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Abstract: The development of tertiary structure during folding of staphylococcal nuclease (SNase)
was studied by time-resolved fluorescence resonance energy transfer measured using continuous-
and stopped-flow techniques. Variants of this two-domain protein containing intradomain and
interdomain fluorescence donor/acceptor pairs (Trp and Cys-linked fluorophore or quencher) were
prepared to probe the intradomain and interdomain structural evolution accompanying SNase
folding. The intra-domain donor/acceptor pairs are within the p-barrel domain (Trp27/Cys64 and
Trp27/Cys97) and the interdomain pair is between the a-helical domain and the g-barrel domain
(Trp140/Cys64). Time-resolved energy transfer efficiency accompanying folding and unfolding at
different urea concentrations was measured over a time range from 30 ps to ~10 s. Information on
average donor/acceptor distances at different stages of the folding process was obtained by using
a quantitative kinetic modeling approach. The average distance for the donor/acceptor pairs in the
p-barrel domain decreases to nearly native values whereas that of the interdomain donor/acceptor
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pairs remains unchanged in the earliest intermediate (<500 ps of refolding). This indicates a rapid
nonuniform collapse resulting in an ensemble of heterogeneous conformations in which the central
region of the p-barrel domain is well developed while the C-terminal a-helical domain remains
disordered. The distance between Trp140 and Cys64 decreases to native values on the 100-ms
time scale, indicating that the a-helical domain docks onto the preformed p-barrel at a late stage
of the folding. In addition, the unfolded state is found to be more compact under native conditions,
suggesting that changes in solvent conditions may induce a nonspecific hydrophobic collapse.

Keywords: protein folding; continuous-flow; stopped-flow; Forster energy transfer; fluorescence

Introduction
Many proteins wundergo major conformational
changes during early stages of folding that result in
formation of compact intermediates with well-
developed secondary structure before the rate-
limiting step of the folding reactions.'™ A detailed
analysis of the structural, thermodynamic and
kinetic properties of these intermediates is a critical
step towards understanding the physicochemical
principles of protein folding. Hydrogen/deuterium
(H/D) exchange coupled with NMR has been the pri-
mary source of site-resolved information on hydro-
gen bond formation and secondary structure
acquisition during folding.*™" A number of studies
have combined fluorescence resonance energy trans-
fer (FRET) with rapid mixing techniques to obtain
structural and dynamic information on long-range
interactions in early folding intermediates.®'° How-
ever, the ensemble of states observed within the first
milliseconds of refolding is often structurally heteroge-
neous,?* 2 and it is still unclear whether the initial
collapse of the polypeptide chain is driven by specific
or nonspecific local and long-range interactions.
Staphylococcal nuclease (SNase) is a 149-
residue protein whose structure can be divided into
two subdomains: an N-terminal domain consisting of
a five-stranded B-barrel and an «-helix, and a C-
terminal domain consisting of two a-helices (Fig. 1).
Prior studies have shown that SNase folds into the
native state via several partially structured inter-
mediates that accumulate over the 10-500-ms time
range along multiple parallel pathways.2>° More
recent ultrafast mixing measurements showed that
additional states accumulate within the first milli-
second of refolding, including a compact state with a
partially structured B-barrel domain.?*2 NMR-
detected H/D exchange studies revealed protected
amide protons in strands II and III of the B-barrel
domain early during folding at a folding time, #;, of
~10 ms while most other amide protons became pro-
tected only during the final stages of folding.?83°
Previous studies using stopped-flow circular dichro-
ism indicated that significant helical secondary
structure is formed on the 10-ms time scale.?® Wal-
kenhorst et al.?” showed that the state populated at
tr ~10 ms is an obligatory intermediate populated on
a direct path between the unfolded ensemble and
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the native state. Taken together, these results indi-
cate that at least two structural events precede the
rate-limiting step in SNase folding: a localized chain
collapse in the B-barrel region at #+~100 ps and the
formation of a stable B-hairpin and other elements
of secondary structure on the 10-ms time scale.
However, it remains unclear (i) whether the early
conformational event with a time constant of 80 us
is driven by nonspecific hydrophobic collapse or by
specific tertiary interactions, (ii) whether the con-
tacts formed are native-like or non-native, and (iii)
whether early structure formation is confined to the
B-barrel domain.

In order to observe the development of specific
nonlocal (tertiary) interactions at various stages of
folding of SNase, we combined ultrafast and conven-
tional mixing techniques with FRET detection, using
a unique tryptophan residue as a fluorescence donor
and a Cys-linked fluorophore as an acceptor.'51920:33
We report detailed results on the kinetics of folding
and unfolding of SNase for two sets of single Trp/Cys
variants: in the first set, the donor and acceptor sites
are located within the B-barrel domain; the second
set contains a donor in the a-helical domain and an
acceptor in the B-barrel domain. Our results indicate
that (i) the average distances for all donor/acceptor
pairs in the unfolded state of SNase are shorter
under folding conditions (at low urea concentrations)
than under strongly denaturing conditions (at high
urea concentrations), suggesting a more compact
unfolded state under native condition, (ii) the central
region of the B-barrel domain assumes native-like
compactness and tertiary interactions in the earliest
intermediate of refolding (within 500 ps of refolding),
and (iii) the a-helical domain docks onto the B-barrel
domain during the final stages of folding (>100 ms).

Results and Discussion

Single-Trp/Cys variants (Trp27/Cys97, Trp27/Cys64,
and Trp140/Cys64) of SNase were constructed by sub-
stituting appropriate residues (Y27W/W140H, K64C,
and K97C) of the parent protein containing
P47G/P117G/H124L. mutations (Trp140 SNase, or
WT*# SNase??132). The Cys-residue in each variant
was chemically modified with either 5-((((2-iodoacety-
Damino)ethyl)amino)naphthalene-1-sulfonate (1,5-IAE-

DANS)**  or 2-nitro-5-thiobenzoic acid (TNB),*®
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Figure 1. Ribbon diagram of Trp140 SNase (P47G/P117G/
H124L) based on the crystal structure (PDB 1SNQ).>* The Cg
atoms of Tyr27, Trp140, Lys64, and Lys97 are shown as
spheres. The C,-Cg distances of Tyr27-Lys64, Tyr27-Lys97,
and Trp140-Lys64 are shown in dotted lines. The B-barrel
domain is encircled.

resulting in AEDANS-labeled Trp27/Cys97 and
Trp27/Cys64 SNase (Trp27/Cys97-AED and Trp27/
Cys64-AED) and TNB-labeled Trp140/Cys64 SNase
(Trp140/Cys64-TNB). In the native structure of SNase
(Fig. 1),2* residue 27 is located in the turn between
strands II and III, residue 64 in the middle of helix
H1, and residue 97 between strand V and helix H2. All
three residues are within the B-barrel domain. Residue
140 is on helix H3 in the a-helical domain. Therefore,
both donor and acceptor are within the B-domain in
the case of the Trp27 variants, but in different domains
in the case of the Trpl40/Cys64 variant. The side
chains of Lys64 and Lys97 are fully exposed to the sol-
vent in the native structure and expected to be mobile.

Figure 2 compares fluorescence spectra of the
unmodified proteins upon selective excitation of
tryptophan at 295 nm with absorption spectra of the
dye-labeled proteins measured at 15°C under the
native (100 mM sodium acetate at pH 5.3) and acid-
denaturing (~20 mM phosphoric acid at pH 2.0) con-
ditions. Under both conditions, the unmodified pro-
teins exhibit fluorescence spectra identical to the
parent single-Trp variants, that is, the quasi-wild
type (Trp140 SNase) and the Y27W/W140H variant
(Trp27 SNase). In addition to the aromatic band at
~280 nm, the AEDANS-labeled Trp27 variants
exhibit dye absorption bands at ~340 and 260 nm,
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and the Trp140/Cys64-TNB protein has a band at
~340 nm; the absorption spectra are very similar
under the native and the acid-denaturing conditions.
The overlap of Trp fluorescence and dye absorbance
bands between 300 and 400 nm allows energy trans-
fer to occur from the donor (Trp) to the acceptor
(AEDANS or TNB). For the quantitative analysis of
the FRET efficiencies, we relied on donor quenching
(tryptophan emission changes) only, which is gener-
ally more reliable than enhancement in acceptor
(AEDANS) fluorescence. The Forster distance (Rg)
under native (Roy) and acid-denaturing (Ryy) condi-
tions was calculated on the basis of the absorption
spectra of the dye-labeled proteins and the Trp fluo-
rescence spectra of the unmodified proteins from 310
to 400 nm by using Eq. (5) (Table I and Fig. 2 and
Supporting Information Fig. S1). The calculated R,
values range from 22 to 30 A, which is comparable
to donor/acceptor distances of the native state (~20
A) and the denatured state (~30 A; see below) of
SNase. Therefore, these FRET pairs are excellent
probes for following the conformational changes
associated with SNase folding. The following factors
contribute to potential errors in estimating R, val-
ues: (i) the overlap integral can be measured only
above 310 nm because of aromatic absorbance and
scattering backgrounds, (ii) the assumption that
donors and acceptors rotate freely (yielding an orien-
tation factor x> = 2/3) may not be valid under
native conditions (Trp27 and Trp140 are largely bur-
ied in the native structure).

Figure 3 shows Kkinetic traces associated with
refolding of the dye-labeled and unmodified proteins
induced by sixfold dilution of the acid-denatured
protein (in ~20 mM phosphoric acid at pH 2.0) with
refolding buffer (100 mM sodium acetate at pH 5.3)
at 15°C, resulting in a pH-jump from 2.0 to 5.2. The
kinetic traces obtained from continuous-flow and
stopped-flow fluorescence experiments under match-
ing conditions (excitation wavelength at 295 nm)
were combined to cover the time range from 30 us to
20 s. The dead times of the continuous-flow and
stopped-flow instruments were 30 ps and 1.4 ms,
respectively. The time course of refolding in the
absence of denaturant (Fig. 3) was fitted to a sum of
three to five exponential functions. The apparent
rate constants and relative amplitudes are listed in
Table II. Figure 3 also shows the energy transfer
efficiency as a function of folding time (FE(¢;)), which
was calculated from the kinetic traces of the dye-
labeled (donor and acceptor) and unmodified (donor-
only) proteins according to Eq. (4). The overall
change in time-dependent FRET efficiency is signifi-
cantly different for the Trp27 and the Trpl40 var-
iants. FE increases from 0.39 to 0.53 within ~1 ms
of refolding of the Trp27 variants [Fig. 3(B,C)], but
increases only slightly (0.36—-0.40) in the case of the
Trp140/Cys64 variant [Fig. 3(A)]. Given the location
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of FRET pairs in these two sets of variants (Fig. 1),
this observation clearly indicates that formation of
the B-barrel domain precedes and is independent of
the docking of the C-terminal «-helical domain.
Trp140/Cys64 SNase exhibits a large increase in FE
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Figure 2.

Table 1. Forster Distances Between the Pair of the
Donor and Acceptor of the Three Variants of SNase
Under the Acid-Denaturing (~20 mM Phosphoric Acid
at pH 2.0) and the Native (100 mM Sodium Acetate at
pH 5.3) Conditions

Trpl40/Cys6d  Trp27/Cyséd  Trp27/Cys97
Roy (A) 23.4 22.6 21.7
Rox (A) 29.8 215 21.1

during the late stages of the folding (>100 ms) con-
sistent with a major decrease in the average dis-
tance between helix H3 and the B-barrel domain,
even after accounting for the fact that Roy is larger
than Rqy (Table I; see below). At the same time, the
FRET pairs involving Trp27 and two different
acceptors located on the opposite side of the B-barrel
domain experience a decrease in FE consistent with
a minor expansion of this subdomain during the late
stages of folding, based on the similarity between
Ron and Ryy (Table I).

To gain further insight into the folding mecha-
nism, we studied the kinetics of folding and unfold-
ing for each SNase variant as a function of urea
concentration. In refolding experiments, the acid-
denatured protein was mixed with a fivefold excess
of refolding buffer (100 mM sodium acetate, pH 5.3)
in the presence of urea. To observe the time course
of unfolding, native protein (in 100 mM sodium ace-
tate at pH 5.3) was mixed with a fivefold excess of
unfolding buffer (100 mM sodium acetate and appro-
priate concentration of urea at pH 5.3). Continuous-
flow and stopped-flow experiments were combined to
cover the complete time course of folding, whereas
stopped-flow experiments were sufficient to monitor
unfolding. As in pH-induced folding experiments the
traces were fitted to sums of exponential functions.
The unfolding traces are well represented by a sin-
gle exponential function.

Figure 4 shows urea-dependence of the apparent
rate constants on a logarithmic scale (chevron plot)
and of kinetic amplitudes for folding and unfolding
of the SNase variants. The kinetic behavior of the
unmodified Trpl140/Cys64 variant and its TNB
derivative [Fig. 4(A)] is very similar to that of the
parent protein, Trpl40 SNase, whose folding

Figure 2. Absorption spectra of the dye-labeled proteins and
Trp fluorescence spectra of the unmodified proteins. Absorp-
tion spectra of (A) Trp140/Cys64-TNB, (B) Trp27/Cys64-AED,
and (C) Trp27/Cys97-AED (at 10 uM with a pathlength of 1
cm) under the native condition (~100 mM sodium acetate at
pH 5.2; black dashed lines) and the acid-denaturing condition
(~20 mM phosphoric acid at pH 2.0; gray solid lines), and
Trp fluorescence spectra (dotted lines) of (A) Trp140/Cys64
SNase, (B) Trp27/Cys64 SNase, and (C) Trp27/Cys97 SNase
(at 10 uM), under the native (black dotted lines) and the acid-
denaturing conditions (gray dotted lines) at 15°C.
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mechanism has been analyzed in detail in our previ-
ous work.2”3! For the quantitative analysis of the
present kinetic data, we used the mechanism shown
in Scheme 1, which is a simplified version of the
mechanism introduced by Maki et al.?! U and U’
represent the unfolded species on the major and
minor folding pathways, respectively, while I, I,
and M are intermediates populated along the major
pathway leading to the native state, N. In Scheme 1,
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it is assumed that U and U’ are the initial observ-
able species in refolding reactions, that is, there are
no additional unresolved species accumulating
within the dead time of the continuous-flow meas-
urements under stabilizing conditions, which will be
validated below. I; is required to explain the fastest
phase (11), which accumulates on the submillisecond
time scale under stabilizing conditions. In the case
of Trpl40 SNase and Trpl40/Cys64 SNase, the
intrinsic fluorescence yield is similar for I; and I,
which accounts for a lag phase (1y) observed at t¢
~10 ms. While at low denaturant concentration the
kinetic behavior is complex with as many as five dis-
tinct kinetic phases (labeled /; — A5 in Fig. 4), a sin-
gle phase, /3, dominates the time course of folding
in the unfolding transition region, indicating that
this is the rate-limiting process in folding. In sup-
port of this conclusion, we note that the rate con-
stant of unfolding decreases with decreasing urea
concentration and coincides with the dominant fold-
ing phase, A3, in the transition region. The nonlinear
behavior of the folding limb of /3 at low urea concen-
tration observed in the case of Trp140 SNase can be
attributed to Iy, which accumulates before the rate-
limiting step in folding.?! The curvature in the
unfolding limb of the chevron plot, which is espe-
cially pronounced for Trp27 variants because of their
reduced stability, is attributed to a high-energy
native-like intermediate (M), as reported previously
for Trp140 SNase and other variants.2-3!

A secondary parallel folding pathway leading
from U’ to M (arrows in dashed lines in Scheme 1) is
required to account for a minor slow phase, 14, and
may include additional intermediates.>! Trp140/Cys64
SNase exhibits at least one additional, largely
denaturant-independent, slow phase, which could be
attributed to the isomerization of proline peptide
bonds; 231?236 these minor processes are not consid-
ered further in this study.

Using matrix methods to solve the differential
equations corresponding to Scheme 1, we were able
to reproduce the urea-dependence of the observed

Figure 3. Time dependence of fluorescence intensity and the
energy transfer efficiency during the folding reactions of (A)
Trp140/Cys64, (B) Trp27/Cys64, and (C) Trp27/Cys97 var-
iants initiated by a pH-jump from 2.0 to 5.2 (~100 mM
sodium acetate at pH 5.2) at 15°C. The upper panels show
the kinetic traces of the pH-induced folding reaction of the
unmodified (D) and the dye-labeled (D&A) proteins. The
extrapolated fluorescence intensities of unfolded states at 0
M urea based on equilibrium measurements for each variant
are shown in circles. The solid lines show the kinetic traces
reproduced by the kinetic modeling. Fluorescence was moni-
tored with a combination of a 305-nm long-pass filter and a
278/366-nm band-pass filter. The lower panels show the
energy transfer efficiency (FRET) during folding calculated by
Eq. (4).
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Table II. Apparent Rate Constants (\;, bald) and Relative Amplitudes (A;) of the Folding Kinetics of SNase Variants Induced by a pH-Jump from 2.0 to 5.2 at 15°C Obtained

by Multiexponential Least-Squares Fitting of the Combined Continuous-Flow and Stopped-Flow Traces

Mizukami et al.

Trp140/Cys64 Trp27/Cys64-AED Trp27/Cys64 Trp27/Cys97-AED Trp27/Cys97 Trp140? Trp27*

Trp140/Cys64-TNB

0.87 + 0.01
—0.098 = 0.001
(8.5 = 0.2) x 10°
—-0.025 + 0.001
(1.4 * 0.1) x 102

0.48 + 0.01
0.12 + 0.01
(1.6 = 0.1) x 10*

0.94 + 0.01
—0.078 = 0.001
(6.6 = 0.2) x 10°

0.57 + 0.01
0.045 + 0.001
(5.0 = 0.1) x 10°

0.72 = 0.01 5.11 = 0.01

—0.019 = 0.001
4.3 = 0.2) x 10°

Feq

0.051 = 0.005
(5.50 + 0.54) x 10°

0.066 = 0.011
(1.27 + 0.14) x 10*

—-0.16 = 0.01
4.7 = 0.2) x 10°

Ay

J1(s™h

0.26 = 0.11
11 = 2
0.27 = 0.10
4.0 = 1.1
0.05 = 0.01
0.35 + 0.11

A

26 +
-2.16 = 0.25

—0.056 = 0.001 0.056 = 0.001 0.69 + 0.31
(1.2 + 0.1) x 102

(1.6 + 0.1) x 102

0.12 + 0.01
(2.1 + 0.1) x 10?

0.32 = 0.01 0.060 = 0.002 0.35 = 0.01
4.1 + 0.1

0.10 = 0.01

0.33 = 0.01

0.077 = 0.001

-15=*=0.1

0.16 = 0.01

7.3
0.084 = 0.003

11.0 + 1.2
—0.50 * 0.06

5.7 = 0.1
0.050 = 0.001
0.28 + 0.01

6.0 = 0.1 5.3 = 0.1
0.040 = 0.001

6.8 = 0.1
-13=*=0.1

0.40 + 0.01

+ 0.1

0.4

2.1
-0.29 = 0.03

0.28 = 0.07

0.30 = 0.01

—0.80 + 0.01
0.11 + 0.01

2 Values from Ref. 1.

rate constants as well as the kinetic amplitudes
(Fig. 4) by adjusting the elementary rate constants
and their slopes (kinetic m-values) versus urea con-
centration (Fig. 4 and Supporting Information Table
S1). Starting with the parameters reported for
Trp140 SNase,?! minor adjustments were sufficient
to fit the chevron plots for Trp140/Cys64 and its
TNB derivative. The chevron plots of the
Trp140/Cys64 variants (Fig. 4) are consistent with
that of Trp140 SNase while those of the Trp27 var-
iants are qualitatively similar to that of
F76W/W140H variant of Trpl40 SNase (Trp76
SNase), another destabilized single-Trp variant.®!
The primary factor that leads to the reduced stabil-
ity of these proteins is the loss of interactions involv-
ing the Trp140 side chain in the native state, which
results in a major increase in the observed unfolding
rates (Fig. 4). On the other hand, the folding behav-
ior at low denaturant concentrations is very similar
for all variants; in every case two rapid phases (1; ~
10%-10* s ! and Ay ~ 10% s71) precede the major
folding phase, A5, with a rate of ~10 s~ 1, and the
minor phase(s) slower than A3 is assigned to parallel
folding pathways (Scheme 1). We showed by kinetic
modeling that the changes in observable kinetics
associated with the destabilizing mutations can be
fully accounted for by a major increase in the rate
constant for the N to M unfolding transition, k°xy
(by over three orders of magnitude; Fig. 4 and Sup-
porting Information Table S1). The fact that the ele-
mentary rate constants in the folding direction
remained essentially unchanged strongly suggests
that the folding mechanism is conserved for all
mutant and chemically modified forms of SNase
studied here.

To validate our kinetic modeling procedure, we
used the elementary rate constants obtained from
the analysis of the chevron plots and observable
amplitudes (Fig. 4 and Supporting Information
Table S1) to predict the time course of folding for
each variant in the absence of denaturant. After
optimizing the intrinsic fluorescence yields for the
different states to reproduce the urea-dependence of
the observable amplitudes (Fig. 4), we were able to
reproduce the observed folding traces quite well out
to folding times of ~1 s (the simplified kinetic model
we use here results in systematic deviations at lon-
ger times; solid lines in Fig. 3). The intrinsic fluores-
cence yields of each state are listed in Supporting
Information Table S2. We then used Eq. (4) to calcu-
late the FRET efficiency for each state under native
condition (~100 mM sodium acetate, at pH 5.2 and
15°C) from the yield of the donor (Trp) in the pres-
ence and absence of acceptor (AEDANS or TNB). We
also calculated the corresponding distances [Eq. (7)]
using the Forster distances Rgy (for U, I, and Iy)
and Ry (for M and N). The similarity in the fluores-
cence yields among U, I;, and Iy, and between M
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squares, and lower triangles represent the 14, 15, and /3 phases of the folding, respectively, whereas upper triangles represent the /3
phase of the unfolding. The corresponding rate constants and kinetic amplitudes are reproduced by the kinetic modeling and shown
in black solid lines. Upper panels: The + and # symbols and the X symbols show the rate constants of the unmodified and the dye-
labeled proteins, respectively, on the minor folding pathways (including the phase rate-limited by the peptidyl prolyl isomerization).
The rate constants reproduced by the kinetic modeling are shown in black dashed lines. Previous kinetic modeling results on Trp140
SNase (A) and Trp76 SNase (B and C) are also shown in gray lines. Lower panels: The elementary rate constants (black lines; Sup-

porting Information Table S1) reproducing the rate constants (gray lines) are shown.

and N indicates that the tryptophan side-chains are
fully solvent-exposed in U, I;, and I, whereas they
are fully native-like in M and N. Thus, R, values
appropriate to calculate the donor/acceptor distan-
ces in U, I;, and Iy and in M and N are Ryy and
Ron, respectively. In Figure 5, the donor/acceptor
distances are plotted as a function of the o-value
(see Materials and Methods section), which serves
as a reaction coordinate for the folding reaction. The
results provide a more quantitative view of the con-
clusions drawn above, namely, that the 27-64 and
27-97 probe pairs sense a contraction of the B-barrel
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domain at an early stage of folding (U — 1Iy),
whereas the 140-64 donor/acceptor distance signifi-
cantly decreases only during the later stages as the
C-terminal helix (helix H3) forms and docks onto the
B-barrel.

In Figure 6, the fluorescence intensities at ¢y =
0 and at long times, approaching equilibrium, are
plotted as a function of urea concentration. The
equilibrium fluorescence for the Trp27 variants and
Trp140/Cys64-TNB increases while that of unmodi-
fied Trpl140/Cys64 decreases with increasing urea
concentration, consistent with the kinetic traces in

Nonuniform Chain Collapse of SNase Folding
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Scheme 1. Kinetic mechanism of folding of SNase.

Figure 3. The initial signal of the kinetic folding and
unfolding data (extrapolated to ¢y = 0) is fully con-
sistent with the fluorescence values of the native
and the unfolded states at equilibrium (Fig. 3 and
dashed lines in Fig. 6). Direct comparison between
the equilibrium transitions and the (un)folding
kinetics under identical final conditions shows no
evidence for kinetically unresolved changes, which
validate the assignment of the observable initial spe-
cies to U and U’ in the kinetic modeling described
above. Two-state fits of the observed equilibrium
transitions yield estimates for the thermodynamic
parameters (mid-point concentrations, Cy;, m-values,
and free energy differences, AGH20) for the transi-
tions; Supporting Information Table S3) and spectro-
scopic parameters (fluorescence extrapolated to zero
urea concentration and the corresponding slopes of
the native and the unfolded states). In some cases,
the slope of the transition curves was poorly defined,
and m-values were fixed to that of the parent pro-
tein, as described in Materials and Methods section.
Thermodynamic parameters were also calculated
from the elementary rate constants and their urea-
dependence (kinetic m-values) estimated by the
kinetic modeling. Supporting Information Table S3
compares the thermodynamic parameters of the
Cys-containing variants studied here with the
single-Trp parent proteins, Trpl40, and Trp27
SNase, whose urea-induced unfolding transitions
were measured under matching experimental condi-
tions (~100 mM sodium acetate, at pH 5.2 and
15°C), using a scanning fluorometer. As the natu-
rally occurring Trp140 is important for the stability
of the native state, the Trp27 variants are less sta-
ble than the Trp140-containing proteins.?® Although
the thermodynamic parameters estimated from
kinetic data are less accurate than those obtained
from equilibrium measurements, the results in Sup-
porting Information Table S3 indicate that replace-
ment of the surface-exposed Lys at positions 64 and
97 results in only a small decrease in stability. Addi-
tion of an AEDANS group results in a small increase
in stability whereas the attachment of a TNB group
to Cys64 has little effect on the free energy of
unfolding.

Mizukami et al.

In Figure 5, we plotted the FRET efficiency, FE,
and donor/acceptor distance, Rpa, for the acid-
denatured (FEyaeiq and Ryaeiq) and the native state
(FEN and Ry) calculated based on the fluorescence
spectra (Supporting Information Fig. S1), as well as
kinetic measurements and the corresponding Forster
distances, Roy and Ron. Also plotted in Figure 5 are
the donor/acceptor distances estimated using an
unstructured polymer model (R.; = N°¢ x 3.8 A,
where N is the number of residues separating the
donor from the acceptor)®”8 and the Cp-Cp distance
between the donor and acceptor sites measured in
the crystal structure of Trp140 SNase (Rcrystal): Feoil
is larger than Ry..q and the difference between
Ryacia and R,; increases with increasing distance
along the sequence. This trend was found in previ-
ous studies,'® and was attributed to the residual
structure in the acid-denatured state. Rcyystar is 1-2
A smaller than Ry;; in addition to assumptions made
in calculating a Forster distance, Ron, the uncer-
tainty in determining the position of the bulky dye
may reflect a shift in the position of the acceptor
compared to that in the crystal structure.

The distance between Trp27 and the acceptors
at positions 64 and 97, respectively, is within 1-2 A
of Ry compared with those in the unfolded state
under the native condition, Ry. These
donor/acceptor pairs span the B-barrel domain with
Trp27 located at one end and Cys64 and Cys97 (on
helix H1 and the BV-H2 loop, respectively) adjacent
to the opposite end (Fig. 1). In both cases, Ry is
much smaller than Ry..q, indicating that the pB-
barrel domain already adopts a compact conforma-
tion in the unfolded state found under native condi-
tion just after the drop in denaturant concentration
in refolding experiments. The fact that two different
probes separated by over 30 residues along the chain
approach the donor to within 2 A of the final dis-
tance is consistent with an overall compactness and
arrangement of the B-strands and helix H1 resem-
bling the native structure. The donor/acceptor dis-
tances approach native values even in I; (¢; ~ 500
us) and remain nearly constant throughout the fold-
ing reaction (Fig. 5). Our observation that the
unmodified Trp27 variants undergo only a slight
change in fluorescence in the conversion from U to
I; (Supporting Information Table S2) suggests that
the Trp27 side chain is still exposed and relatively
mobile in I; and I,. This further supports our con-
clusion that the observed changes in FE reflect a
major conformational change rather than changes in
donor environment or mobility. A previous study on
SNase folding probed by 1l-anilinonaphthalene-8-
sulfonate (ANS) binding showed that solvent-
accessible hydrophobic pockets appear within ~100
us of refolding.3! Since there is no evidence for com-
pact structure elsewhere in the protein (see below),
we conclude that the binding site(s) for ANS are

PROTEIN SCIENCE ‘ VOL 22:1336-1348 1343



A GolU_U I I, MNCrystal
60 51 acl

< 1%

@ 30 :

4%30- A30

$281

o)

- 026

@24- 24 O o

% 23 25 25 22 22

=22 - o

S oo 4

_820_ * @ 21 21 T,y

20 20 15

18

0.0 0.2 0.4 0.6 0.8 1.0

a-value
B
10 UacicsJ |1 I2 M N
0.86
] L ]
0.8 -
0.62 0.62
064 041 ® ®
w ¥ 4 ; 3.49
w 0.38 ol T
0.4 - L 0.43 0.43
0244
0.21
0.19
0.0

00 02 04 06 08 1.0
a-value

Figure 5. (A) donor/acceptor distances of Trp140/Cys64-TNB
(green, upper), Trp27 /Cys64-AED (orange, middle), and
Trp27/Cys97-AED (red, lower) in each state. Squares show the
distances in random coil, estimated according to Refs. 37 and
38. Triangles show the distances in the acid unfolded state.
Circles show the distance changes during folding from U to N
states as a function of the «-value. Diamonds show Cg-Cg dis-
tance of the sites in the crystal structure. (B) FRET efficiency of
Trp140/Cys64-TNB (green, upper), Trp27/Cys64-AED (orange,
middle), and Trp27/Cys97-AED (red, lower) in each state. Tri-
angles show FE in the acid unfolded state. Circles show the
changes in FE during folding from U to N states as a function
of the a-value.

located within the B-barrel domain. Taken together,
these results indicate that the B-barrel domain
becomes nearly as compact as the native state and
forms native-like tertiary interactions in I.

In contrast to the Trp27 variants, the
donor/acceptor distance for TNB-labeled Trp140/Cys64
SNase decreases substantially as the native state is
formed (Fig. 5). The donor/acceptor distance is ~4 A
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larger in I; than in N, whereas the corresponding dis-
tances for the Trp27 variants are very close to the
native values. The Trpl140/Cys64-TNB distance at
the beginning of the folding reaction (under native
conditions), Ry = 26 A, remains essentially constant
in I; and I, and decreases to its native value (22 A)
in M and N. The final folding phase with a rate of
~10 s~ ! is accompanied not only by a major enhance-
ment in Trp140 fluorescence of the unlabeled protein,
but also a significant quenching of the donor in the
presence of the TNB acceptor (Fig. 3) consistent with
a ~3 A decrease in donor/acceptor distance. Taken
together, the results for all three FRET pairs indicate
that during the rate-limiting step of folding the C-
terminal helix (helix H3) docks onto the preformed 8-
barrel domain. As we do not have any FRET pairs
with both donor and acceptor within the o-helical
domain we cannot rule out the possibility that both
domains acquire some structure at an early stage
and dock to each other during the rate-limiting step
of folding, as reported for dihydrofolate reductase, an
a/B-type protein.*®

For all three donor/acceptor pairs studied, the
average distance in the acid-denatured state at pH 2
is substantially larger (by at least 3 A) than that of
the unfolded state at pH 5.2, which corresponds to
the kinetically observed state at the beginning of the
folding reaction (based on the kinetic modeling
results). The similarity among the variants indicates
that under folding conditions (pH 5.2, low denatur-
ant concentration) the polypeptide chain is uni-
formly more compact than wunder denaturing
conditions (pH 2 or high urea concentration). It
appears that this state, which can be considered the
denatured state under native conditions, has under-
gone a general collapse of the chain driven by a com-
bination  of  hydrophobic and  electrostatic
interactions. The low affinity for ANS suggests that
this conformational ensemble is mobile and lacks a
persistent hydrophobic core.?! In contrast, the
donor/acceptor distances differ significantly among
the variants in I; populated at ¢; ~ 500 us, indicat-
ing that specific side-chain interactions are formed
within the first few 100 ps of folding. If this process
were a uniform compaction, one would expect simi-
lar donor/acceptor distances for the Trp27/Cys97
and Trpl40/Cys64 pairs, since their separation
along the chain is similar (71 and 77 residues,
respective). These findings indicate that the earliest
intermediate ensemble, I;, formed on the 100-us
time scale is structurally bimodal: the core structure
of the B-barrel domain is formed and has native-like
compactness while the C-terminal helix (helix H3) is
still unfolded and/or detached; the two subdomains
associate only during the final stages of folding.

Magg et al. suggested on the basis of detailed
kinetic experiments that a partially collapsed state
of Bacillus caldolyticus cold shock protein (Bc-Csp)

Nonuniform Chain Collapse of SNase Folding



g oooooon

—_ —_— - -_—
o N £ 2}
M N g | A A

=)
&

D&A

fluorescence (relative to pH 2)

o
o)

opt
/TR 2% 20 aid

3 4
[urea] (M)

o')-

—_—

Trp27/Cys97

o

o

fluorescence (relative to pH 2)

3
[urea] (M)

Figure 6.

Mizukami et al.

represents the unfolded state under native condi-
tions rather than a barrier-limited intermediate.!3'6
Although the overall topology is different, both
SNase and Bc-Csp contain a B-barrel structure, and
the partially collapsed initial state might be a com-
mon feature. One possibility to consolidate these
findings is that the starting conformation of SNase
at tr = 0 is analogous to the compact denatured
ensemble of Bc-Csp, whereas the I; state populated
on the 100-us time scale represents a partially struc-
tured intermediate not present in the smaller cold-
shock protein.

The FRET probes studied here, along with prior
observations, provide qualitative information on the
structural properties of the I; intermediate. We have
previously studied the microsecond folding kinetics
of Trp76 SNase, an SNase variant containing a Trp
at position 76,32 located at the C-terminal end of B-
strand IV on the same face of the B-barrel as Trp27
(Fig. 1). The observation that the fluorescence of
both Trp27 and Trp76 is partially enhanced during
phase 1 (U — 1) is consistent with the assembly of
a loosely packed cluster of hydrophobic side chains
at one end of the B-barrel. The presence of a
dynamic clustering of hydrophobic side chains is
supported by the fact that ANS binds preferentially
to an intermediate populated on the 100-us time
scale.®> The near-native distance for the
Trp27/Cys64-AED pair suggests that helix H1 is
already formed and interacting with the structured
region of the I; state. The Cys97-AED FRET probe
also places the loop following strand V within the
collapsed core of the intermediate. In addition, ear-
lier H/D exchange labeling studies showed that
amide protons in B-strands II and III are already
protected from exchange at this early stage of fold-
ing, suggesting the presence of a hydrogen-bonded
B-hairpin.2®3° Thus, the chain compaction observed
here appears to encompass most of the B-barrel as
well as helix H1. While the combined results are
consistent with native-like topology, more detailed
structural information will be needed to confirm this
conclusion (e.g., we have no probes reporting on the
structure of B-strand I). On the other hand, the
observation that the distance between Trpl40 and
Cys64 remains unchanged in phase 1 (U — I;) dem-
onstrates that helix H3 is still detached from the

structural core of the I; intermediate. The

Figure 6. Equilibrium unfolding of the unmodified (open sym-
bols) and the dye-labeled (filled symbols) (A) Trp140/Cys64,
(B) Trp27/Cys64, and (C) Trp27/Cys97 variants under match-
ing condition of the kinetic measurements (~100 mM sodium
acetate at pH 5.2 and 15°C). Also shown are final fluores-
cence intensities of (un)folding kinetics in circles, initial fluo-
rescence intensities of folding kinetics in squares, and initial
fluorescence intensities of unfolding kinetics in diamonds.
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observation of a bimodal P(r) function in SAXS
measurements on a C-terminally truncated SNase
variant?® further supports our conclusion that an
early event in SNase folding gives rise to a partially
structured state with a compact B-barrel/H1 subdo-
main and a more disordered C-terminal region.

Materials and Methods
Site-directed mutagenesis was carried out by Quick-
Change (Agilent, CA). The single-Trp/Cys variants of
SNase (Trp27/Cys64, Trp27/Cys97, and
Trp140/Cys64 SNase) constructed were expressed
and purified according to a previous report.>! Before
the modification of Trp140/Cys64 SNase with TNB,
100 mM Tris-HCl/7 M urea/2 mM dithiothreitol
(DTT) (pH 8.0) was purged by argon gas for 2 h to
remove oxygen in the buffer, followed by addition of
lyophilized Trp140/Cys64 SNase and concentrated
5,5'-dithiobis-(2-nitrobenzoic acid) solution with 157-
fold molar excess to the protein. The reaction was per-
formed in dark at room temperature for 2 h. The
unmodified protein and side-reaction products were
removed by ion exchange chromatography (Bio-
Rex70, Bio-Rad, CA). The fractions of modified pro-
tein was dialyzed against ~50 mM ammonium bicar-
bonate (pH ~ 7), followed by lyophilization. The
labeling efficiency (percent of the protein molecular
labeled) was estimated by the ratio of Trp140/Cys64
SNase to TNB attached to the protein through inde-
pendently determined concentrations of TNB and
Trp140/Cys64 SNase. Specifically, labeled protein in
Tris-HC1 (pH 8.0) was reduced by ~1 mM DTT,
resulting in a mixture of free TNB and Trp140/Cys64.
The concentrations were then determined spectropho-
tometrically by the molar extinction coefficients of
free TNB® (¢™B, 15 wm = 14,150 M ! ecm ! and
™o am = 2900 M ' cm™!) and Trpl140/Cys64
SNase (gTP140/Cys64, 0 o = 14,700 M~ cm™ ).
AEDANS labeling of Trp27/Cys64 and Trp27/Cys97
SNase was carried out in a similar way of TNB-
labeling with minor change in the procedure. Specifi-
cally, a 100-fold molar excess of 1,5-IAEDANS was
used for the modification. The labeled protein was
purified by Sephadex G-50 and dialyzed against ~50
mM ammonium bicarbonate (pH ~ 7), followed by
lyophilization. The labeling efficiency was estimated
by measuring the ratio of each variant to AEDANS
attached to the protein. Their concentrations were
determined spectrophotometrically according to the
molar extinction coefficients of free 1,5-IAEDANS?*
(SAEDAN8336 nm — 5700M_1 CIIl_1 and SAEDAstg() nm —
1310 M~ ! ecm™ 1), Trp27/Cys64 (¢TP27/Cvséd, 0 =
12,700 M ! em™ 1), and Trp27/Cys97 (¢7P27/Cys97,
= 12,700 M~ em™Y). The overall labeling efficiency
was about 100%.

The refolding reaction was initiated by six-fold
dilution of the acid-unfolded protein solution in ~20
mM phosphoric acid (pH 2.0) with 100 mM sodium
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acetate (pH 5.3) with varying concentrations of urea,
giving a final pH of 5.2, while the unfolding reaction
was initiated by six-fold dilution of the native pro-
tein solution in 100 mM sodium acetate (pH 5.3)
with 100 mM sodium acetate at (pH 5.3) with vary-
ing concentrations of urea. The solutions for the
measurements on the unmodified proteins contained
2 mM DTT for keeping the proteins reduced. The
protein concentration was 10 pM for all the experi-
ments. All the experiments were conducted at 15°C.
The time-dependent change in fluorescence was
recorded with the combination of a 305-nm long
pass filter and a 287/366-nm band pass filter with
the excitation at 295 nm. The dead time of the
continuous-flow device was 30 ps, which was esti-
mated by measuring the quenching of N-acetyl-L-
tryptophan fluorescence by N-bromosuccinmide.*!
The stopped-flow measurements were conducted on
an SX-20 (Applied Photophysics, UK) with a dead
time of ~1.4 ms. The kinetic traces were fitted by
nonlinear least-squares method to the following
equation:

F(t)=Feq+» _Ajexp (/i) (1)

where F(t) and F,, are the observed values of the
fluorescence at time ¢ and infinite time at the
equilibrium, respectively, while A; and A; are the
fluorescence change (amplitude) and the apparent
rate constant, respectively, of the ith kinetic
phase.

Standard numeric methods were used to solve
the linear differential equation system represent-
ing the folding scheme, using IGOR software
(Wavemetrics, OR) to determine the eigenvalues
and eigenvectors of the corresponding rate matrix.
The urea concentration dependence of the elemen-
tary rate constants were assumed to follow Eq.

(2):
In (kyj)=In (k{)+(m /RT)[urea] (2)

where £°; is the elementary rate constant in the
absence of urea and mil-j is the corresponding slope
(kinetic m-value). R and T are the gas constant and
absolute temperature, respectively. The various sets
of the elementary rate constants, the slopes (kinetic
m-values), and the fluorescence intensity of each
state were explored systematically to model the
apparent rate constants and amplitudes observed in
the kinetic measurements, as well as the equilib-
rium thermodynamic parameters, according to the
associated rate matrix. The o-value of the i-state
was calculated as the summation of the kinetic m-
values from U to the i-state relative to the total
change in the kinetic m-values, which is a measure
of the change in solvent-accessible surface area rela-
tive to U. Free energy of each state was also calcu-
lated from the elementary rate parameters obtained.
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The activation energy for crossing the barriers
between states was calculated as follows:

AG:=~RTn (k}/A¢)—m;[urea] (3)

using an arbitrary value of 1 X 10% s for the pre-
exponential factor, Ag.

The FRET efficiency, FE, was calculated using
fluorescence intensity according to Eq. (4):*?

Fpa
FE=1-—— 4
o (4)
where Fp and Fpa are the fluorescence intensity in
the absence and presence of the accepter, respec-

tively. The Forster distance R, was calculated as:
Ro=(8.79%10 75 (120pn~*J))/6°A (5)

where «? is the orientation factor as a function of
the relative orientation of the transition dipoles of
the donor and the acceptor in space, which was
assumed to rotate freely (x> = 2/3), ®p is the quan-
tum yield of the donor, which was determined by
estimating the fluorescence intensity relative to N-
acetyl-L-tryptophanamide (NATA) assuming a quan-
tum yield of 0.14 for NATA,*® n is the refractive
index of the medium, and ¢/ is the overlap integral
of the emission of the donor and the absorption of
the acceptor, which was calculated by the normal-
ized fluorescence spectrum of the protein with only
donor and the absorbance spectrum of the acceptor
according to Eq. (6):

= Ry (DI

(6)
where Fp (1) and ¢5 (1) are the fluorescence inten-
sity of the donor and the extinction coefficient of the
acceptor, respectively, at a wavelength, 1. The R,
values under the native and the acid-denaturing
conditions (Rgy and Roy, respectively) were calcu-
lated. The distance between the donor and the
acceptor sites (Rpa) was calculated from the FE and
appropriate Ry values (Roy for U, I, and Iy and Roy
for M and N) thus obtained by the equation:
1

FE=— — (7
1+(Rpa/Ro)®

The equilibrium unfolding transition curves
were obtained by plotting the F, values versus urea
concentrations. The baselines of the unfolded state
and the native state were obtained by extrapolating
the refolding and the unfolding traces to zero time.
The equilibrium unfolding transition curves of the
modified and unmodified variants were fitted to a
two-state model using IGOR Pro software package
(Wavemetrics, OR). The m-values for the Trpl40
variants were fixed to the corresponding value of
Trp140 SNase because of the low quality of kineti-
cally derived equilibrium data.
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