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Characterization of the Unfolding of Ribonuclease A by a Pulsed Hydrogen
Exchange Study: Evidence for Competing Pathways for Unfolding
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ABSTRACT. The unfolding of ribonuclease A was studied in 5.2 M guanidine hydrochloride at pH 8 and
10°C using multiple optical probes, native-state hydrogen exchange (HX), and pulse labeling by hydrogen
exchange. First, native-state HX studies were used to demonstrate that the protein exists in two slowly
interconverting forms under equilibrium native conditions: a predominant exchange-incompetent N form
and an alternative ensemble of conformationg, M which some amide hydrogens are fully exposed to
exchange. Pulsed HX studies indicated that, during unfolding, the rates of exposure to exchange with
solvent protons were similar for all backbone NH probe protons. It is shown that two parallel routes of
unfolding are available to the predominant N conformation as soon as it encounters strong unfolding
conditions. A fraction of molecules appears to rapidly forp bn one route. On the other route an
exchange-incompetent intermediate state ensemifeisiformed. The kinetics of unfolding measured

by far-UV circular dichroism (CD) were faster than those measured by near-UV CD and intrinsic tyrosine
fluorescence of the protein. The logarithms of the rate constants of the unfolding reaction measured by all
three optical probes also showed a nonlinear dependence on GdnHCI concentration. All of the data suggest
that N* and I2 are nativelike in their secondary and tertiary structures. WhiteuNfolds directly to the

fully exchange-competent unfolded state (Wf,forms another intermediatg3dwhich then unfolds to U.

Iy is devoid of all nativex-helical secondary structure and has only 30% of the tertiary interactions still
intact. Since the rates of global unfolding measured by near-UV CD and fluorescence agree well with the
rates of exposure determined for all of the backbone NH probe protons, it appears that the rate-limiting
step for the unfolding of RNase A is the dissolution of the entire native tertiary structure and penetration
of water into the hydrophobic core.

The “new view” of protein folding replaces the concept chain conformations. Since the ensemble of unfolded mol-
of folding pathways with that of energy landscapés4). ecules has the highest conformational entropy, a large energy
According to the classical view, under conditions where the landscape is initially available for these molecules to fold.
native conformation is most stable, all unfolded protein Some molecules follow a throughway folding trajectory to
molecules fold via essentially the same sequence of eventshe native conformation (two-state transition), while other
to reach the native state. The new view envisages the concepiolecules may get transiently trapped in some local energy
of parallel events in which each unfolded molecule follows minima conformations. The latter then must climb energy
its own trajectory down the free energy landscape to reachbarriers, that is, break some favorable contacts, to again start
the native conformation which resides at the global minimum moving toward the global energy minimum (multistate
in free energy. It derives from experimental observations kinetics). Most experimental studies of protein folding
using techniques which give structural information at the involve characterization of intermediate conformations of the
atomic level of the protein molecule, such as hydrogen protein as it folds. Kinetic intermediates accumulate only if
exchange coupled with NMRor mass spectrometr{9). they precede a high free energy barrier (transition state), i.e.,

Statistical mechanical models of folding based on lattice the rate-determining step of the refolding reaction. A few
model representations of chain geometry, flexibility, and proteins, for example, chymotrypsin inhibitor 22§, the
intrachain interactions1Q, 11) also support the view that  N-terminal domain ofl repressori3), and CspB 14), have
the denatured, transition, and intermediate states are macheen shown experimentally to fold very rapidly in an
roscopic forms, which really are distributions of individual apparent two-state manner without populating any intermedi-
ates. Many other proteins studied, including RNas€lB, (
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1 Abbreviations: RNase A, ribonuclease A; NMR, nuclear magnetic Molecular dynamic (MD) simulations of a number of proteins
resonance; HX, hydrogen exchange; TOCSY, total correlation spec- h | h that unfolding i fi
troscopy; pH*, pH of DO solutions uncorrected for isotope effects; Nave also shown that uniolding IS a noncooperative process.

GdnHCI, guanidine hydrochloride. For example, MD simulations have been able to trap a molten
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globule-like intermediate for hen lysozyn0f and, recently, native molecules rapidly goes into an intermediate statg, N
for humana-lactalbumin 21). In the latter study, by using  in which some amide sites are exposed to exchange with
a novel MD simulation approach, Paci et al. were able to solvent protons. The rest of the molecules form an exchange-
generate and probe the properties of non-native conforma-incompetent intermediate state on a parallel route. A
tions formed during unfolding, which are consistent with comparison of the pulse-labeling studies to CD and fluores-
experimental data. The results also showed that the twocence measurements of unfolding indicates that both of these
domains in the molten globule ad-lactalbumin unfold intermediate ensembles are nativelike in their secondary and
noncooperatively, in agreement with inferences drawn from tertiary structures. The exchange-incompetent intermediate
NMR experiments. An intermediate found in high-temper- forms another intermediate which has no native far-Uv CD
ature unfolding simulations of barnase was seen to havesignal and has lost some of the fluorescence and near-UVv
characteristics similar to the refolding intermediate studied CD signal. All backbone amide protons appear to be still
by protein engineering and NMR22). protected from exchange in this intermediate. It finally forms

Until a few years ago, it was believed that kinetic the fully exchange-competent unfolded state as water mol-
intermediates could not accumulate during unfolding becauseecules penetrate the core and the entire structure opens out.
of their low stability under strongly denaturing conditions. Native-state HX studies have also been done on RNase A
The other reason was that multiple probes had not been usedn the absence of denaturant. The observations from these
typically to study protein unfolding reactions. Kinetic unfold- experiments suggest that, under native conditions, the N
ing intermediates have now been shown to exist for ribo- conformation is in slow equilibrium with the same partially
nuclease A23, 24), Escherichia colDHFR (25), and barstar ~ exchange-competent intermediate,*,Nthat accumulates
(26—28). Recently, the technique of native-state amide initially on one of the two competing pathways of unfolding
hydrogen exchange has allowed the characterization of smallin high GdnHCI.

opulations of partially unfolded molecules present under
Fs)ugdenaturing conditions. These equilibrium HX studies have MATERIALS AND METHODS
shown that partially unfolded forms or unfolding intermedi- Materials Bovine pancreatic RNase A (type XIIA) was
ates are populated transiently for several proteins including purchased from Sigma Chemical Co. Since the protein was
cytochromec (29), RNase H 80), and barstar31). Structural found to be<85% pure, it was further purified by anion-
characterization of unfolding intermediates gives information exchange chromatography using the Resource S column from
about the transition state of unfolding, which is believed to Pharmacia Biotech. The protein used for all experiments was
lie close to the native stat@Z—34). >95% pure. RO (99.9% D), DCI, and NaOD were from

Ribonuclease A (RNase A), a 124 amino acid protein, has Sigma. All chemicals used in the experiments were of
been a model system for protein folding studies for many ultrapure grade from either Gibco BRL or Sigma.
years. Its refolding has been characterized extensively under Deuteration of RNase A and GdnHORNase A was
various conditions using NMR and several other biophysical deuterated by dissolving the purified lyophilized protein in
techniques (reviewed in r&0). While the technique of pulse  D,O at pH 3 and then heating the solution to &8 for 45
labeling by HX coupled with NMR has been used extensively min. The protein was refolded on ice and lyophilized. The
to study the folding of RNase A and many other proteins procedure was carried out three times to ensure complete
and has yielded the most detailed structural models of kinetic deuteration of all backbone amide protons. A two-dimen-
folding intermediatesi(5, 17, 35, 36), the technique has not  sional TOCSY spectrum was collected to ensure that the
been used so far to study the unfolding of any protein. Here, protein was completely deuterated. GdnHCI was deuterated
this technique is used, for the first time, to obtain residue- by dissolving it in BO and lyophilizing; this was done three
specific information about the unfolding of RNase A. times.

In this method, folded RNase A with deuterium atoms at  Unfolding of RNase A Monitored by Pulse Labeling by
all amide sites is allowed to unfold for various lengths of HX. Native deuterated RNase A was dissolved2% mg/
time before being given a short (5 s) pulse of protons at mL) in native buffer (50 mM Tris-HCI/RO, pH* 8) and
alkaline pH. The protons that still have their hydrogen bonds incubated for 810 h at 10°C. Unfolding of the protein
intact or are buried remain protected from exchange, andwas initiated by diluting it into unfolding buffer so that the
only those whose hydrogen bonds have broken exchangefinal unfolding conditions were 5.2 M GdnDCI/50 mM Tris-
rapidly with the solvent protons. The protein is then allowed HCI/100% DO, pH* 8. After different times of unfolding,
to refold completely to prevent further hydrogen exchange. the protein was diluted 10-fold into exchange buffer (5.2 M
The structure of the protein at the time of the pulse is GdnHCI/50 mM Tris-HCI/HO, pH 8). The final exchange
therefore imprinted in the extent of proton exchange and canconditions were 5.2 M GdnHCI/50 mM Tris-HCI/90%@,
be detected by NMR. The pulse-labeling method of HX pH 8. After a 5 sexchange pulse, the reaction was quenched
therefore allows the direct measurement of the unfolding by 10-fold dilution into low pH (100 mM sodium formate/
kinetics of all of the probe protons in RNase A, unlike a 100% HO, pH 3) on ice. Under these conditions RNase A

competition labeling method employed earlig@), in which refolds rapidly to its native conformation. Following this
HX rates are measured at each amide site and the mechanisrprotocol, RNase A was labeled at various times of unfolding
of exchange is critical to the interpretation of the data. between 0 and 800 s. For the zero time point, native

Our data show that all of the observable backbone amidedeuterated protein was directly diluted into the exchange
protons have a similar rate of exposure to solvent during buffer so that unfolding and exchange were initiated simul-
the unfolding of the predominant N conformation of RNase taneously. All the unfolding/exchange experiments were done
A. A few protons, however, show 3%0% burst-phase at 10°C by manual mixing. The mixing dead time in these
exposure to labeling. This indicates that a fraction of the experiments was 10 s.
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The proton labeling by HX was also checked at the zero to a single-exponential equation. The proton intensities were
time point at pH 9. The same protocol was followed as corrected for any labeling occurring at pH 3 while the
described above except that the exchange buffer was at pHsamples were being desalted and concentrated before being
9. frozen by subtracting out the proton intensities measured in

The labeled protein samples were desalted and concenthe control experiments described above.
trated USing an Amicon YM 3 ultrafiltration membrane. The Native-State Hydrogen Exchangm these HX experi_

solvent was finally exchanged t0,0, pH* 3.5, using  ments, the same protocol was used as in the unfolding
Centricon 10 microconcentration tubes. During this time, the experiments. Native deuterated RNase A was dissolved in
protein solution was at pH 3, 8. For all samples the  native buffer (50 mM Tris-HCI/BO, pH* 8) and incubated
processing time was same (about 4 days). The final pH* wasat 10 °C for 8-10 h. It was then diluted 10-fold into
adjusted to 3.5, and the samples were then kept frozen atexchange buffer (50 mM Tris-HCIA®, pH 8). After
—20°C until NMR spectra were collected. ~ different times of exchange, ranging from 5 to 1500 s, the
To correct for any labeling occurring at pH 3 during  reaction was quenched by 10-fold dilution into quench buffer
desalting and concentration of the samples, important controlat pH 3 on ice. All of these HX experiments were also done
experiments were done. In these, the protocol followed was gt 10 °C by manual mixing. The labeled samples were
the same as that for the pulse-labeled unfolding experiment,desalted and concentrated as above and kept frozen until
except that the protein was kept all along in deuterated nativeNMR measurement:H TOCSY spectra of these samples
buffer, before being finally diluted into quench buffer at pH were collected using the same data acquisition parameters
3. In one control experiment, the solution contained 0.52 M as above and the data analyzed similarly. For each amide
GdnHCI after quenching at pH 3: this control was used for sijte, the proton occupancy was normalized, taking the
the unfolding experiments (see below). In the other control intensity of that proton in the 800 s unfolded spectrum as
experiment, the solution did not contain any GdnHCI after 1009%. The proton intensities were corrected for any labeling
quenching: this was used for the native-state HX experimentsoccurring at pH 3 while processing of the samples by
(see below). The volumes of the solutions in the control subtracting out the proton intensities measured in the control
experiments were identical to those in the unfolding or experiments described above.
native-state HX experiments. The control samples were then Dynamic light scattering experiments were carried out on

processed in exactly the same way as the pulse-labeled, pynapro-99 machine (Protein Solutions Ltd.) to show that

samples. . o RNase A is monomeric at a concentration of 2 mM (data
In another control experiment, proton_ated protein in the not shown), which is the initial concentration used in the
same volume at pH 3 was processed in exactly the same

. pulse-labeling unfolding experiments.
way as the pulse-labeled samples. This allowed the proton Unfoldi RN A Monitored by Circular Dichroi
occupancies of 90% protonated sites to be compared to the ntolding o ase onitored by Lircuiar bichroism

proton occupancies measured after labeling at 800 s ofand F'“Of‘?scenceThe. Kinetics O.f unfolding .Of RNase A
unfolding. The latter values were found to be within5% were studied by diluting the native protein into unfolding

buffer with the final GdnHCI concentration ranging from 4
of the former. 6.2 Min th ! iti Unfoldi itored
NMR Measurement and Data Analysisvo-dimensional 0°0. In the post-transition zone. Lnlolding was montore

1 using far-UV CD at 222 nm as a probe for secondary
OI: ;(\)/grsl ;\(n SG%eOCtI\r/laHgf&ﬁRlzgiggoﬁgg:e;r\g:;?uﬁgtlilgﬁtig structure breakdown and near-UV CD at 275 nm and intrinsic

the water signal was used for water suppression. EaChtyrosme fluorescence at 320 nm as probes for melting of

TOCSY spectrum was collected with 2048 data points along the tgrtiary structure of the pr?tein. A” Kinetic unfo]ding
the t, domain and 512 data points along thedomain. A e>.<per|me.nFs were do.”e at 392 °C, using manual mixing,
total of 16 scans were collected at edg¢point. A spectral with a mixing dead time of 10 s. The temperature of the
width of 7000 Hz was used, and spectra were collected at_solutlon |ns_|de the cuvette was m_onltored. The buffer used
30 °C. The acquisition time for each TOCSY spectrum was in all experiments was 50 mM Tris-HCI, pH 8.

about 4 h. Before Fourier transformation, sinebell squared The far-UV and near-UV CD-monitored unfolding studies
window functions, using phase shifts of'6@ere appliedto ~ Were done on a Jasco J720 spectropolarimeter, with the
data in both dimensions, and the data were also zero-filled. bandwidth set to 1 nm and a response time of 2 s, using
The amide proton peaks were assigned according to theProtein concentrations o#30 and~60 uM, respectively,
published proton chemical shifts of RNase 41, Cross-  and using cuvettes with path lengths of 0.1 and 1 cm,
peak intensities were analyzed using the Felix 97 software. 'espectively. Fluorescence studies were done on a Spex
For each TOCSY spectrum, the intensities of the nonex- PM3000 Fluorolog spectrofluorimeter. For studying the
Changeab|e aromatic ring protons of Tyr76 and Tyrlls were UnfOlding kinetics of RNase A by ﬂuorescence, the terSine
used as internal references. The intensity of eagh-aNH residues in the protein were excited at 280 nm, and their
Cross_peak was divided by the sum of the intensities of the emission was monitored at 320 nm. A slit width of 0.37 nm
reference cross-peaks. Each amide proton site was considereyyas used for excitation and 10 nm for emission. Measure-
to be fully exchanged with the solvent protons at the longest Mments were made with a protein concentration-8fuM in
unfolding time of 800 s. Thus, the normalized intensity of a @ 1 cm path-length cuvette.

backbone amide proton in the 800 s unfolded protein Equilibrium unfolding of RNase A as a function of
spectrum was taken as 100% occupancy at that amide siteGdnHCI concentration was also monitored by far-UV and
and intensities at all other time points were calculated with near-UV CD and by intrinsic tyrosine fluorescence. The
respect to that. Plots of proton occupancy versus the time ofprotein was incubated for abo® h at 10°C prior to
unfolding were made for each proton, and the data were fitted measurement. Fluorescence-monitored equilibrium unfolding



2644 Biochemistry, Vol. 41, No. 8, 2002 Juneja and Udgaonkar

curves were determined for fully deuterated protein D
buffer as well as for fully protonated protein i@ buffer.

Data Analysis of CD and Fluorescence ExperimeAfter
correction for buffer background signals, the equilibrium data
sets obtained by all three probes were normalized with
respect to the corresponding signal for the native protein.
The native and unfolded baselines were obtained by linear
extrapolation and were assumed to be linearly dependent on
GdnHCI concentration. The data were fitted to a two-state
unfolding model, as described previous#2).

The entire unfolding process was observable by all three
optical probes under the conditions of these experiments. The
unfolding kinetics in the post-transition region were described
by a two-exponential process and fit to the equation:

At) = A, — A exp(=4t) — Ay exp(=A,t)

wherel; andA, are the apparent rate constants of the slow
and fast phases ag andA; are the respective amplitudes.
A is the total kinetic amplitude of the unfolding process.
The signal att = 0 for each kinetic trace was calculated
using the parameters obtained from the fit. The O andt

= o values were normalized with respect to the native
protein signal so that the kinetic data could be directly
compared to the equilibrium unfolding transition.

Relative fluorescence

Relative ellipticity
at 222 nm

Relative ellipticity
at 275 nm

RESULTS

Unfolding Kinetics of RNase A Monitored by CD and
FluorescenceBefore pulse labeling by HX methods could
be used to study the unfolding of RNase A, it was necessary
to use optical probes, which monitor gross secondary and

[GdnHCI] (M)

tertiary structures, to define the basic unfolding reaction. Ficure 1: Equilibrium and kinetic amplitudes of GdnHCI-induced

. . unfolding of RNase A at pH 8, 18C. Unfolding was followed by
Unfolding measured by all three probes, viz., far-UV CD, monitoring (a) the intrinsic tyrosine fluorescence and the mean

near-UV CD, and intrinsic tyrosine fluorescence at different residue ellipticity (b) at 222 nm and (c) at 275 nm. Tyrosines were
GdnHCI concentrations, shows biphasic kinetics. Virtually excited at 280 nm, and the fluorescence emission was monitored
no burst phase changes are observed, as seen in Figure Bt 320 nm. Symbols: () equilibrium unfolding amplitude at
The figure shows that the equilibrium unfolding transitions different [GdnHCI); @) final amplitude of the kinetic unfolding

- curve obtained by extrapolationte= 4 using a double-exponential
of RNase A monitored by CD at 222 and 275 nm and by eqyation; ¥) initial amplitude of the kinetic unfolding curve
fluorescence show &, of 3.5 M GdnHCI. The kinetic  obtained by extrapolation to = 0 using a double-exponential
amplitudes of the two observable unfolding phases accountequation. All amplitudes are relative to a value of 1 for N. The

for the entire equilibrium amplitude at all GAnHCI concen- Solid lines are fits of the equilibrium unfolding data to a two-state
trations at which unfolding is monitored. N == U model (see text) and yielded values fo®y (in kcal mol?)

} o . ... andmg (in kcal mol* M%) equal to (a) 8.2 ané-2.3, (b) 9.4 and
Fractional ellipticity values obtained from raw kinetic _ g and (c) 9.6 ané-2.7. The dotted line in each panel is the

traces of CD measured at 222 and 275 nm are shown inestimated value of N obtained by linear extrapolation of the native
Figure 2 to highlight the difference in the kinetics of protein baseline.

unfolding of RNase A in 5.2 M GdnHCI vs the almost
overlapping kinetics in 4.4 M GdnHCI. The coincidence of
far- and near-UV CD-monitored unfolding kinetics of RNase
Ain 4.5 M GdnHCl at pH 8 and 1€C has also been reported

earlier 23, 40). When monitored by far-UV CD, the kinetics

than 15% of the reported mean value. Moreover, the rates
measured by near-UV CD are identical to those monitored
by fluorescence. Thus, the difference between the rates of

of unfolding in 5.2 M (and also in 4.5 and 6 M) GdnHCI unfolding measured by secondary and tertiary structure
were found to bé independent of p}otein concentration in probes is accentuated by both the tertiary structure probes
the range 26130 «M (data not shown) yielding similar rate constants and their similar dependences

Figure 3 shows the logarithm of the rate constants of the on d(_anaturant concentration. Figure 3 also shows that the
slow phase of unfolding measured by all of the three optical 109arithms of the slow-phase rate constants measured by all
probes. Below 4.5 M GdnHClI, the difference in the rates three probes have a nonlinear dependence on denaturant
measured by far-UV CD and the two tertiary structure probes concentration. The observation that the kinetics of near-Uv
is very small. At concentrations of GdnHCI above 4.5 M, change (at 6@M protein concentration) and the kinetics of
the unfolding rates obtained by far-UV CD diverge from and fluorescence change (ap®/ protein concentration) are the
are about 36:40% faster than the rates observed by near- same indicates that aggregation processes are not significant,
UV CD. This difference is significant because the errors in in agreement with the observation that far-UvV CD kinetics
our measurements are typically less than 5% and always lesare also independent of protein concentration.
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Ficure 2: Kinetics of unfolding of RNase A monitored by circular
dichroism. RNase A was unfolded at 1Q in 50 mM Tris-HCI,

pH 8, in the presence of (a) 4.4 M and (b) 5.2 M GdnHCI. Fractional
ellipticities at (A) 222 nm and©) 275 nm are plotted versus time
of unfolding. Only the initial parts of the unfolding traces are shown
here. The solid lines are two-exponential fits of the observable
kinetic process (see text).

0.010 |

0.000 ’ L
4 5 6
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FiGure 3: Apparent rate constants of the slow observable kinetic
phase in GdnHCI-induced unfolding of RNase A at pH 8,°00
Unfolding was monitored byd) fluorescence, £) far-Uv CD,
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independent of GdnHCI concentration (data not shown).
These are characteristics of the phase which arises due to
proline isomerization and have been reported eadigr43—

46). Above pH 4.5, the proline isomerization step is known
to be coupled to the structural transition during unfolding
(43). The unfolding process monitored by far- and near-UVvV
CD has also previously been observed to be biphaiic (
47, 48) and the faster phase shown to arise from the=t)

Us step of unfolding 40). Ur comprises the population of
unfolded molecules with XPro bonds in the native cis
conformation, and ¥ molecules have one or both->Pro
bonds in the trans conformation.

Since the optical experiments were carried out with
protonated protein in 0 buffer, while the pulse labeling
by HX experiments (see below) were carried out with
deuterated protein in f® buffer, it was important to
determine whether the replacement of deuterium for amide
protium affected the stability of the protein as well as its
unfolding kinetics. A fluorescence-monitored equilibrium
unfolding curve of deuterated protein in® was found to
overlap completely with that of protonated protein ipCH
(data not shown). Similarly, the fluorescence-monitored
unfolding rates of deuterated protein i@ buffer were
found to be identical, within experimental error, to those of
protonated protein in ¥D buffer (unpublished data), over
the entire range of GdnHCI concentration studied (Figure
3). Thus, isotope effects play no significant role in determin-
ing the stability or unfolding kinetics of RNase A, and the
kinetics of unfolding determined by optical methods isCH
buffer can be directly compared to the kinetics of unfolding
determined from pulse-labeling HX studies carried out in
D,0O bhuffer.

Exposure of Backbone Amide Protons of RNase A during
Unfolding Completely deuterated RNase A at pH* 8 was
unfolded in 5.2 M GdnDCI. Figure 4 shows the 1D cross
sections of three amide proton cross-peaks in the fingerprint
region of TOCSY spectra of RNase A, obtained for samples
that were unfolded for 0, 40, 250, and 800 s, before being
given a 5 spulse of exchange. While Cys72 shows 9%
labeling, Lys61 and Glu49, respectively, show 30% and 50%
labeling even at the zero time of unfolding. About 43 amide
protons were well resolved in the spectra, and proton
occupancies and the kinetics of exposure for all of these
could be evaluated. The peak intensities increase with time
of unfolding, as is expected and clearly evident in Figure 4.
The figure shows cross-peak intensities measured in one
experiment.

The intrinsic amide proton exchange reaction in unfolded
RNase A has a time constant of 35 ms at pH 8 and@0
Thus, if exchange during €¢h5 s pulse occurs by the EX2
mechanism, any form with protons having a protection factor
of <150, including completely unfolded protein, will also

and (v) near-UV CD. Dependences of the apparent rate constantsShow labeling. If HX during te 5 s pulse occurs only by

of the slow phase}, on [GdnHCI] are shown here. The solid lines

the EX1 mechanism, as expected under the experimental

through the data points have been drawn by inspection only. Eachconditions used, then any native molecules present at the

data point represents the mean value obtained from three separat

repetitions of the experiment. For most of the data points, error
bars are smaller than the size of the symbols.

The faster phase accounts for 30 10% of the total

fime of application of the pulse will not get labeled during

the duration of the pulse because it unfolds at a rate of about
0.005 s'. Thus, the pulsed HX methodology directly
measures the unfolding kinetics of RNase A. The kinetics

amplitude change during unfolding. The rate constants of of deprotection of six amide protons followed as a function
the faster phase of unfolding, observed by all three spectro-of the unfolding time are shown in Figure 5. The cross-peak
scopic probes, are similar (0.G2 0.009 s?') and almost intensity of an amide proton at a particular time of unfolding
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Ficure4: One-dimensional cross sections gH=-NH cross-peaks T
of RNase A. The peak amplitudes of three residues, belonging to 0 U E— : : —
class | (Cys72) and class Il (Lys61 and Glu49) (see Table 1 for 0 200 400 600 800 0 200 400 600 800
classification of protons), are shown at four different times of Time of unfolding (s)

unfolding. The amplitudes at all unfolding times are plotted, taking

the amplitude of that peak at 800 s to be 100%. All intensities

have been internally normalized to nonexchangeable tyrosine ring
protons and corrected for any labeling at pH 3 (see text): Cys72
did not show any labeling, while Lys61 was corrected for 19%

and Glu49 for 46% labeling in the pH 3 control.

FIGURE 5: Kinetics of exposure of backbone amide deuterons of
RNase A. ©) The accessibility to exchange with solventH
protons vs time after initiation of unfolding in 5.2 M GdnDCI at
pH* 8 (not corrected for isotope effects), 2Q, is plotted for (a)
Val63, (b) Tyr97, (c) His12, (d) Val43, (e) Asn34, and (f) Glu49.
The internally normalized intensity of each—NH cross-peak

represents the fraction of molecules in the population, in (see text) in the TOCSY spectrum of the longest unfolding time

: : : point (800 s) is taken as 100% proton occupancy of that amide
which the amide proton has exchanged with solvent water proton site. All other intensities are normalized to this. The solid

protons. The observed rates of exposure of all the amidejine in each panel is a single-exponential fit of proton occupancies
protons are plotted versus the primary sequence of theversus the unfolding time. The mean rate of exposure of 43 probe
protein, as a histogram in Figure 6a. The 43 probe NH protons is 0.005s and the standard deviation is 0.00%.sProton

protons are seen to unfold with an average rate constant ofoccupancies of all amide protons have been corrected for labeling

11 s T in the pH 3 control sample (see text): His12 was corrected for
0.0054 0.001 s*. It is observed that all individual rates of 506, Vald3 for 41%, Asn34 for 21%, and Glud9 for 46% labeling

exposure are within three standard deviatioh8.003 s*) in pH 3. Val63 and Tyr97 showed no labeling in the pH 3 control
of the average. Hence, the individual rates of exposure aresample.

assumed to be the same.

Proton occupancies of all 43 probe amide protons were proton occupancy of 4& 9% att = 0 unfolding time.
calculated as explained earlier. Figure 5 shows that Val63, Accordingly, the protons have been classified into two
Tyr97, and His12 show 5 5%, 13+ 5%, and 16+ 10% groups, class | and class Il, on the basis of their proton
proton occupancies, respectively, at the start of unfolding; occupancies at = 0 unfolding time, as shown in Table 1.
Val43, GIn34, and Glu49 show 5@ 2%, 61+ 12%, and Figure 6b shows a ribbon diagram of the RNase A structure
59 + 9% burst-phase labeling, respectively. The data with the residues belonging to class | and class Il marked in
represent the averages of three sets of experiments. Alldifferent colors.
reported proton occupancies have been corrected for any The extents of labeling of the backbone NH protons at
labeling that might occur at pH 3 while desalting and thet = 0 unfolding time were the same wiha 5 sexchange
concentration of the samples (see Materials and Methods).pulse was given at pH 9, instead of at pH 8 (data not shown).
While 25 of the 43 protons do not show any labeling in the  Thus, in 5.2 M GdnHClI, the rate constant of the slow phase
pH 3 control, 11 get labeled to#4 3%, 4 get labeled to 19  of unfolding measured by far-UV CD at 222 nm, a probe
+ 2%, and 3 protons show 4% 3% labeling. for a-helical secondary structure, is 0.0880.001 s*. The

The proton occupancy at= 0 for each amide proton was rate constants observed by the two tertiary structure optical
obtained by fitting the HX data to a first-order exponential probes, near-UV CD, and fluorescence agree well and are
function. It was observed that 33 out of the 43 observable 0.005+ 0.0005 s* and 0.005+ 0.0004 s?, respectively.
protons show very little labeling at zero time of unfolding The rate of exposure of amide protons to HX is 0.GB5
(H occupancy= 9 + 4%). However, 10 residues show a 0.001 s?, which is the same as what is observed by the two
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FIGURE 7: Representative native-state HX kinetics of RNase A
amide protons. Native protein in 50 mM Tris-DCI, pH* 8 at 10
°C, was allowed to exchange with solvent,® protons for
increasing lengths of time (see textA)(Extent of labeling of (a)
Lys91, (b) Glu49, and (c) Lys31 as a function of time allowed for
HX. The dashed line in (a) and (b) has been drawn by inspection

Ficure 6: (@) Rates of exposure of backbone amide sites observed
by pulse-labeled hydrogen exchange. The increase in proton

occupancy as a function of unfolding time for each amide proton and is a single-exponential fit of the native-state labeling data in

was fit to a single-exponential equation. Rate constants obtained A . 2=
from such fits are plotted against the RNase A primary sequence. g:é'n'f_‘:é? shﬁvgnaﬁzjeltgecklfré?tiﬁzgef Hégl:]rsmg unfolding in 5.2 M
(b) Location of amide proton probes used to study the unfolding P ' P )

pathway of RNase A. The residues in red belong to class | and thethe native protein remains in the exchange buffer is varied

residues in blue belong to class Il and show- %1% labeling and ;
47 + 9% labeling at = 0 unfolding time, respectively. The RNase in the range 51500 s. The class Il proton Ser59 and two

A figure was drawn using MOLSCRIPT from the protein NMR ~ class | protons, viz., Lys31 and Tyr97, show an increase in

structure 2AAS submitted by Santoro et al. in the PBB)( proton occupancy from 0% to 100%, as the length of the

exchange pulse increases from 5 to 1500 s. Val43 and Lys61,
tertiary structure probes and slower than the rate-bélical which belong to class Il, also show an increase in labeling
secondary structure dissolution. with more time allowed for native-state HX.

Native-State HX StudiesdX experiments were done in
the absence of denaturant at pH 8 and®C0 as described DISCUSSION
above. Plots of proton occupancies versus length of the CD and Fluorescence-Monitored Unfolding Kinetidhe
exchange pulse, from these experiments, for three residuessdnHCI-induced unfolding of RNase A was studied by
are shown in Figure 7. The native-state HX data are plotted measuring the change in the ellipticity at 222 and 275 nm
along with the unfolding data for these residues. Proton and in the intrinsic tyrosine fluorescence of the protein as it
occupancies measured at the earliest time point, that is, 5 sunfolds. These optical probes monitor the global unfolding
in the HX experiments under native conditions are listed in process. The rate constants of the slower phase of the
Table 1. It is seen that virtually all of the amide sites that unfolding reaction, measured by the three spectroscopic
are labeled to any significant extent belong to the class Il probes, are not coincident. The rate constants monitored by
residues and that the extent of labeling (standard deviationfar-UV CD, which is a probe for secondary structure, are
of £20%) in the native-state HX experiments is either similar faster than those measured by near-UV CD and fluorescence,
to or lower than that at the start of unfolding in 5.2 M both of which probe the tertiary structure of a protein. The
GdnHCI. For 7 protons, the extent of labeling varies from rate constants diverge only above 4.5 M GdnHCI. Coincident
20% to 60% and does not change when the time for which kinetics of unfolding of RNase A, monitored by far- and
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Table 1: Observed Rates of Exposure of Backbone Amide Protons during Unfolding of RNase A in 5.2 M GdnHCI, pH 8@&nd 10

H-bond main chain proton proton observed

acceptor surface occupancy occupancy rate of
amide secondary in native accessibility att =0 of of native exposure Kint
proton structure RNase A (%) unfolding (%) proteirf (%) ) (s

Class |
H12 helix 1 F80O 0 16 133 0.006 37.5
M 29¢ helix 2 Y250 11 0 0 0.006 46.1
M 30 helix 2 C260 0 17 0 0.004 375
K31 helix 2 N27 O 7.9 12 45 0.005 35
N 44 p-sheet 1 C84 0 21 11 0 0.004 66.6
F 46 p-sheet 1 T820 0 11 0 0.006 27.2
V 47 p-sheet 1 H12 O 0 1 11 0.005 6.8
H 48 p-sheet 1 S80 0 26.3 12 0 0.004 17.1
V 54 helix 3 L51 0 0 13 0 0.004 3.9
A 56 helix 3 A52 O 8 10 0 0.004 47.2
C58 helix 3 Q550 7.3 12 0 0.004 76.5
Q60 helix 3 V57 O 49.9 7 0 0.005 68.2
V 63 p-sheet 2 C720 9.9 5 0 0.005 12.4
Cc72 p-sheet 2 V63 O 0 11 0 0.005 220.7
Y 73 p-sheet 2 V108 O 0 11 0 0.005 46.1
Q74 p-sheet 2 K61 O 0 9 0 0.004 38.4
M 79 p-sheet 1 K104 O 0 9 0 0.007 46.1
181 p-sheet 1 A1020 0 8 0 0.006 111
T 82 pB-sheet 1 F46 O 0 7 0 0.005 14.9
cs4 p-sheet 1 N44 O 0 10 0 0.006 69.8
R85 p-sheet 1 K98 O 0 10 0 0.005 103.2
E 86 p-sheet 1 P42 0 27.5 6 0 0.004 15.3
Y 97 p-sheet 1 N27 © 15.2 13 0 0.005 16
K 98 p-sheet 1 R85 O 2.9 9 0 0.006 30.5
K 104 p-sheet 1 M79 O 0 0.3 0 0.007 56.7
1106 p-sheet 2 S750 0 6 0 0.005 7.7
1107 p-sheet 2 0 9 0 0.004 3.3
V 108 p-sheet 2 Y730 0 7 12 0.005 3.5
A 109 p-sheet 2 H119 O 0 11 0 0.004 21.6
C 110 p-sheet 2 N710 3.2 12 0 0.005 105.7
V116 p-sheet 2 E1110 0 7 0 0.005 6.7
V118 p-sheet 2 A109 O 0.2 0 0 0.006 3.4
H119 p-sheet 2 A109 O 0 9 0 0.006 17.1
Class Il

E® helix 1 A50 135 43 0 0.002 10.6
Q1w helix 1 K70 0 35 0 0.002 56.7
D14 loop V47 O 0 46 16- 16 0.005 19.2
N 34 helix 2 K310 0.2 61 7*1 0.003 152.7
V43 p-sheet 1 none 14.4 50 494 0.003 34
E 49 loop none 0 59 56 20 0.003 12.7
S 59 helix 3 A56 O 69.3 35 0 0.004 201.3
K 61 p-sheet 2 Q740 0 44 16 16 0.003 43
D83 p-sheet 1 T100 O 0.5 41 2611 0.007 237
K91 loop 0 51 34+ 5 0.007 54.2

a Calculated using the protein solvent accessibility (PSA) progiédn ¢ Proton occupancy dt= 0 from single-exponential fits of the kinetics
of exposure of NH protons.Proton occupancy in native RNase A afte5 sexchange pulsé.Intrinsic exchange rates of protons in RNase A in
pH 8 and 10°C (71). ¢ E 9, Q 11, and M 29 are weak cross-peaks; there is therefoi2086 error in the measurement of rate constants of exposure
for these protons.

near-UV CD in 4.5 M GdnHCI had been observed earlier concentrations where the intermediate is not populated, the
(40). The complete unfolding arm of the chevron of RNase process is effectively two state (N U). In this region, the
A at pH 8 and 10C, however, has not been reported in any m-value represents the difference in the extent of solvent
previous study. The data clearly indicate that, at concentra-exposure between the transition state and the native state
tions above 4.5 M GdnHClg-helical secondary structure  (m: — my). At higher denaturant concentrations where an
breakdown occurs before the entire tertiary structure of the intermediate, |, is significantly populated, there is a change
protein dissolves, which suggests the existence of an unfold-in the slope of the unfolding arm of the chevron, which
ing intermediate. definesm: — my. Since the intermediate is more stable than
The logarithm of the slow-phase rate constants plotted vsthe native state at these GdnHCI concentrations, the height
GdnHCI concentration also shows a deviation from linearity, of the unfolding barrier increases and the rate of unfolding
as measured by all three probes. This is evidence for transientlecreases compared to what it would be without the
accumulation of at least one kinetic unfolding intermediate. accumulation of 127, 38, 49).
The slope of such a plot gives thevalue of the transition, It has been argued that these “rollovers” in chevron plots
which is the difference in the extent of surface area exposedcan arise due to changes in the composition of the transition
in the two states involved in the transition. At denaturant state ensemble, instead of changes in the ground state from
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which folding or unfolding occurs, which might, for instance, In this mechanisn; is the rate of exposure of an NH proton,
be an intermediate formed within the dead time of the k_; is its rate of protection from exchange, akg is the
experiment %0, 51). For proteins showing burst phase intrinsic exchange rate of the proton in pH 8 and°@)(cf.
changes during refolding or unfolding, analysis of the Table 1). The native-state HX methodology used here will
spectroscopic properties of the dead time species allowslabel any exposed NH proton, irrespective of the mechanism
determination of whether the reaction started from the of exchange operational under these conditions. The observed
denatured or the native state or whether the initial state hasrate of hydrogen exchangk.,, for each proton is given by
different propertiesZ7, 51). The lack of a burst phase change the equation:

in the unfolding studies with RNase A presented in this paper

does not, however, indicate the absence of an intermediate. KiKint

In the case of proteins such as U1A, the curvatures in o kp + Koy + Ky
chevron plots can be accounted for by movements of the
transition state ensemble, because all of the kinetic data are For Lys31, Val43, Ser59, Lys61, and Tyr97, which show
compatible with a two-state process?). It is unlikely that an increase in native-state labeling as t_he time allowed for
the nonlinearity in the unfolding arm of the chevron of RNase €xchange with solvent water protons is increased from 5 to
A is due to movements of the transition state ensemble. In 1500 s (Figure 7ckex must have a value such that exchange
fact, the difference in kinetics of unfolding of thehelical IS observable in this time range. Indeed, when the HX
secondary and tertiary structures of the protein, along with Pehavior of these protons was simulated using the program
the observation of a nonlinear dependence of the logarithm KINSIM (56), ki was observed to have a value of 0.082
of rate constants on denaturant concentration, strongly0-001s?, andk-,was 100 times faster thaa. Other protons
suggests that unfolding proceeds in at least two separateShow 20-60% labeling at the shortest pulse lengftb in
reaction steps. The unfolding reaction steps could be the native-state HX experiment, and the extent of labeling
consecutive and/or could occur in parallel with or without rémains the same up 01500 s. Ths,for these protons
the population of unfolding intermediates. must be too slow to bring about an observable change in
proton occupancy in 1500 s. Kinetic simulations of the
native-state HX of these protons show that they have a slower
k; and a fastek_; compared to the NH protons which exhibit
an increase in labeling from 5 to 1500 s (Figure 7a,b).

It should be mentioned that Val43 and Ser59 are among
the protons classified by Loh et al. as exchanging by the
EX2 mechanism at pH 8 and EC (57). The observed rates
o . . of exchange of these protons predicted by their simulations
(55) clearly indicate the presence of alternative conformations agree well with the rates seen in the native-state HX

in addition to the predominant conformation in solut|on:. experimentsti 0 M GdnHCI, presented here. In previous

many extra resonances corresponding to at least 30 Sp'.nstudies, Val43 and Ser59 were reported to show some degree

systems over and above the 119 expected are observed i labeling in control native RNase A samples which were
triple resonance NMR spectra of RNase A. Thus, RNase A exposed to a 10 s proton labeling pulse at pHL9).(

appears to exist in at least two conformations in solution: Most of the residues which are exposed to exchange in
the predominan.t (and, hence, more stable) N co.nformationthe N* ensemble are located in relatively more flexible
and.t'he' alternative ensemble Qf conformationgvith the regions of native RNase A, in loops or at the ends of helices
equnlbru_Jm between N a”d'”_"’e'”g slow on the NMR time (Figure 6b). Moreover, Val43 and Glu49 are not hydrogen
scale. Since the HX properties of N ang &te expected to bonded in the native proteir5®). The only anomalous
be _different, it was important to first determine these using behavior is shown by GIn6O, Whié:h lies at the end of helix
native-state HX studies. 3 but shows only about 20% labeling when the native protein
In the native-state HX experiments reported here, it is js subjected to a 1500 s labeling pulse.
observed that, evemiO M GdnHCI at pH 8 and 10C, Pulse Labeling by HX during Unfolding of RNaseVihen
there are a few amide protons which are accessible toRNase A is pulse labeled by HX while unfolding in 5.2 M
hydrogen exchange in RNase A. The extent of labeling of a GdnHCI, the observed kinetics of exposure to solvent of the
particular NH site represents the fraction of molecules in 43 NH probe protons could be fitted to a single-exponential
which it is exposed to exchange with the solvent protons. process and showed the same rate constant of about 0.005
The observation that a few protons do get labeled suggestss1 indicating a single global unfolding step. On the basis
that there is an ensemble of partially unfolded exchange- of just the observed rates of exposure of the NH protons, it
competent molecules, N in slow equilibrium with the  would appear that the unfolding of RNase A is a two-state
native state, N, under native conditions. If thesN N* process. There are, however, differences observed in the
equilibrium were fast, these amide sites would have shown extents of labeling of a few protons at the start of the
100% proton occupancy in the absence of denaturafit. N unfolding process. Thirty-three of the 43 amide protons,
is an ensemble of high-energy conformations with one or a pelonging to class | residues, that were evaluated show close
few amide protons exposed to solvent. Thus, native-state HXto 0% proton occupancy at the zero time of unfolding.

Native-State Hydrogen Exchangeative-state heterogene-
ity with two or more native states unfolding via parallel
pathways would be the simplest explanation for the unfolding
kinetics, observed using optical probes. There is, in fact,
proton NMR evidence for some amino acid residues in
RNase A existing in more than one discrete conformation
(53, 54) in solution. Moreover, heteronuclear NMR studies

occurs according to the mechanism: Surprisingly, the extents of labeling of a few protons,
belonging to class Il residues, are clearly nonzero. Glu9,
N N N* Kine N+ (1) GInl1, Asp14, Asn34, Val43, Glu49, Ser59, Lys61, Asp83,

@)k, 1 () () and Lys91 show proton occupancies of #79% att = 0.
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The pattern of labeling seen in the early product of exchange is minimal and that labeling occurs primarily by
unfolding in 5.2 M GdnHClI is very similar to that seen in EX1 exchange in 5.2 M GdnHCI.
N*. All residues that are labeled in/Nare labeled in the Mechanism of Unfolding of RNase. Ahe model for
early product of unfolding (Table 1). Only three of the unfolding of RNase A in 5.2 M GdnHCI at pH 8 and 1G
residues that are labeled in the early product of unfolding must explain the following experimental observations: (i)
(the class Il residues) do not appear labeled,in Ror those Native RNase A comprises at least two populations of
that are labeled, the extent of labeling in the early product molecules, an exchange-incompetent N conformation and an
of unfolding is the same or greater than iff N'hese results ~ exchange-competent, Nconformation ensemble in slow
suggest that as soon as RNase A is exposed to strongequilibrium with each other. In N, a few backbone amide
unfolding conditions, a fraction of N molecules is trans- sites are fully exposed to HX. Thus, unfolding commences
formed rapidly to a partially unfolded form that is either from two preexisting native conformations: the predominant
identical to N* or to an early product of unfolding of N form, N, and the ensemble, N (ii) A fraction of N
whose pattern of labeling is similar to that of*NSince molecules rapidly unfolds to W while the remaining N
there is no evidence for the latter possibility, the simplest molecules unfold to an exchange-incompetent form via an
assumption is that the partially unfolded form is, in fagt.N alternative, competing pathway (see above). (iii) The observ-
Thus, the extent of labeling of the class Il residues that occursable rate of exposure of all of the backbone amide probe
rapidly (within the dead time of 10 s for these manual mixing protons is similar. (iv) Above 4.5 M GdnHCI, the kinetics
experiments) during unfolding depends on how mugh N for the loss of secondary structure of the protein are not
preexisted prior to the commencement of unfolding and on coincident with the unfolding kinetics of the tertiary structure,
how much N* forms rapidly from N. It is clear that not all as measured by CD and intrinsic tyrosine fluorescence of
N molecules transform to Kbecause if that were to happen, the protein. (v) The logarithms of the rate constants of the
then all class Il residues would be labeled completely in the slower phase of unfolding, monitored by CD and by
initial step of unfolding. Those that do not, must unfold via fluorescence, have a nonlinear dependence on GdnHCI
an alternative, competing pathway on which the initial concentration. (vi) Equilibrium-unfolded RNase A exists in
product is exchange incompetent. It is stressed thaisN two unfolded forms: 20% of the molecules exist asdud
not a unigue form but represents an ensemble of partly 80% as U.
unfolded forms (see above), that the individual members of To determine the minimal mechanism that will explain
the ensemble may be exchange competent at any particulaall the data, kinetic simulations using the program KINSIM
class Il site to different extents, and that the individual (56) were carried out with progressively more complex
members of the ensemble may form at different rates from mechanisms. The following mechanism of unfolding of N
N, via parallel or consecutive unfolding reactions. is the minimal one that accounts for the data:

EX2wvs EX1 Exchange in 5.2 M GdnHGh earlier studies,
a competition labeling methodology had been used to study k, k
the unfolding of RNase A in 4.5 M GdnHCH0). In those k, N - Uy = Uy
experiments, native deuterated protein at pH* 3.5 was - k
unfolded in 4.5 M GdnHCI/90% kD at pH 8 and 1C0C, N "
and the exchange was quenched after different lengths of ’ @)
time by lowering the pH. A major limitation of such a
competition labeling method is that the unfolding rate can
only be indirectly inferred from the observed HX rates. By
the competition labeling method, most of the NH protons k,
were seen to exchange solely by the EX1 mechanism, with
similar observed HX rate constants. In addition, seven In unfolding conditions, the stabilities of both N ang*N
protons (Met30, Arg33, Asn34, Val43, Ser59, Cys65, and are expected to decrease, and the valuk, o¥ill increase;
Val124) showed faster rates of exchange, and their HX ratesif it increases significantly relative to the value laf some
increased when unfolding/exchange was studied at pH 9.preexisting N molecules will form { Then, the extent (35
Nine more protons became significantly faster than the rest 60%) of labeling seen at each of the class Il amide hydrogen
at pH 9, although none of the protons showed the expectedsites, at 10 s of unfolding in 5.2 M GdnHCI, will depend on
10-fold increase in HX rates. These observations and the fraction of preexisting N molecules as well as on that
simulation of the unfolding data using the general two- which forms rapidly within this time from N.
process model for hydrogen exchange proposed by the All reactions in mechanism 2 operate in both the forward
authors 67, 58) led them to conclude that these NH protons and backward directions. Under the strong denaturing
exchanged by both EX1 and EX2 mechanisms even atconditions of the experiments, the backward (folding)
GdnHCI concentrations higher than ti&, of unfolding reactions are, however, expected to be much slower than the
(=3.5 M). None of the residues classified by Loh et &l7)( unfolding reactions and have therefore been ignored in
as exchanging by both EX1 and EX2 mechanisms during mechanism 2. Not only must the rates of the backward
unfolding in 4.5 M GdnHCI at pH 8 or 9 show an increase transitions N* — N and 1> — N be slower thark; andk;
in proton occupancy at the zero time of unfolding at pH 9 but they must also be less thin ks, andks; otherwise, all
in this study. Here, the extent of labeling for a pH 9 pulse protein molecules will show proton labeling at all amide sites
was evaluated only at= 0 of unfolding. Since the intrinsic  in the burst phase.
rate of exchange is 10-fold faster at pH 9 than at pt39,( Since N* represents an ensemble of partially unfolded
this observation suggests that the contribution of EX2 forms, the value ok; may be different for the formation of
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each member of the ensemble (see above), and any estimated 120
value of k; for the exposure of any one class Il amide ' 100
hydrogen site would, in fact, represent the effective rate of
formation of all members of the Nensemble in which that
particular amide hydrogen site is exposed. According to
mechanism 2, N and I,?> accumulate rapidly, in the 10 s
dead time of the HX experiment, on two competing routes
when N encounters strong denaturing conditions. Unlike N

Iu? is an exchange-incompetent intermediate ensemble. The
fraction of molecules in the population that form these
intermediates in the burst phase depends on the relative
values ofk; andks. These rates are much slower than the
intrinsic rate for chemical exchange of the probe protons in
RNase A (cf. Table 1).

Since no burst phase changes in the CD and tyrosine
fluorescence are observed during unfolding, &hd I,> must
resemble native RNase A in their secondary and tertiary
structures. The rate constants of the structural transition
monitored by far-UV CD at 222 nm are faster than those
measured by the two probes for tertiary structure. Another
intermediate, J3, which has lost all its nativex-helical
secondary structure, therefore needs to be invoked on the
unfolding route of 2. It is necessary in the simulation of
mechanism 2 to ascribe tq? only 30% of the native 02 00 600 800 0 200 400 600 800
fluorescence and near-UV CD, which are then lost in the
final unfolding step from 42 to U*. The nonlinear depen-
dence on GdnHCI concentration of the logarithm of the slow- FIGURE 8: Kinetics of unfolding of RNase A in 5.2 M GdnHCI

phase rate constants measured by all three spectroscopif’é@sured by (a) change in ellipticity at 222 nm, (b) change in
b | ts th it S | ellipticity at 275 nm, and (c) change in intrinsic tyrosine fluores-
probes also supports the existence cence and kinetics of exposure of (d) class | and (e, f) class Il

The backbone NH protons of class | residues become backbone amide protonsO) Proton occupancies of (d) Cys72, (e)
accessible to exchange with the solvent protons only in the Lys61, and (f) Glu49 at different times of unfolding. The solid lines

in all panels are simulations of the experimental data to mechanism
fully exchange-competent unfolded state. The protons be-, "1yq change in CD at 222 and 275 nm, change in tyrosine

longing to class Il residues which are protected in the fraction flyorescence, and the kinetics of exposure of NH probe protons

of molecules that form? also become exposed to solvent belonging to class | residues on unfolding of RNase A have all

in Ug*. Since L2 resembles & in its far-UV CD, but still been SiTU|ated LiSing values of 5'50.007 s*, 4 s, 0.025 s,

has some tertiary interactions and is nativelike in its amide 9-005 S*, 0.02 s, and 0.004 s" for k;, kp, ks, ks, ks, ke, andks,
respectively. For the class Il NH probe protons, which show 10

exposure, the rate of the observable change of CD at 222459, more labeling at the= 0 unfolding time than in ¥ under

nm will be faster than the rate of change of fluorescence, native conditions, the fraction of N molecules unfolding via the

CD at 275 nm and exposure of the backbone NH protons, if Ni* and the |, pathways will depend on the relative valueskef
Ko, ks > K. andks; for Lys61 the HX data have been simulated using a value
i . of 1.44 s1 for k;. For the class Il NH probe protons, which show
Mechanism 2 cannot be solved analytically and was similar extents of labeling in N under native conditions and &t
therefore tested by kinetic simulation. The kinetic traces = 0 unfolding time,k; < ks; for Glu49 the HX data have been
obtained for the change in CD and fluorescence, and for Simulated using a value of 0.08sfor k;.
change in exposure of backbone NH protons, when unfolding ) ) _ )
is simulated according to mechanism 2, are shown in Figure Dissolution of Structure during UnfoldingThe data
8. The simulation showed that typical proline isomerization Suggest that the backbone NH protons are exposed to
rates of 0.02 st and 0.004 s! for the Us — Us and U — exchange with the solvent protons only when the packing
Uk reactions, respectively, used along with the valuels; of interactions in the protein are completely disrupted. This is
ko, ks, ks, andks that are listed in the legend to Figure 8, emphasized by the fact that the 43 amide proton probes,
could not only account for the kinetic data but also predicted Which are distributed in different parts of the protein (Figure
the known equilibrium ratio of Yto Us to be 20:80 43, 6b), all have virtually the same rate of exposure to exchange
44). The fast phase of unfolding of RNase A observed under (Table 1), which is the same as the rates of change of near-
these experimental conditions, which is ascribed to the UV CD and intrinsic tyrosine fluorescence of the protein.
proline isomerization reaction has a rate of 0.023 (see Most of the hydrogen-bonded protons in RNase A are also
Results). Sincé, = ks, the L2 to I3 step in the structural  the ones which are buried (cf. Table 1). According to
transition is not distinguishable as a separate phase in themechanism 2, protons ind are protected from HX although
unfolding process. It is seen in Figure 8 that mechanism 2 all of the ellipticity at 222 nm and 70% of both the
satisfactorily describes the experimental data. The initial lag fluorescence and ellipticity at 275 nm are lost. It appears,
of a few seconds observed in the simulation of the acces-however, that water has still not penetrated the core of the
sibility to solvent of class Il protons during unfolding cannot protein, so that even though most of téelical backbone
be distinguished in the scatter in the HX data. H-bonds might be broken with the loss of the far-Uv CD

80
60

Fractional ellipticity
at 222 nm

at 275 nm

Fractional ellipticity
% Proton occupancy

Fractional fluorescence

Time of unfolding (s)
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signal in 3 all 43 NH protons remain inaccessible to to the free energy of unfolding obtained from calorimetric
solvent. In this context, previous one-dimensiottdNMR data 64). Thus, it is not surprising that none of the protons
studies of the unfolding of RNase A in 4.5 M GdnHCI at identified in earlier studies as belonging to the most stable
pH 8 and 10°C had suggested that a dry molten globule regions of RNase A35, 64—66) show burst phase labeling
intermediate accumulates during unfoldirgg), This was in the pulsed HX unfolding experiments described here. In
based on the observation that the intensity of th&l{  contrast, among the protons that do get labeled very rapidly
resonance line of Val63 was only 26% of that of the native during unfolding, Asn34, Val43, Ser59, and Glu49 have been
protein at a certain time of unfolding at which 70% of the shown to be weakly or moderately protected from exchange
molecules were expected to be native according to CD in the early folding intermediate36). The other protons
measurements. It was therefore proposed that an unfolding(except GIn60) known to have moderate protection in the
intermediate accumulates in which water has not penetratedearly folding intermediate show an increase in proton
the hydrophobic core of the protein although most side chainsoccupancy with the length of the exchange pulse in the
have become free to rotate. native-state HX experiments reported in this study (discussed
Iu® has the unusual property of being virtually devoid of below), although they do not show any burst phase labeling
o-helical secondary structure but still possessing sufficient during unfolding. Three of the probe protons, viz., His12
tertiary interactions to afford 43 amide hydrogens protection and Met13 in helix 1 and Glu49, were shown to be stabilized
from exchange. Twelve of these 43 slowly exchanging amide only in the final rate-limiting step of folding in the pulsed
hydrogens belong to residues foundithelices in the native ~ HX study 35). Here, GIn11 belonging to helix 1 and Asp14,
protein (cf. Table 1). 2 appears to be a compact form, in  which is in the loop following helix 1, show burst phase
which water has not yet penetrated the core of the protein exposure to labeling at the start of unfolding. This suggests
(see above), and such penetration of water is essential forthat the N-terminal helix which is stabilized last during
HX to occur. Compact forms of proteins with no specific folding is one of the first regions of the protein to get
secondary structure have been observed earlier for apocy-destabilized during unfolding. Glu49 also shows burst phase
tochromec (60) and for barstar §1). Moreover, in the exposure to labeling in the experiments presented here.
unfolding of barstar it has been reported that a burst phase Furthermore, in the equilibrium HX study mentioned
loss in secondary structure is not accompanied by hydrationabove 64), GIn11, Asp14, Val43, Ser59, Lys61, and Glu49

of the core of the protein, which occurs more slowig) appeared to exchange by small-amplitude local unfolding
CD and HX-Monitored Unfolding Kinetic#\ccording to events, indicating that they belong to considerably less stable
the experimental data presented here, at least sehwdical regions of RNase A. (The exchange rates for Asn34 and

secondary structural elements in RNase A appear to break-Lys91 were within the dead time of that experiment and
down before the backbone amides become accessible tacould not be measured.) It is therefore possible that because
hydrogen exchange as the protein unfolds in 5.2 M GdnHCI. these sites are in regions of the protein which are more labile,
In contrast, the rate of unfolding of RNase A in 4.5 M they are partially unfolded in some fraction of molecules as
GdnHCI monitored by CD was observed to be less than the soon as the protein encounters strong denaturing conditions.
rate of HX in the competition labeling experiment reported The region from Lys31 to Leu35 in helix 2 (Asn2#sn34)
by Kiefhaber et al. 40). The difference in the rates was along with the adjacent-strand containing Thr45Phe46
attributed to the fact that CD measures an apparent ratehas also been observed to be the first to become susceptible
constant which includes the microscopic rate constants forto proteolytic cleavage when the protein is thermally
unfolding and refolding coupled to the rates for proline denatured 7). His12, which was observed to be weakly
isomerization, but in the model for RNase A unfolding protected 85 and also appeared to exchange by local
proposed in that study it was necessary to propose that theunfolding events&4), shows 16+ 10% labeling at the start
rate of refolding is faster than the rate of unfolding in strong of unfolding in the pulsed HX experiments reported here. It
denaturing conditions4Q), which is very unlikely. has, however, been classified as a class | proton since the
Folding and Unfolding Studied Using Pulse Labeling by extent of labeling lies within the error of measurement in
HX. In the EX2 limit of equilibrium HX, protons exchanging these experiments.
by global unfolding may be used as indicators of global Itis interesting to note that, in pulsed HX studies of RNase
stability. It was proposed, on the basis of measurements ofA folding (35), the earliest detected intermediate is not
HX rates of protons in BPTI, that slow-exchanging protons populated fully when it is first formed, and this observation
get protected early on the refolding pathway of the protein could not be explained satisfactorily. In the unfolding
(62). Support for this correlation comes from studies on experiments reported here, the explanation that has been
lysozyme (7), cytochromec (36), and RNase T163). proposed for failure to populate the labeling-competent
Amide probe protons in an early folding intermediate of earliest unfolding intermediate Nfully when it is first
RNase A have been classified into three groups on the basigormed is that a second intermediatg?, fforms in competi-
of their protection factors, measured in a refolding study of tion with Nj* on a parallel unfolding pathway. It is likely
the protein, using pulse labeling by HX and 2D NMB5). that folding of RNase A also occurs via two competing
Vald7, His48, Val54, Val63, Cys72, Tyr73, lle81, Cys84, pathways, and that may be the reason the earliest folding
Lys98, lle106, Vall108, Vall16, Val118, and His119 were intermediate was observed not to accumulate to the expected
seen to get strongly protected from exchange in the early extent in the earlier folding studies.
folding intermediate. Most of these amides were shown to  Native-State HX and the Unfolding Mechanism of RNase
exchange by global unfolding in a recent study in which HX A. In a previous native-state HX study of RNase A in
rates in the EX2 limit were measured for the amide protons subdenaturing concentrations of GdnHCI, thevalues and
and the free energies of exchange for each proton comparedree energies evaluated for the conformational reaction that
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permits exchange of each of 23 backbone amide protons 23. Kiefhaber, T., Labhardt, A. M., and Baldwin, R. L. (1995)
indicated that the native protein equilibrates with partially
unfolded intermediate$8), but it could not be determined
if these were on-pathway. For cytochroro€29, 69) and

RNase H 80), it has been suggested that the progressively
unstructured forms populated at equilibrium in native condi-
tions may represent the hierarchical unfolding pathway of
these proteins. In fact, the stabilities of different regions of
these proteins evaluated from native-state HX experiments

correlate remarkably well with the pattern of protection of

amide protons in the kinetic folding intermediates observed

by HX. Here, it has been shown that the partially unfolded
state, N¥, observed in equilibrium native-state HX experi-

ments, also populates one of the unfolding pathways of the

predominant native form of RNase A.
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