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ABSTRACT

Fluorescence and circular dichroism stopped-flow
have been widely used to determine the kinetics of
protein folding including folding rates and possible
folding pathways. Yet, these measurements are not
able to provide spatial information of protein fold-
ing/unfolding. Especially, conformations of denatured
states cannot be elaborated in detail. In this study,
we apply the method of fluorescence energy transfer
with a stopped-flow technique to study global struc-
tural changes of the staphylococcal nuclease (SNase)
mutant K45C, where lysine 45 is replaced by cysteine,
during folding and unfolding. By labeling the thiol
group of cysteine with TNB (5,5 -dithiobis-2-nitro-
benzoic acid) as an energy acceptor and the trypto-
phan at position 140 as a donor, distance changes
between the acceptor and the donor during folding
and unfolding are measured from the efficiency of
energy transfer. Results indicate that the denatured
states of SNase are highly compact regardless of how
the denatured states (pH-induced or GdmCl-induced)
are induced. The range of distance changes between
two probes is between 25.6 and 25.4 A while it is
20.4 A for the native state. Furthermore, the folding
process consists of three kinetic phases while the
unfolding process is a single phase. These observa-
tions agree with our previous sequential model: N,
S D S Dy, S D; (Chen et al, J Mol Biol
1991;220:771-778). The efficiency of protein folding
may be attributed to initiating the folding process
from these compact denatured structures.
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INTRODUCTION

The mechanism of protein folding and unfolding is an impor-
tant unsolved problem in biological science. Understanding the
details of protein folding will be helpful in the design of novel
proteins with specific structures and functions,! which are useful
in biomedical science or protein biotechnology. To determine the
mechanisms of folding/unfolding, one should try to identify
intermediates that define and direct the pathway. Since the inter-
mediate states are usually thermodynamically unstable and hardly
observed, a number of techniques such as stopped-flow kinetics
and differential scanning microcalorimetry (DSC) have been
employed to determine rates and possible pathways of protein
folding.z_4 However, a complete description of protein kinetics
requires three variables: time scales, amplitudes, and spatial
extent.” The methods mentioned above cannot completely deter-
mine all of these parameters, especially the spatial information of
protein in folding/unfolding. Without detailed information of
protein denatured state,0=11 the whole folding/unfolding proc-
esses would not be solved completely even the protein native state
might have been well defined.

To understand protein conformations in the denatured states,
in this article, we use the methods of fluorescence stopped-flow
kinetics and efficiency of energy transfer (EET)12-14 to monitor
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the distance changes between donor (tryptophan at posi-
tion 140 as a donor) and acceptor (cysteine at position
45 modified with TNB, 5,5'-dithiobis-2-nitrobenzoic
acid, as an acceptor) in the staphylococcal nuclease
(SNase)1> mutant K45C, where lysine 45 is replaced by a
cysteine. During protein unfolding, the distance between
two positions varies with conformational changes. By
measuring of the EET, we can determine the distances
between two probes at different stages of folding/unfold-
ing and estimate the dimension of denatured states.

SNase is a small single-domain protein with 149 amino
acids and without disulfide bonds.!> It has no cysteine
and includes only one tryptophan at position 140, which
makes it as a good model protein. For the kinetics of
SNase folding, previous reportsl6’17 by using fluores-
cence stopped-flow showed that the refolding of acid-
induced unfolded SNase is a two-step process. The faster
step (50 ms) is a nucleation process and the slow step
(550 ms) is the main folding process. Furthermore, there
is an additional slower step (35 s) corresponding to pro-
line isomerization.!8 Our previous report? has identified
the three processes and proposed a model of “least acti-
vation path” in which the whole folding process consists
of three denatured states and one native state: N, < D,
S D, & Ds, where N, indicates a native state and D;’s
are denatured states. For these “kinetic” denatured sates,
many studies! 0111920 have shown that denatured
states are compact if the protein is mildly denatured. For
example, Wu and Brand?122 used fluorescence energy
transfer to study the distance between Cys-78 and Trp-
140 of SNase mutant K78C and reported that it is about
25 A. However, their experiments were conducted in the
“static” environment (denatured state at equilibrium), in
which only the denatured state Ds can be studied.*

In this study, we use fluorescence stopped-flow kinetics
and EET!4 to measure fluorescence energy transfer and
determine the distances between W140 and K45C in the
denatured states of K45C mutant. For the first time,
these measurements are done in a “dynamic” environ-
ment, which uniquely provide useful information about
the sequential changes of the dimension of the protein in
the denatured states. Based on the obtained results, we
propose a clear scheme of SNase folding/unfolding.

METHODS

Materials

Wild-type (WT) SNase nuc gene was originally
donated by Prof. David Shortle. Luria-Bertani broth and
isopropyl-1-thio--D-galactopyranoside were purchased
from Difco Laboratories and Sigma, respectively. Salmon
testes DNA and some analytical grade chemicals such as
EDTA, Tris-HCl, CaCl,, NaCl, and mineral oil were
obtained from Sigma. Salmon testes DNA was used without
further purification. Guanidine hydrochloride and dNTPs
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were purchased from Roche Molecular Bio-chemicals.
Absolute ethanol (>99%) was obtained from Panreac and
urea was a product of Acros. The Stratagene Quick-
Change™ kit containing Pfu DNA polymerase, 10X
reaction buffer and Dpnl restriction enzyme was pur-
chased from Stratagene. The 2-methyl-2,4-pentadiol was
purchased from Merck. Water used for these experiments
has been deionized and distilled.

Sample preparation

Mutant K45C was generated by ExSite™ (Stratagene)
PCR-based site-directed mutagensis. The detailed proce-
dures followed Ref. 23. Both WT and mutant proteins
were purified as described in Ref. 24. The purity of protein
was checked and found to be higher than 90%. K45C
mutant was labeled as follow21-22: free thiol or oxidized
disulfide K45C was dissolved in a buffer containing 0.1M
Tris, 0.05M NaCl, and 1 mM EDTA at pH 8.0. Reduction
of disulfide bond was achieved by adding 500-fold excess
of dithiothreitol (DTT) and stored in 60°C for 2 h. Exces-
sive DTT was removed by Pharmacia PD-10 desalting col-
umn. TNB in 100-fold excess was added to the protein in
the same buffer. The reaction mixture was stirred in the
dark for 2 h. Excessive TNB was removed by PD-10 col-
umn. The protein was further purified by HPLC gel filtra-
tion column and the final product was dissolved in a 50 mM
phosghate buffer at pH 7.0. The labeling ratio was meas-
ured?d and found to be 1.03.

Fluorescence energy transfer
measurements

Fluorescence energy transfer is the transfer of elec-
tronic energy between a fluorescent donor and an
acceptor.1320 According to the Férster’s theory,2” the
rate of energy transfer (kr) is proportional to the inverse
sixth power of the distance between the donor and the
acceptor:

kr = r °K*n *keJ X 8.71 X 107 57! (1)

where r is the distance between the donor and the
acceptor, K is the orientation factor for a dipole—dipole
interaction, n is the refractive index of the medium
between the donor and the acceptor, kp indicates the rate
constant of donor’s fluorescence emission, and J indicates
the spectral overlap integral defined by:

J= / Fo(M)ea(R)A*dh 2)

where Fp(A) is the peak-normalized fluorescence spec-
trum of the donor at wavelength A and ¢, is the acceptor
molar absorption. The EET can be calculated by using
the following equation:

E=7r"°/(r°+ R} (3)
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where R, is the distance at which the EET is 50% and
can be further calculated by the following equation?8:

Ro = (JK*Qun )" x 9.7 X 10° A (4)

where Q, indicates the quantum yield of donor’s fluores-
cence in the absence of acceptor.

Circular dichroism measurements

Circular dichroism (CD) spectra of SNase at different
pH and [GdmCI] were measured (200-250 nm) with a
Jasco (Easton, MD) J-720 spectropolarimeter. Water-jack-
eted quartz cell with light path of I mm was used. The
protein samples were kept at 1 mg/mL in a 50 mM phos-
phate buffer. To prevent thiol oxidation, DTT 0.5 mM
was added in the unlabeled K45C sample. Data below
200 nm was not recorded because of the interference
from DTT. Analysis of CD spectra was done according to
the procedure of Chang et al2? The folding/unfolding
reactions were monitored by CD at 222 nm as a function
of pH or [GdmCI]. The molar ellipticity was calculated
using an average molecular weight per amino acid resi-
due of 112.5 Da.

Calorimetry measurements

DSC was performed with a model N-DSC by Calorim-
etry Sciences Corp. The cell volume was around 0.5 mL
and the scanning rate was 1 K/min. Protein concentra-
tions of 1-3 mg/mL were used and the sample was kept
in a 50 mM phosphate buffer at pH 7.0 including 0.5
mM DTT. Data analysis followed Ref. 30.

Steady-state fluorescence measurements

Steady-state fluorescence measurements were per-
formed on a Perkin-Elmer LS50B Luminescence spec-
trometer with a 1.0 cm X 1.0 cm quartz fluorescence
cuvette. Both pH (1.5-11.0; 0.2-0.5 pH increments)
and GdmCl (OM to 2.0M with increments of 0.2M to
0.5M; at pH 7.0) denaturations of labeled and unlabeled
K45C were performed at 25°C. The protein concentra-
tion used was at 0.1 mg/mL in a 50 mM phosphate
buffer. The excitation beam was set at 285 nm. Both
original and corrected emission spectra were recorded
for the transformation into EET and relative distances
(RD; or called Forster distance). Each measurement was
repeated five times at a given condition to ensure
reproducibility.

Stopped-flow measurements

Stopped-flow fluorescence was performed with model
SX.17MV stopped-flow reaction analyzer with CD detec-
tors from Applied Photophysics (Leatherhead, UK). The

dead mixing time was 0.8 ms and the kinetic measure-
ments between 2 ms and 300 s can be measured with
confidence. The excitation beam was set at 285 nm and
the integrated fluorescence larger than 300 nm was
recorded as a function of time. Both pH- and GdmCl-
induced folding/unfolding experiments were done: (i)
pH-induced refolding experiment: proteins at pH 2 (0.1
mg/mL with 10 mM sodium acetate, potassium phos-
phate and glycine) was mixed with 10 volumes of the
same buffer at pH 7.1 so that the pH of the protein
sample was brought to the final pH 7.0; (ii) pH-induced
unfolding experiment: the starting protein sample was
set at pH 7.0 and the final pH of the sample was 2.0;
(iii) GdmCl-induced refolding experiment: about 0.1
mg/mL of protein was dissolved in a 10 mM phosphate
buffer at pH 7.0 with 2.0M GdmCl. A single jump
stopped-flow was performed. Afterwards, the final
GdmCl concentration was reduced to 0.2M; (iv)
GdmCl-induced unfolding experiment: the concentra-
tion of GdmCIl was increased from 0.2 to 2.0 M. Each
experimental data to be reported below was an average
of five independent measurements. In our previous
study of the tryptophan fluorescence of SNase at pH
2.8, 7.0, and 11.6 as a function of protein concentra-
tion,3! results show that SNase at these pH values does
not aggregate in a protein concentration below 70 pM
(1.18 mg/mL). In the present study, protein concentra-
tion has been carefully controlled below this threshold
such that aggregation can be ruled out as a possible
source of intermediates.

RESULTS

Characteristics of labeled protein
K4a45C-TNB and unlabeled protein K45C

The thermal characteristics and secondary structures of
SNase and its mutant K45C were investigated by DSC
and CD, respectively. The thermal parameters of melting
point (T,,), heat capacity change (AC,), and enthalpy
change (AH) were measured and T, = 53.1/52.4/51.7°C,
AC, = 2.32/2.28/2.49 kcal/mol, and AH = 85.3/82.3/76.2
kcal/mol for WT, K45C, and K45C-TNB, respectively.
The results show that all the three proteins have similar
thermal stability, but the AH of K45C-TNB is relatively
lower. Similar CD spectra of the three proteins imply
that they have similar secondary structures. The acid-
induced conformational changes of K45C and K45C-
TNB proteins followed the change of pH (pH 1 to pH 9)
in fluorescence measurements. The fluorescence is largely
quenched by labeling TNB to cystein in K45C. The mid-
point transitions of K45C and K45C-TNB were at pH 3.9
and 4.1, respectively. These observations imply that point
mutation or addition of TNB to the protein at position
45 alters very little its characteristics including stability
and conformation.
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Table |

Distances Between Trp-140 and Cys-TNB-45 in Different Protein States
Condition E RD (A)
0.2M GdmCl, pH 7.0 0.761 £ 0.002 20.35 £+ 0.04
2.0M GdmCl, pH 2.0 0.416 + 0.006 25.39 + 0.10
pH 7.0, no GdmCI 0.733 + 0.002 20.28 + 0.06
pH 2.0, no GdmCI 0.402 + 0.008 25.56 + 0.15

The efficiency of energy transfer (E') and RD (A) for protein at different states
were shown. Each measurement was repeated for 20 times and the experiments
were done at room temperature.

Distances between Cys-TNB-45 and
Trp-140 in native and denatured
states of K4A5C-TNB

Both labeled and unlabeled proteins were investigated
by the steady-state fluorescence. The empirical EET (E')
can be calculated from the difference of intensity of tryp-
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Figure 1

Distance measurements among proteins at different states. The distances between
Trp-140 and Cys-TNB-45 were measured by the EET with the following
different initial conditions: (a) GdmCl induced denaturation from 0.2M GdmCl
to 2.0M GdmHCI (pH was fixed at 7.0) and (b) pH-induced denaturation from
PH 7.0 to pH 2.0 (without the addition of GdmClI).
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tophan fluorescence between labeled K45C-TNB and
unlabeled K45C proteins at the same condition:

E' =1~ (wpa)/(w) (5)

where Tp, is the intensity of tryptophan fluorescence of
labeled protein and tp is the intensity of tryptophan
fluorescence of unlabeled protein. The RD between two
fluorescence probes is obtained by the Forster equation:

r=Ro[L/(E' —1)]'* (6)

Both results of E' and RD in different protein states are
summarized in Table 1. For protein in native state, the
RD is about 20.4 A as compared with the protein in
denatured states where the RD is ranged from 20.3-25.6
A. Note that the RD of WT SNase, measured by the X-
ray crystallography,32 is 21.5 A. Lys45 is in a very flexible
loop. The minor difference in the RD measurements by
EET and X-ray (+1.1 A or 5% in deviation) might be
due to different states used: the former is in a solution
state, while the latter is in a solid state. More details were
done (see Fig. 1) for the changes of the RD between Cys-
TNB-45 and Trp-140 during GdmCl [Fig. 1(a)] and pH
[Fig. 1(b)] titration. The RD of Cys45-TNB and Trp-140
in denatured states (both GdmCl and acid denatured
states) is again ranged from 20-25 A.
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Figure 2

Typical fluorescence refolding curves of K45C and K45C-TNB. The initial
condition of denatured states of both K45C and K45C-TNB was in a buffer
with 2.0M GdmCl. The curves of EET and relative distances shown in Figures
3-6 were transformed according to the typical curves shown here.
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Figure 3

PH refolding kinetics of K45C-TNB. The initial condition of denatured state of
K45C was in a buffer at pH 2. The refolding kinetics experiment was done
(from pH 2 to pH 7) by two time scales: 0-5 s as shown in (a) for EET changes
and (b) for relative distance changes; 0~100 s as shown in (c) for EET changes
and (d) for relative distance changes.

Kinetics of protein folding/unfolding

The folding processes of denatured proteins were
induced by changing either pH (pH 2.0 to pH 7.0) or
GdmCl (2.0-0.2M). Folding kinetics of the labeled pro-
teins was monitored by Trp fluorescence using stopped-
flow method. Typical kinetic fluorescence curves of
labeled and unlabeled proteins are shown in Figure 2.
Both EET and RD kinetic curves were obtained from Egs.
(5) and (6) by using the data of Figure 2, for example.
Figures 3 and 4 show pH refolding and unfolding kinetic
curves for both EET and RD, respectively. The refolding
kinetics experiments were done by two time scales: 0-5 s
and 0-100 s, and the unfolding kinetics experiments
were done within a time scale of 0-5 s. Figures 5 and 6
show GdmCl refolding and unfolding kinetic curves for
both EET and RD, respectively. The refolding kinetics
experiments were done by two time scales: 0-5 s and 0—
200 s, and the unfolding kinetics experiments were done
within a time scale of 0-20 s. Following the approach of

fitting proposed by Chen et al,33 we fitted the experi-
mental data in some time range with a single exponen-
tially decay function. The boxes below the graphs indi-
cate residuals of the fit. For the refolding reactions, the
curves for EET and RD can be, respectively, fitted by three
exponential terms: two for the shorter time scale between
2 ms and 5 s, and one for a longer time scale (5-100 s
for pH-induced refolding or 5-200 s for GdmCl-induced
refolding). Three kinetic phases were therefore observed
during protein refolding, while one kinetic phase was
obtained for protein unfolding. The detailed kinetic
results are shown in Tables II and III for pH-induced and
GdmCl-induced refolding/unfolding, respectively.

DISCUSSION

The folding kinetics for K45C monitored by the RD
between Trp-140 and Cys-TNB-45 is very similar to that
for the WT SNase monitored by Trp-140 fluores-
cence.b14 Both of them have three kinetic phases of
refolding and one phase of unfolding.# Possible folding
models may include parallel and sequential folding path-
ways. However, our previous stopped-flow kinetic meas-
urements33 show that three substates have similar en-
thalpy and trypotphan fluorescence and their equilibrium
cannot be shifted by temperature changes. These sub-
states are distinguished by the kinetic barriers among
them, and their state differences are purely entropic.3?
The experimental observations of no difference between
van’t Hoff enthalpy change and calorimetric value (AH,y
= AH.) and two-state-like transition exclude parallel

80
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Figure 4

PpH unfolding kinetics of K45C-TNB. The initial condition of native state of
K45C was in a buffer at pH 7. The unfolding kinetics experiment was done
(from pH 7 to pH 2) within a time scale of 0-5 s as shown in (a) for EET
changes and (b) for relative distance changes.
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Figure 5

GdmCl refolding kinetics of K45C-TNB. The initial condition of denatured state
of K45C was in a buffer with 2M GdmCl. The refolding kinetics experiments
was done (from 2M GdmCl to 0.2M GdmCl) in two time scales: 0-5 s as shown
in (a) for EET changes and (b) for relative distance changes; 0-200 s as shown
in (c) for EET changes and (d) for relative distance changes.

folding pathways, and agree with the sequential
model.$33 We then proposed the pathways of folding/
unfolding as follows®31:33-35; pH-induced folding/
unfolding pathway: D; <= D, < D, < Ny GdmCl-
induced folding/unfolding pathway: U; = U, & Uy S
Ny, where D; and U; represent the denatured state and
Ny is the native state. Note that even though there are
three phases in folding kinetics, only Ny and D; (or Us)
can be observed in equilibrium. Su et al? showed that
the activation energy among three denatured states are
small (~0.5 kcal/mol) such that conversions among these
substates do not involve significant changes of free
energy. Similar results have been obtained from general
fluorescence and CD kinetic experiments.4

According to our RD measurements, the distances
between Trp-140 and Cys-TNB-45 in K45C were 22.8,
25.4, and 25.6 A for Dy, D,, and Ds, respectively and
22.8, 24.2, and 25.4 A for U, U, and Us, respectively

906 FroTEINS
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Figure 6

GdmCl unfolding of K45C-TNB. The initial condition of native state of K45C
was in a buffer with 0.2M GdmCl. The unfolding kinetics experiment was done
(from 0.2M GdmCl to 2M GdmCl) within a time scale of 0-20 s as shown in
(a) for EET changes and (b) for relative distance changes.

(see Tables II and III for details). The RDs of D; (22.8
A) and U, (22.8 A) are the shortest, and the differences
of the RDs of D, (25.4 A), D; (25.6 A) and U, (24.2 A),
Us (25.4 A) with respect to that of the native state (20.4
A) are roughly the amplitude of fluctuation (+5 A) of
the TNB group attached to K45C.22 Note that the gyra-
tion radius of the native state SNase evaluated from PDB
(Protein Data Bank)30 data 1EY0.pdb is 13.48 A, and the
dimension of the native conformation has a radius of
26.47 A. Even though SNase protein does not behave like
an ideal statistical polymer chain,4 we can evaluate its
properties from comparing its PDB structure with a ran-
dom polypeptide. According to the statistical properties
of random polypeptides, the average gyration radius (Rg)
and the average end-to-end distance r of a random-flight
chain separated by ! bonds is given by37

(R)* = ({*)/6)(1+2)/(1+ 1). (7)

The native state of SNase has an end-to-end distance
of 36.76 A, measured from K6 to S141 (i.e., [ = 135),
and (Rg) = 15.06 A which is smaller than a random coil

Table Il
Kinetics of pH-Induced Folding/Unfolding of K45C-TNB

Relaxation ~ Amplitude

Reaction time (%) EET (%) RD (A)
Unfolding from pH7.0 to pH2.0
Ny— Dy 042s 100 73.3%—402%  20.4—256 (5.2)
Folding from pH2.0 to pH7.0
Dy — Ny 80 ms 56 58.7%—40.2%  22.8—20.4 (2.4)
D,— D, 830 ms 399 72.0%—587% 245-22.8 (1.7)
Dy—D, 2067 s 41 73.3%—720% 25.6—24.5 (1.1)
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Table Il
Kinetics of GdmCl-Induced Folding/Unfolding of K45C-TNB
Relaxation ~ Amplitude X

Reaction time (%) EET (%) RD (A)
Unfolding from 0M GdmClI to 2.0M GdmCl

No— Us 151s 100 76.2%—416%  20.3—25.4 (5.1)
Folding from 2.0M GdmCl to 0.2M GdmCl

Uy — Ny 186 ms 68.2 65.2%—41.6%  22.8—20.3 (2.5)

Up— U, 806 ms 13.0 69.7%—65.2% 24.2—22.8 (1.4)

Us— U, 43.88 s 18.8 76.2%—69.5%  25.4—24.2 (1.2)

conformation ((Rg) ~ 40 A) and is larger than a sphere-
like structure ((Rg) ~ 13 A).37 This implies that SNase
is essentially a compact protein. For denatured states, we
follow the same scheme to infer the corresponding
dimensions. Since there is no structure determination for
denatured states of K45C, we evaluate their compactness
by the end-to-end distance from K45C to W140 (i.e., I =
95) instead of K6 to S141. For the native state of K45C,
the end-to-end distance is r = 21.46 A, and (Rg) = 8.81
A which is smaller than a random coil conformation
((Rg) ~ 34 A) and a sphere-like structure ((Rg) ~ 11
A). For the denatured states of K45C, the largest end-to-
end distance from K45C to W140 is r = 25.6 A and (Rg)
= 10.51 A which is still smaller than a random coil con-

(y) aduesi(q

formation ((Rg) &~ 34 A) and is similar to a sphere-like
structure ((Rg) ~ 11 A). All of these suggest that the
dimensions of denatured states D;, D,, and Ds, and Uj,
U,, and U; of K45C remain in very similar size scale as
that of the native protein, and D; might even maintain a
native-frame-based conformation (CD measurements
indicate there are secondary structures in D;, mainly {3-
sheets; while there is no secondary structure in U;. See
Figure 1(b) of Ref. 33), similar to that reported in Ref.
38. According to these observations and reports in existing
studies,4’22’31’3’3’38_41 the denatured states appear to be
compact and essentially disordered,33’42 as illustrated sche-
matically in Figure 7. In a typical cluster model of protein
folding,43 (Wu et al., manuscript submitted) hydrophobic
condensation may cause a polypeptide to form a molten
globule,44 resembling to the compact denatured struc-
tures™>"° considered here, which is followed by folding
process involves formation of hydrogen bonds of secondary
structures and stabilization of these structures.47- (Wu
et al., manuscript submitted) Denaturation substantially fol-
lows an inverse sequence.

Recent solution structural study?® on the mutant
(L16A) of Drosophila Melanogaster Engrailed homeodo-
main (En-HD) showed that both intermediate and dena-
tured states are experimentally indistinguishable. The
denatured state of En-HD could be defined from its mu-
tant L16A by varying the ionic strength. Our D; (or Uj)
state in SNase could be considered as a state between

Folding Coordinate

Figure 7

Schematic representation of native and denatured states of SNase induced by the changes of pH and GdmCl. At pH 7 and 25°C with no GdmCl or with GdmCl < 0.2M,
the protein exists in the Ny state. The distance between Trp140 and Cys45 (red dots) is about 20.4 A. D;, D,, and Dj represent the denatured states at pH 2 and U;, U,,
and U indicated the denatured states at 2M GdmCl (the scheme is adapted from Ref. 4). The structure of SNase at native state was plotted according to the PDB

structure 1EY0.pdb.
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folded and denatured states. Further report concerning
the denatured states of SNase was presented by Sallum
et al,>0 who used NMR residual dipolar couplings to
propose that the conformation of a denatured SNase
favors the disruption of cooperative structure, but not
the retention of a unique long-range folding topology. If
this is the case, based on our RD measurements for the
denatured states, we would propose that these disruptive
conformations are within a constraint dimension, but
not in the case of free expansion. These denatured states
are in compact forms as the native state. The similar
dimension between native and denatured states (espe-
cially D; or Uj state) might have the latter in a “ready”
condition to efficiently refold. The efficiency of protein
folding is only in the case of D, (or U;) toward Nj.
In vivo, we would image that the protein (such as SNase)
folding after secreting from ribosomes may start from a
compact conformation such as D; or U,. The random
linear conformation (not in the compact form) of pro-
teins in solution (regardless they are in vitro or in vivo)
may not exist.

Finally, we would emphasize that the measurement of
the average RD in denatured states by the Forster theory
involves an uncertainty from the average of a heterogene-
ous ensemble of denatured conformations. For a Gaus-
sian distribution of distances of denatured conforma-
tions, this uncertainty is roughly in a linear relation with
mid-width of the distribution, according to Eq. (6).
Thus, for the distribution with a mid-width of 2a, the
uncertainty is about a. As mentioned above, Lys45 is in
a flexible loop and the flexibility contributes the fluctuation
amplitude of 5 A to the RD measurements. Consequently,
the average RD is the most probable separation of two
probes in our study, while the deviation contributed by a
long separation can be up to 25%. The development of
new techniques for the refinement of the distance deter-
mination is therefore required. We are working in this
direction and will report our results in near future.
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