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ABSTRACT: A promising approach to unravel the relationship between sequence information, tertiary
structure, and folding mechanism of proteins is the analysis of the folding behavior of proteins with low
sequence identity but comparable tertiary structures. Ribonuclease A (RNase A) and its homologues, forming
the RNase A superfamily, provide an excellent model system for respective studies. RNase A has been used
extensively as a model protein for folding studies. However, little is known about the folding of homologous
RNases. Here, we analyze the folding pathway of onconase, a homologous protein from the Northern leopard
frog with great potential as a tumor therapeutic, by high-resolution techniques. Although onconase and
RNase A mgmﬁcantly differ in the primary structure (28% sequence identity) and in thermodynamic stability
(AAG = 20 kJ mol™ ) both enzymes possess very similar tertiary structures. The present folding studies on
onconase by rapid mixing techniques in combination with fluorescence and NMR spectroscopy allow the
structural assignment of the three kinetic phases observed in stopped-flow fluorescence spectroscopy. After a
slow peptidyl—prolyl cis-to-trans isomerization reaction in the unfolded state, ONC folds via an on-pathway
intermediate to the native state. By quenched-flow hydrogen/deuterium exchange experiments coupled with
2D NMR spectroscopy, 31 amino acid residues were identified to be involved in the structure formation of the
intermediate. Twelve of these residues are identical in the RNase A sequence, which is a significantly higher
percentage (39%) than the overall 28% sequence identity. Moreover, the structure of this intermediate closely
resembles two of the intermediates that occur early during the refolding of RNase A. Obviously, in spite of
considerable differences in their amino acid sequence the initial folding events of both proteins are

comparable, guided by a limited number of conserved residues.

Despite great progress in structural biology, the interrelation
of primary structure, folding pathways, tertiary structure, and
stability of proteins is not yet sufficiently understood. Proteins
with high sequence identity have been found to differ in structure
and function (/, 2). Conversely, numerous proteins, which
significantly differ in sequence, were found to show comparable
tertiary structures, and even the basic folding mechanism can be
conserved within a fold family (3—7). Promising model systems
for scrutinizing the similarities and differences of folding path-
ways are homologous proteins such as the members of the
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ribonuclease A (RNase A)' superfamily. Besides the well-known
RNase A (from bovine pancreas; EC 3.1.27.5), this family
comprises, for instance, bovine seminal RNase, human pancrea-
tic RNase 1, and human angiogenin with 82%, 68%, and 36%
sequence identity, respectively. In recent years, onconase (ONC;
EC 3.1.27.5; Alfacell Corp., Somerset, NJ), an RNase A homo-
logue from the oocytes and early embryos of the Northern
leopard frog (Rana pipiens) (8), has gained increasing attention.
Because of its antitumor activity ONC is a promising anticancer
therapeutic that has reached phase IIIb of clinical trials (9).
Interestingly, although ONC shows only 28% sequence identity
with RNase A (Supporting Information Figure S1) and is more
stable by 20 kJ mol ' (10), it shares the typical kidney-shaped
tertiary structure with RNase A (/7) (Figure 1). While three of the
four disulfide bonds are conserved, the fourth disulfide bond in
RNase A (C65—C72) is located in an extended loop but tethers
the C-terminus to the protein body in ONC (C87—C104)
(Figure 1).

RNase A is one of the best studied enzymes in protein
folding (/2—19), and various parallel folding pathways have
been described for this enzyme. Four folding intermediates were
structurally characterized (/4, 16, 20), among others by H/D
exchange experiments. The protection of hydrogen-bonded
main-chain amide protons against exchange with solvent deuterium
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FiGure 1: Ribbon diagram of ONC (A) and RNase A (B). The models (1IONC, 7RSA) were taken from the Brookhaven Protein Data Bank and
drawn with PyMol (DeLano Scientific LLC, Palo Alto, CA). The disulfide bonds are indicated in yellow, and the tryptophan and proline residues

are labeled.

atoms allows the identification of hydrogen bond pattern in less
populated intermediates (21, 22). In contrast, little is known about
the folding of other members of the RNase A superfamily. From
the comparison of folding kinetics of various pancreatic RNases,
which show a sequence identity of > 85% but vary in the number of
proline residues, a conserved refolding pathway was proposed (23)
including a native-like intermediate (24). A comparative study on
the folding of the homologues RNase A, ONC, and angiogenin
addressed the influence of the number of cis prolines in the native
state of these proteins on their folding kinetics (25). The refolding of
the proteins was followed by single-jump absorbance spectroscopy,
and the number of cis prolines was found to correlate with
complexity of the folding behavior. However, in no case are
structural data on intermediates available, which would allow the
comparison with the intermediate structures of RNase A.

In contrast to RNase A, which contains two cis and two trans
prolines and, thus, shows a rather complex folding behav-
ior (14—16), all of the four proline residues of native ONC are
in trans conformation. As in unfolded peptides the trans state
dominates (26), a less complex folding mechanism is expected for
ONC in comparison to RNase A.

Recently, we have shown that under native-like conditions
three kinetic phases occur during the refolding of ONC (27).
Here, we analyze the folding mechanism of ONC in more detail
by rapid (single- and double-) mixing techniques in combination
with fluorescence and NMR spectroscopy, which identified an
folding intermediate and allowed an assignment of the kinetic
phases to a peptidyl—prolyl cis-to-trans isomerization reaction in
the unfolded state, followed by a sequential folding to N via an
on-pathway intermediate (Ionc). Moreover, quenched-flow hy-
drogen/deuterium (H/D) exchange experiments followed by
multidimensional NMR spectroscopy were applied to yield
structural information on Ionc by identifying the amino acid
residues, which are involved in the formation of Ionc. From the
comparison with the intermediates in the folding pathway of
RNase A we conclude that regardless of sequence dissimilarities a
limited number of conserved amino acid residues account for the
first interactions in the protein folding reaction and guide the
folding to the common tertiary structure.

MATERIALS AND METHODS

Materials. Deuterated GdnHCl (GdnDCl) and NaOH
(NaOD) were obtained by repeated (three to five times)

dissolving in D,O followed by lyophilization. DO (99.9%)
was purchased from Euriso-Top, Saint-Aubin Cedex, France,
and ""NH,Cl was from Cambridge Isotope Laboratories,
Saarbriicken, Germany. All chemicals used were of the purest
grade commercially available.

Expression, Renaturation, and Purification of ONC.
Expression, renaturation, and purification of ONC were per-
formed as described previously (/0). For 2D and 3D NMR
spectra, "N-labeled ONC was purified from Escherichia coli
cultures grown in M9 medium at 37 °C containing ""NH,CI. The
cells were harvested 13 h after induction with isopropyl S-p-
1-thiogalactopyranoside (1 mM). Renaturation and purification
procedures were the same as described for unlabeled ONC (10).

Fluorescence Spectroscopy. All kinetic experiments were
carried out in 100 mM sodium acetate buffer, pH 5.5, at 20 °C if
not stated otherwise. Folding reactions initiated by manual
mixing were carried out using a Fluoro-Max-2 spectrometer
(Jobin Yvon, Munich, Germany) as described previously (10).
Fast kinetics were followed by stopped-flow fluorescence spec-
troscopy using an Applied Photophysics BioSequential DX.20
MYV stopped-flow spectrometer as described previously (27).

Unfolding of ONC was initiated by 11-fold dilution of native
protein into buffer containing 5—7 M GdnHCI. Only one
unfolding phase was detectable by stopped-flow fluorescence
spectroscopy, which was too slow to come to completion in the
time frame of the stopped-flow technique. The data, however,
could unequivocally be described by a single-exponential equa-
tion with the rate constant of the slow phase from manual mixing
experiments (10).

To follow the formation of N, unfolded ONC (in 6 M
GdnHCI) was diluted 11-fold to initiate the refolding in dou-
ble-mixing experiments (/4). After defined delay times, refolding
was interrupted by transferring the solution into 100 mM glycine
buffer, pH 2.0, and 5 M guanidine thiocyanate (GdnSCN) to
ensure fast and complete unfolding of ONC. The observed
amplitudes of the unfolding reaction as a function of delay times
were used as a measure for the formation of native protein.

To follow the formation and decay of Ionc, unfolded ONC (in
6 M GdnHCI) was diluted 11-fold to initiate refolding. After
defined delay times (0.025—5 s), refolding was interrupted by
5-fold dilution into a final denaturant concentration of 6.0 M
GdnHCI. Unfolding kinetics were fitted to either a single-
exponential equation or a double-exponential equation with
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the preset rate constant of the slow unfolding phase. The
observed amplitude of the fast unfolding phase as a function
of the delay time was used as a measure of the formation and
decay of Ionc.

To follow the unfolding of Ionc, double-mixing experiments
were carried out at a constant delay time of 0.8 s (maximal
population of Ionc during refolding) with an 11-fold dilution of
unfolded ONC (in 6 M GdnHCl) in the first mixing step and final
denaturant concentrations between 2 and 4.4 M GdnHCl in the
second mixing step. Data were fitted to either a single-exponen-
tial equation or a double-exponential equation with the preset
rate constant of the slow unfolding phase. The final protein
concentration for all interrupted refolding double-mixing experi-
ments was 2 uM.

To determine the activation energy of the slow refolding
reaction of ONC, refolding of ONC (initiated by an 11-fold
dilution from 6 M GdnHCI) was followed between 10 and 45 °C.
The resulting rate constants were fitted to the Arrhenius equa-
tion:

k = Ae E/RT

where A is the pre-exponential factor, E, the activation energy, T
the temperature, and R the gas constant.

Analysis of the Kinetic Data. The data of the chevron plot
were fitted according to a sequential folding model using the
analytical solutions (28, 29) by use of the program Scientist
(MicroMath).

NMR Measurements. For resonance assignment of native
ONC (Supporting Information Table S2), 3D '"N-NOESY-
HSQC and 3D '"N-TOCSY-HSQC NMR spectra were recorded
in 50 mM sodium phosphate buffer, containing 10% D,0O at pH
7.0, on an Avance 400 NMR spectrometer (Bruker Biospin
GmbH, Rheinstetten, Germany) at 20 °C. The assignment is
based on the data for the ONC variant M-1/Q1/M23L-
ONC (30). All other spectra were recorded in 50 mM sodium
acetate buffer, pH 5.5 or pD 5.5, respectively, containing either
10% (v/v) or 100% (v/v) D,0O. All data were either processed and
analyzed using FELIX-ND (PC version; Accelrys, San Diego,
CA) or processed using NMRPipe (3/) and analyzed using
NMRView (32).

Real-time unfolding was followed on a Bruker Avance 400
NMR spectrometer. Unfolding was initiated by dissolving ONC
(lyophilized from an aqueous solution) in 5.5 M GdnHCI, pH 5.5
(final concentration of ONC = 1.7 mM), at 20 °C and followed
by aseries of 40 2D '"N-TROSY-HSQC NMR spectra. The dead
time of the reaction was 12 min. The peak volume as a function of
unfolding time was fitted by a single-exponential equation. The
assignment was transferred to the 2D "’N-TROSY-HSQC NMR
spectrum recorded at 5.5 M GdnHCI by a series of 2D "°N-
TROSY-HSQC NMR spectra recorded at increasing GdnHCl
concentrations.

1D real-time refolding experiments (in 0.6 M GdnHCI, pH 5.5,
at 10 °C) were carried out on an Avance II 600 NMR spectro-
meter (Bruker Biospin GmbH). The reaction was started by a
rapid 10-fold dilution of unfolded ONC (in 6 M GdnHCI). The
dead time of the detection was 12 s. During the refolding reaction,
32 1D '"H NMR spectra were recorded. The peak volume as a
function of the time of refolding was fitted by a single-exponential
equation.

To assess native state H/D exchange in ONC, a series of 2D
SN-HSQC spectra was recorded for 3 days on an Avance IT 600
NMR spectrometer (Bruker) after dissolving ONC (lyophilized
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from an aqueous solution) in D,O buffer. Only residues that
show no exchange over 24 h were analyzed in the quenched-flow
experiments described below.

Quenched-Flow Analyses. Quenched-flow experiments
were carried out at 20 °C using a rapid mixing quenched-flow
machine (Bio Logic, Claix, France). In the first mixing step,
refolding of protonated, unfolded ONC (in 6 M GdnHCI) was
initiated by a 9-fold dilution into 50 mM sodium acetate buffer,
pH 5.5. After defined refolding times (60—>5000 ms), the samples
were diluted 10-fold into D>O buffer (200 mM glycine buffer,
0.667 M GdnHCI, pD 11.0) to initiate the H/D exchange. The
exchange was terminated after 8.3 ms by lowering the pH by a
2-fold dilution with D,0, containing 10 M acetic acid and 0.667
M GdnHCI. ONC proved to be stable at pH 2—12 as determined
by recording GdnHCl-induced transition curves as described
previously (/0) at various pH values (data not shown). The
protein was concentrated to 500 4L of a 0.3 mM solution of ONC
using Vivaspin centrifugal concentrators (Sigma-Aldrich, Stein-
heim, Germany), and the buffer was exchanged to 50 mM sodium
acetate buffer, pD 5.5.

As a reference, protonated protein was refolded, exchanged,
and quenched with buffer containing H,O instead of D,O. The
exchange was monitored by 2D '"N-HSQC NMR spectra
(Supporting Information Figure S2) on a Bruker Avance II
600 NMR spectrometer. The percentage of proton occupancy
was calculated by integration of the peak volumes in relation to
the reference. To assess residual structures in the unfolded
protein, protonated ONC was incubated in 100% deuterated
50 mM sodium acetate buffer containing 6 M guanidine deuter-
ochloride (GdnDCI), pD 5.5, for 12 h, refolded in 100%
deuterated 50 mM sodium acetate buffer, pD 5.5, and analyzed
by a 2D "’"N-HSQC NMR spectrum.

RESULTS

Assignment of the Kinetic Phases to Folding Events. In
the refolding reaction of ONC, three phases with the observed
rate constants iy, Kinediume and kliow. differing by 1 order of
magnitude each, had been detected by fluorescence and CD
spectroscopy (27) (Figure 2). In the unfolding reaction, one phase
with the observed rate constant k., had been detected by single-
mixing experiments (27), but an additional fast unfolding phase
with the observed rate constant ki was observed by double-
mixing experiments (see below). In the following, these kinetic
phases will be assigned to definite folding events.

(A) The Slow Refolding Phase Is Caused by a Pepti-
dyl—Prolyl Cis-to-Trans Isomerization Reaction in Un-

folded ONC. The rate constant of k&, in the refolding of ONC

is independent of the guanidine hydrochloride (GdnHCI) con-
centration (Figure 2), which is a characteristic of peptidyl—prolyl
cis/trans isomerization reactions (33). The assignment of the slow
phase to a peptidyl—prolyl cis-to-trans isomerization reaction is
supported by the temperature dependence of kL, (Supporting
Information Figure S3). The resulting Arrhenius activation
energy of (74.5 £ 0.2) kJ mol™" is comparable to the typical
value for a peptidyl—prolyl cis/trans isomerization reaction of 80
kJ mol ™!, whereas conformational folding reactions are char-
acterized by significantly lower activation energies (34).
Moreover, the refolding reaction of ONC was followed by 1D
real-time NMR spectroscopy in 0.6 M GdnHCl at 10 °C. Under
these conditions, the reaction proceeding with kly, (2.6 £ 1.2) x
10725, determined by fluorescence spectroscopy) is sufficiently
slow to be monitored by real-time NMR spectroscopy. Although
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FIGURE 2: Chevron plot of the observed folding rate constants of
ONC. Rate constants ks were determined as a function of GdnHCIl
concentration by stopped-flow single-mixing (v, kb O, kS edium: O,
kfow), manual mixing (shaded circle, kfcqium; ®, kSow), Or interrupted
refolding stopped-flow (¥, ki) fluorescence spectroscopy experi-
ments, respectively. The lines represent a fit of the data according to a
sequential three-state model. All data were obtained in 100 mM
sodium acetate buffer, pH 5.5, at 20 °C as described in Materials and
Methods.

the first spectrum recorded after 12 s already resembles the
spectrum of native ONC, a further increase in the intensities of
native signals (amide protons with chemical shifts downfield to
8.5 ppm or methyl groups with shifts highfield to 0.5 ppm) could
be observed. Both the amplitude ((21.7 £+ 2.8)%) and the rate
constant of the slow phase ((2.1 £ 1.0) x 10~* s~ '; Figure 3)
coincide with the corresponding values for the slow phase in the
stopped-flow fluorescence spectroscopy experiments (23% and
2.6 x 107257 see above).

Figure 4A shows the high-field part of the 1D 'H NMR
spectrum < 1.4 ppm of native ONC. Within the dead time of the
refolding experiment (12 s), the fast and medium refolding
phases, which yield ~75% native ONC as known from folding
experiments followed by fluorescence spectroscopy (27), are
completed. In Figure 4B, the spectrum of ONC after refolding
for 12 s, reduced by 75% of the signal intensity of the spectrum of
native ONC, is shown. This difference spectrum, which now
shows resonances of the slow folding species only, still resembles
the spectrum of unfolded ONC (no signal <0.4 ppm), indicating
that the reaction with k., which has been characterized as a cis-
to-trans isomerization reaction (see above), occurs in the un-
folded state.

(B) The Medium-Rate Refolding Phase Results in Native
ONC. To identify the refolding phase that results in the
formation of native protein, interrupted refolding experiments
(N-assay) (/4) were carried out and followed by fluorescence
spectroscopy as described in Materials and Methods. The
refolding reaction of unfolded ONC (in 6.0 M GdnHCI) was
initiated by 11-fold dilution in the first mixing step. The resulting
concentration of 0.55 M GdnHCI represents native conditions
for ONC. After defined delay times, the refolding reaction was
interrupted, and the protein was subjected again to unfolding
conditions. Since the unfolding reaction of native ONC is very
slow under common unfolding conditions (e.g., (1.34 £ 0.2) x
10~*s "in 5.5 M GdnHCI, pH 5.5, at 20 °C), harsher unfolding
conditions were chosen (glycine buffer, pH 2.0, containing 5 M
GdnSCN) to accelerate the unfolding reaction of native ONC.

The amplitude of the monitored single-exponential unfolding
reaction reflects the percentage of native protein formed after a
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FiGure 3: Refolding kinetics of ONC monitored by real-time NMR
spectroscopy. The formation of N is represented by the integral of the
NMR signal intensities of the side-chain resonances at 0.2 ppm
(Figure 4). The data were fitted by a single-exponential equation,
with a rate constant of (2.1 & 1.0) x 10~ %5~ '. During the dead time,
(78.3 £ 2.8)% of N are formed. The insert shows the same data with
expanded ordinate. NMR spectra were obtained in 100 mM sodium
acetate buffer and 10% DO, pH 5.5, at 10 °C.
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FIGURE 4: High-field region of the 1D "H NMR spectra of ONC. (A)
Native ONC with all proline residues in trans conformation. The star
marks the signal used to follow the refolding reaction in Figure 3. (B)
Extracted spectrum of ONC with proline residues in cis conforma-
tion. In the first spectrum of refolding (1 = 12, Figure 3), the fast and
medium phases (75% of total amplitude) (27) are completed. By
subtraction of 75% of the spectrum of native ONC, the spectrum of
unfolded ONC with at least one proline residue in the non-native cis
conformation was calculated.

given refolding time (Figure 5, circles). The rate constant of the
formation of native molecules ((0.54 + 0.08) s~') is in good
accordance with k& gium at the corresponding GdnHCI concen-
tration ((0.48 £ 0.01) s~ '), showing that native ONC is formed
during the refolding phase characterized by kE dium:

(C) The Fast Refolding Phase Leads to an On-Pathway
Intermediate. From the results of sections A and B above it can
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FIGURE 5: Relative amplitudes of the unfolding reactions of N and
Ionc as a function of the delay time. Amplitudes of the unfolding
reaction of N (O) and Ione (V) were determined by interrupted
refolding experiments followed by fluorescence spectroscopy as
described in Materials and Methods. The lines represent a simulation
of the data using the intrinsic unfolding and refolding rates at 0.55 M
GdnHCI derived from the global analysis of the chevron plot
(Figure 2).

be concluded that kL describes the formation of an folding
intermediate, termed Igne. To analyze the formation and the
decay of Ionc, interrupted refolding experiments were carried out
and followed by fluorescence spectroscopy as described in
Materials and Methods. As Ione Was expected to be less stable
than N and, thus, should also unfold more rapidly than N, the
experiments were performed in the standard buffer containing
GdnHCI instead of GdnSCN. Refolding of unfolded ONC (in
6.0 M GdnHCI) was initiated by 11-fold dilution in the first
mixing step, and unfolding was followed in 6.0 M GdnHCl after
varying delay times. Depending on the delay time, the unfolding
kinetics followed either a single-exponential (delay times <0.8's,
yielding the rate constant of the fast unfolding reaction kfyy) or a
double-exponential function (delay times >0.8 s, yielding the
unfolding reaction rate constants kil and kY,.,; data not shown),
where ko, reflects the unfolding of native molecules (/0) formed
during longer delay times. However, this unfolding reaction is too
slow to be followed to completion by stopped-flow measure-
ments, but the reaction can be well described by a double-
exponential function with k3, determined by manual mixing
experiments (Figure 2) (10).

In the plot of the relative amplitudes of ks vs delay time
(Figure 5, triangles), the increase of the amplitudes reflects the
formation of Ionc. The increase in amplitude without lag phase
indicates a direct coupling of U and Ionc without further
detectable intermediate states. The rate constant of the forma-
tion of Ionc ((9.04 +0.12) s™") coincides with kf, in the stopped-
flow fluorescence spectroscopy experiments under comparable
conditions ((5.74 4 0.10) s—', Figure 2). Furthermore, the rate
constant of the decay of Ionc ((0.66 + 0.09) s™') equals
kb egium under corresponding conditions ((0.48 + 0.01) s '),
indicating a direct connection between Ione and N. The direct
coupling of Ionc to both N and U characterizes Ionc as an on-
pathway intermediate.

Additionally, interrupted refolding experiments were carried
out to follow the unfolding of Ignc as a function of the GdnHCl
concentration. The refolding reaction in 0.55 M GdnHCI was
interrupted after 0.8 s, where Ione 18 maximally populated
(Figure 5), and the unfolding reaction was initiated by subjecting
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the samples into solutions of varying GdnHCI concentration. At
high concentrations of GdnHCI, only one phase is observed,
which reflects the unfolding of Ionc to U (Supporting Informa-
tion Figure S4A). In the presence of low concentrations of
GdnHCI (2.35-4.2 M GdnHCI), however, the fluorescence
signal initially increases but decreases after 2 s (Supporting
Information Figure S4B). The first phase again reflects the
unfolding of Ionc to U with kfy, but the second phase is caused
by the simultaneous folding of Ione to N (With kfyegium), which is
populated under these conditions. By varying the concentration
of GdnHCI in the second mixing step, the unfolding limb of
ks in the chevron plot (Figure 2, filled triangles) was determined.

(D) ONC Unfolds without Detectable Intermediates
before the Rate-Limiting Step. Since for RNase A intermedi-
ates have been reported to occur before the rate-limiting step of
unfolding (15, 35, 36), the unfolding process of ONC was
explored at the level of single amino acid residues by real-time
NMR spectroscopy in 5.5 M GdnHCI. Under these conditions,
single-jump initiated unfolding of N occurs with one phase (10)
and is slow enough to be followed by 2D NMR spectroscopy
(kSow = (1.34 £ 0.20) x 10~ s7"). In the first NMR spectrum
(t=17 min; [N] = 87%), the same 95 out of the 104 amino acid
residues could be assigned as in native ONC, indicating that no
local structural changes have occurred in the dead time of the
experiment.

The traces for all peaks, independent of decreasing or increas-
ing signals (i.e., decay of N or formation of U, respectively;
Supporting Information Figure S5), could be fitted to a single-
exponential equation with a mean rate constant of (1.24 + 0.09) x
10~*s™!, which coincides with k3, determined by fluorescence
spectroscopy. This indicates an unfolding reaction for ONC
without any detectable intermediates before the rate-limiting step
(Supporting Information Figure S6B).

Global Analysis of the Kinetic Data of ONC. From the
observed rate constants of the folding and unfolding reaction
(Figure 2), the intrinsic rate constants were determined by a
global fit for a simple sequential folding pathway (Scheme 1)
without consideration of the peptidyl—prolyl cis/trans isomeriza-
tion in the unfolded state. The intrinsic rate constants
(Supporting Information Table S1) were used to calculate the
population profiles for the native and intermediate state in the
double-mixing experiments (Figure 5, gray curves). These pro-
files are consistent with the experimentally detected formation of
N as well as the transient population of Ionc. Consequently, the
folding pathway of ONC is sufficiently described by the sequen-
tial model even though a more intricate folding behavior (such as
according to a triangular mechanism) cannot be excluded.

The intrinsic rate constants also allowed the calculation of the
thermodynamic stability of Ionc in the absence of denaturant
(AG° = (9.2 £ 2.1) kJ mol "), which contributes to the total
thermodynamic stability of ONC (AGx°=(61.1 % 3.2) kJ mol ",
determined by GdnHCl-induced transition curves) (10).

Structural Characterization of Ionc. To identify indivi-
dual amino acid residues involved in the formation of Ignc,
quenched-flow H/D exchange experiments coupled with 2D
NMR spectroscopy were carried out as described in Materials
and Methods. For the exchange experiments presented here,
refolding of fully protonated ONC was performed in protonated

Scheme 1

U <s=—=Ipnc<+=—=N
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buffer as deuteration can influence the protein stability (37). By
these quenched-flow H/D exchange experiments, backbone
amide protons, which are located in folded structures of the
intermediate, can be identified. As they are already protected
from exchange with bulk water (D,0), they yield an NMR signal
in contrast to unprotected protons. After defined delay times, the
protein was diluted 10-fold into D,O, pH 10, to initiate the H/D
exchange, which was subsequently quenched by a rapid decrease
of the pH. The extent of exchange was determined by 2D "°N-
HSQC NMR spectroscopy. The peak volumes of the NMR
signals were integrated and related to the NMR signals of ONC
that was identically refolded, exchanged, and quenched with
buffer containing H,O instead of D,0. To probe stable residual
structures in the unfolded state, which might distort the data
analysis, ONC was denatured and refolded in solutions contain-
ing 100% D,0. No peaks have been detected in the 2D '°N-
HSQC NMR spectrum, indicating that unfolded ONC does not
contain any residual structures.

Furthermore, to exclude interference by exchange in the native
state, native-state H/D exchange of ONC was followed for 3 days
by 2D NMR spectroscopy (Supporting Information Figure S7).
Residues that showed significant exchange during one day
were excluded from the quenched-flow analysis (Figure 6, red
residues).

Forty-two residues showed no exchange during this time and
were followed by the quenched-flow H/D exchange experiment.
All of them showed an increase in proton occupancy with
increasing delay times. Interestingly, the residues cluster in
two groups differing in the kinetics of the proton occupancy.
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Thirty-one residues are already highly protected after very short
delay times (<250 ms, Figure 7A,B). The gray curves in
Figure 7A,B show the simulation according to a double-expo-
nential equation with values for the intrinsic rate constants
=472 57" and ki n =038 57" (values at 0.67 M
GdnHCI, calculated from the parameters in Supporting Infor-
mation Table S1). All residues showing this type of kinetics of the
proton occupancy are involved in the structure formation of Ione

k U—1

FIGURE 6: Residues of ONC with occupied protons in the individual
refolding stages. Residues in blue show high proton occupancy within
very short delay times of the quenched-flow experiments and are
involved in the formation of Ignc; residues in green show increasing
proton occupancy during the medium refolding phase only, i.e., in the
formation of N. All residues in red show H/D exchange in native
ONC within 24 h and were not used for quenched-flow analysis.
Residues in gray either are proline residues or cannot be evaluated
due to signal overlap or missing assignment. The ribbon diagram is
drawn with PyMol.
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FIGURE 7: Time courses of amide proton occupancy. Amide proton occupancy was determined by quenched-flow H/D exchange as descrlbed in
Materials and Methods. The gray curves represent the time course according to a double-exponential function with ky—_ . =4.72 s (58%

amplitude) and ky_ N = 0.38s™

! (17% amplitude) for panels A (V44) and B (K49) In panels C (K78) and D (S82), the gray curves represent the
time course according to a single-exponential function with &y —.n=0.38 s

' (75% amplitude). The line at 75% marks the maximum of proton

occupancy that can be reached within the fast and medium refolding phase.
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(with kgst) and the consecutive reaction to N (with kiedium).
Obviously, these protons are less protected against exchange in
Ione than in N. Such a phenomenon has been described
previously for folding intermediates of other proteins (20, 38).
These residues, which are located in the C-terminal part of the
first o-helix, in the third o-helix, and in the fifth and sixth
p-strands, are labeled in blue in Figure 6. In these regions, there
are numerous hydrophobic amino acid residues that form an
extended hydrophobic cluster in the native protein (39). More-
over, several residues in the first (F36, 137, Y38, S39) and third
p-strands (L65, S66, D67) become protected.

The second group (the remaining 11 residues) shows an
increase in proton occupancy with the rate constant of the
formation of native molecules (kfeqium). The gray lines in
Figure 7C,D demonstrate the simulation according to a single-
exponential equation with the intrinsic rate constant ;N =
0.38 s~ ! (values at 0.67 M GdnHCI, calculated from the para-
meters in Supporting Information Table S1). The residues which
become protected within this process do still exchange in Ione
and are protected in N only. These residues are labeled green in
Figure 6. Interestingly, alternating residues of the second and
fourth f-strand become protected concomitantly with the for-
mation of N, reflecting the characteristic hydrogen bond pattern
of exterior -strands.

None of the observable residues reaches a proton occupancy of
100% within 5 s, which is due to the slow peptidyl—prolyl cis-to-
trans isomerization reaction in unfolded ONC (kl; see section
A above).

DISCUSSION

Despite the low sequence identity of 28% (/1) (Supporting
Information Figure S1), RNase A and ONC show a similar
tertiary structure (Figure 1) and distribution of polar and
hydrophobic regions (39). The presence of the three conserved
disulfide bonds, which tether the ONC and RNase A molecule,
respectively, might imply a comparable folding behavior of these
two proteins. However, the large stability difference (AAG = 20
kJ mol™") (10) as well as the trans conformation of all proline
residues in the native state of ONC make differences in the
unfolding and/or refolding between ONC and RNase A very
probable. In fact, significant differences are revealed by the
relatively simple sequential folding mechanism of ONC in con-
trast to the complex folding mechanism of RNase A (14, 16, 20).

Folding of ONC has been described to proceed via two phases
at pH 8, 15 °C, 0.55 M GdnHCI (with rate constants of 3.85 x
107" s and 1.45 x 1072 s™") (25) or three phases at pH 5.5,
20 °C, 0.55 M GdnHCI (with rate constants of 5.74 s ! 483 x
107" 57!, and 8.46 x 1072 s~') (27), however, without any
structural information on intermediate states hitherto.

The more detailed analysis of the folding pathway of ONC in
this paper, using rapid mixing methods coupled with fluorescence
as well as with NMR spectroscopy, provides deeper insight into
the folding mechanism of ONC. The slow phase has been
suggested to originate from peptidyl—prolyl cis/trans isomeriza-
tion previously (25) even though this reaction could not be
accelerated by the peptidyl—prolyl cis/trans isomerases cyclophi-
lin 18 or Thermus thermophilus SlyD (27). By following the
folding process of ONC by real-time NMR spectroscopy, we
show that the slow phase (with an amplitude of about 25%,
Figure 3) originates from a conformational conversion reac-
tion in the unfolded state (Figure 4). An activation energy of
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(74.5 £+ 0.2) kJ mol' (Supporting Information Figure S3)
characterizes kfioy as a peptidyl—prolyl cis/trans isomerization
reaction.

As concluded from the interrupted refolding experiments with
the unfolding step under extreme conditions (Figure 5), native
ONC is formed with k& cqium. Interrupted refolding experiments
(Figure 5) as well as the global analysis of all kinetic data
(Figures 2 and 5) demonstrate that native ONC is formed via
an on-pathway intermediate (Ionc). As the reactivation of ONC
((9.3+0.9) x 1025~ "at 10 °C) (27) coincides with the formation
of native ONC (kkeqium=(9.7 £ 0.1) x 10725~ " at 10 °C), Ionc is
suggested to be catalytically inactive, which is supported by the
fact that the catalytically essential K31 is still unprotected in Ione
(Figure 6).

The unfolding reaction of ONC is monophasic, and no
intermediates were detectable by 2D NMR spectroscopy before
the rate-limiting folding reaction (Supporting Information Fig-
ures S5 and S6B). In contrast, in the unfolding process of the
homologous enzyme RNase A, local unfolding has been de-
scribed to occur before the global unfolding reaction (15, 35, 36).

Due to the presence of two proline residues in cis conformation
in the native state of RNase A (Figure 1B) and their isomerization
in the unfolded state, the folding process of RNase A is rather
complex and results in multiple parallel folding pathways includ-
ing various intermediates (/2— 14, 16, 20). The best characterized,
native-like intermediate Iy (74, 34) is preceded by the early
intermediate I;, which is already structured and shows strong
protection for 14 backbone amide protons (20). On a parallel
route, a hydrophobically collapsed intermediate Ig becomes
populated, and the analysis of 21 of the 124 amino acid residues
revealed that Iy has well-established secondary structure ele-
ments (16). The protected regions, the S-sheets, particularly in the
C-terminal part of the RNase A molecule (65 and 6 in
Figure 1B), are largely identical in both intermediates and
support the suggestion of residues 106—118 as the folding
initiation site of RNase A (40).

The folding of ONC follows a much simpler sequential
process when monitored by fluorescence or NMR spectro-
scopy (alone or in combination with quenched-flow H/D
exchange experiments). A rate-limiting peptidyl—prolyl cis-
to-trans isomerization reaction occurs here in the unfolded
state and, thus, does not cause the population of a folding
intermediate. The NMR spectra of the quenched-flow experi-
ments reveal both native-like (31 residues, blue in Figure 6)
and still unstructured regions in Ionc (Figure 6). Interestingly,
the fraction of identical amino acid residues between ONC and
RNase A, which already possess a native-like conformation in
Ione (39%), is significantly larger than the total fraction of
identical residues (28%, Supporting Information Figure
S1) (11). The number of identical residues increases even
further to 66%, if the section of the proposed folding initiation
site (1106—V118 in RNase A (40) corresponding to C87—V96
in ONC) is considered only (Supporting Information Figure
S1). The structural assembly of Ionc (Figure 6) is in excellent
accordance with the characteristics of I (20) and I (/6) in the
refolding of RNase A. In all of these intermediates large parts
of the f-sheets (particularly in the C-terminal region of the
proteins) are structured.

Interestingly, also during the oxidative folding of reduced
ONC those regions that are structured in Ignc become structured
initially. In the first isolated intermediate (I;) (4/) the disulfide
bonds C48—C90 and C87—C104 (Figures 1A and 6), both of
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which are located within the structured regions of Igne, are
already formed.

In summary, our results reveal that, despite a general low
sequence identity and clear differences in the folding behavior,
the initial interactions of a limited number of conserved amino
acid residues are analogous in the folding reaction of ONC and
RNase A. Therefore, structurally comparable, early folding
intermediates restrict the conformational search of the unfolded
polypeptide chain to achieve the common native tertiary struc-
ture. They seem to be more crucial than a high overall sequence
identity or a conserved folding mechanism. This interpretation
would explain the evolutionary robustness of the tertiary struc-
ture of homologous proteins against mutations.
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