rigid with an increase in B{&0, concentration.

when folding is initiated from the B forrnil M N&aSO,
(~125 s1). The form of the protein populated at 0.6 MNa
SOy and pH 12, (¢¢) is a swollen, globally collapsed state
with a rigid core, along with~30% of the secondary structure
and tertiary contacts of the native state. The acquisition of
these structural features, during the=R ¢ transition, results

in a gross, highly dynamic, native-like topology, and appears

Progressive consolidation of the hydrophobic core, through to be the major constitutive barrier to folding (Figure 8).

the formation of inter-residue packing interactions, is com-
plete at 0.6 M NgSQ,. Complementary, albeit low-resolu-

Once a folding nucleus with a rigid core is formed, it appears
to act as a nucleation center, and to facilitate further

tion, evidence had come from earlier steady-state tryptophancondensation of other regions of the polypeptide to form the

fluorescence spectra. Thig,ax of 355 nm of the D form
changes gradually to 330 nmyhl M NaSO, with the
maximum change occurring in the MO, concentration
range of 6-0.6 M. With a net increase in hydrophobicity
accompanying core compaction, as the®@, concentration

native structureg6). At present, it is not possible to evaluate
guantitatively the contributions of individual structural events
to the barrier crossing process. What seems certain is that
the loss of conformational entropy that occurs during the
initial collapse and the consolidation of the protein core,

is increased, water is progressively excluded from the core which follows, are obligatory components of the rate-limiting

(22). The result that water expulsion and consolidation of
the hydrophobic core of the protein occur after structural

barrier to folding (Figure 8). It is likely that the-30%
secondary structure observed in the intermediate with a

collapse finds parallels in theoretical predictions: using a compact core gc) is thermodynamically favored by virtue
SH3 protein model, it was shown that water expulsion occurs of being in a collapsed, compact speci83)(

from the hydrophobic core region only after an initial
structural collapse8b).

Rate-Limiting Step in the Folding of Barstar: vidence
for a Nucleatior-Condensation Mechanisrarlier kinetic
studies, in which the kinetics of refolding of the fully
unfolded D form at pH 12 to the N state at pH 7 had been
compared to the kinetics of refolding of the molten globule
B form at pH 12 to the N state at pH 7, had shown
conclusively that the B form is an intermediate on the
pathway of folding from the D form to the N stat2l). The
formation of well-defined tertiary contacts, which is possible
only upon acquisition of tight side chain packing, character-
izes the transition from the B form to the N state. As
monitored by intrinsic tryptophan fluorescence, this transition

On the basis of a more indirect protein engineering
approach §8—90), a nucleatior-condensation model had
been proposed earlier for the folding of barstar, according
to which hydrophobic core formation occurs late in folding.
In those studies, the initial structural changes during folding
were seen in the N-terminal helixloop,—strand motif,
presumably a direct consequence of the residual structure
already present in the cold denatured state from which folding
was initiated. The results reported here are therefore different
from the results of the earlier protein engineering studies.

Similarities between the Equilibrium and Kinetic Folding
Pathways of BarstarPreviously, stopped-flow kinetic mea-
surements of the folding of barstar under marginally stable
conditions had shown that an initial, apparently nonspecific

occurs on a fast time scale and, hence, is not an inherentlyhydrophobic collapse leads to the formation of a collapsed,

slow process. The rate-limiting barrier in protein folding must

structure-less globule intermediate,(27), which precedes

be found in other factors, and must also occur earlier, beforethe formation of a molten globule-like intermediate on the
an organized molten globule form is reached. In fact, the folding pathway. Sub-millisecond folding studies, initiated

difference in the refolding kinetics of the D form and the B
form (21) suggests that the rate-limiting barrier in the=®

B — N reaction is encountered during the=BB transition.
Thus, the B form is an on-pathway folding intermediate that
is populated after the rate-limiting transition state of folding
(Figure 8).

by T jumps from the cold denatured state of barstar, have
also shown the formation of an early intermediate, which is
collapsed but with solvent-exposed side chains possessing
high mobility (88, 89). Evidently, the kinetic intermediate,

lg, shares many features in common with the equilibrium
pre-molten globule P form, whose properties have been

To assess the contribution of structural events that occurdescribed in detail above. More recently, it has been shown

during the D== B transition to the rate-limiting barrier for
folding, refolding kinetics starting from different initial
conditions were compared (Figure 6). Refolding rates
observed when folding is initiated from the structure-less,

that Ik is a heterogeneous ensemble of structures, and that
different salts differentially stabilize different components
of the e ensemble&2). At present, the degree of structural
heterogeneity in the collapsed P form is unknown.
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ICC

Ficure 8: Nucleation-condensation model of folding of barstar. The placement of various intermediates with respect to the rate-limiting
step for folding at pH 7 is highlighted. The black circles depicted in the intermediate with the compactcghréhd MG form (B), and

the native state (N) represent the tightly packed core of the protein. The blue hexagons depicted in each form represent the tryptophan
residues.

Kinetic studies have also shown thatttansforms into a  form is accomplished. Real-time NMR folding studies have
late intermediate | (81, 91). Under marginally stable  shown that|] is not a unique intermediate, but represents an
conditions, | possesses little secondary structure, no tertiary ensemble of partly folded forms accumulating on multiple
interactions, exposed hydrophobic patches, a global tumblingfolding pathways 92). At present, there is no indication of
time of 7.2 ns, and a free motion of Trp53 ofL ns 33). whether the equilibrium intermediate forms studied here,
During the slow folding reaction of Ito N, the free motion including the P and B forms, similarly represent ensembles
of Trp53 (~1 ns) disappears faster than the acquisition of of partially folded forms that interconvert through a multitude
other structural feature83), suggesting that this late reaction of folding pathways.
is itself not two-state. In the equilibrium studies reported
here, in a process analogous to the progress of the sIowCO’\lCLUSIO'\lS
folding reaction, the local motion of Trp53 is hindered This study of the dynamics of the transition between the
progressively during the R= Icc transition, as the core unfolded form and the molten globule form analyzes each
consolidates with increasing salt concentrations, and Trp53step in the process. The following is shown. (1) The
becomes rigidly buried as the molecules transform igto | fluctuating random coil structure in the D form undergoes a
in 0.6 M NaSQO,. The global tumbling time of.lis similar global collapse while retaining a highly fluid core. (2) The

to the global tumbling times of the equilibrium P fornac) D form does not coexist with the collapsed form; i.e., all
and the B form, and the local tumbling time of the Trp53 molecules collapse. (3) The collapsed form is swollen, highly
side chain in | is similar to that seen during the ® Icc hydrated with a volume that is 30% larger than that of the

transition, just before the side chain motion becomes frozenN state, and is devoid of any specific structure. (4) Core
in lcc. As also seen in the kinetic studie83], core compaction (hydrophobic core formation) follows global

compaction is complete before secondary and tertiary collapse. (5) Core compaction precedes completion of
structure formation corresponding to the molten globule B specific structure acquisition. (6) The B form retains the



Core Dynamics during the Folding of Barstar

~30% greater volume compared to that of the N state,
indicating that it is an expanded, dynamic structure with a
compact, dry core. (7) The equilibrium and kinetic folding

mechanisms of barstar appear to be similar. (8) Formation
of a native-like topology, in a collapsed species that has a

compact core and-30% secondary and tertiary structure,
constitutes the rate-limiting transition state in the folding
pathway of barstar.
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