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preceded by TIPs with a duration of 25% of the total interval.
There were three false alarms.

A similar test was performed on an even wider suite of seismic
zones with another version of the algorithm that differs from
the above only in the values of certain parameters®. Twenty-
three out of 29 strong earthquakes that occurred in these zones
were preceded by TIPs occupying 25% of the total elapsed time.

For brevity, we bypass a detailed description®® of the assign-
ment of a regional TIP to one of the smaller areas within a
region. The most frequently occurring trait is Q2, which is large
in D features and small in N features. The number of exceptions
to regularity of traits is significantly larger among the features
in this case than among the diagnostics for regional prediction.
Except for trait T2, there are no significant dissimilarities
between the areas and the regions. The total space-time occupied
by the 15 TIPs in the areas is now only 13%, but at the cost of
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two more failures-to-predict (the Imperial Valley earthquakes
of 1942 and 1956). In some cases TIPs are diagnosed in two or
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areas are speculative at this time since we have not subjected
the algorithm for areas to the tests of stability and of transfer
to other parts of the world.

The statistical significance of the observations cannot be esti-
mated because of the small sample size. Furthermore, we have
not formalized methods for the choice of regionalization nor
for the choices of many of the fixed parameters. We do not
claim that the algorithm is optimal. But the success of the
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set of traits we have identified is intrinsically relevant to the
approach of a strong earthquake in diverse tectonic settings and
that the algorithm deserves the decisive test of the prediction
of future strong earthquakes.
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NMR evidence for an early framework intermediate
on the folding pathway of ribonuclease A

Jayant B. Udgaonkar & Robert L. Baldwin

Department of Biochemistry, Stanford University School of Medicine, Stanford, California 94305, USA

The presence of an early intermediate on the folding pathway of ribonuclease A has been demonstrated by a study of the
exchange reaction between the backbone amide protons in the folding protein and solvent protons using rapid mixing
techniques. A structural analysis of the intermediate by two-dimensional 'H-NMR is consistent with the framework model
of protein folding in which stable secondary structure first forms the framework necessary for the subsequent formation of

the complete tertiary structure.

ToO obtain detailed structural information about the folding
pathway of a protein has been a challenge of long standing.
The single-domain protein ribonuclease A (RNase A) has tradi-
tionally served as an archetypal model for small proteins in
protein folding and its folding pathway has been extensively
studied. Multiple unfolded forms, which differ in their refolding
rates, have been identified’. There is strong evidence for the
presence of both an early hydrogen-bonded intermediate®* and
a late native-like intermediate™® on the folding pathway of the
main unfolded species, but little is known about the structure
or stability of these kinetic intermediates. Such information
should provide the most useful evidence for establishing the
folding pathway of RNase A.

Here we report the use of the exchange reaction of backbone
amide protons with solvent protons to obtain detailed structural
information about early events during the folding of RNase A.
This experimental approach is also being used with another

small protein, cytochrome ¢ (ref. 6). In our experiments,
exchange is initiated by rapid (millisecond) mixing of a solution
of RNase A in D,O with an H,O buffer at different times after
initiation of refolding of the unfolded protein. The accessibility
of individual backbone amide protons to exchange with solvent
protons at each timepoint is measured by two-dimensional 'H-
NMR after folding is complete; it is this measurement that
allows a structural characterization of the folding process. Our
results reveal that a stable structural intermediate is formed
within the first 1.5 seconds of folding. The rapid-mixing tech-
nique makes it possible to monitor the kinetics of formation of
this intermediate, in which a large number of backbone amide
protons are protected against exchange. NMR techniques have
allowed assignment of several of these amide protons to specific
residues found in the B-sheet of native RNase A. Thus, the
B-sheet may be formed in the first major folding reaction of
RNase A. The preliminary results reported here support the
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framework model of protein folding’®, in which the formation
of stable secondary structure is a prerequisite to the formation
of the final tertiary structure. The potential of the technique
introduced here to provide more detailed structural information
on protein-folding pathways is established.

Experimental strategy

Two-dimensional "H-NMR techniques'® allow the resolution of
nearly all the backbone amide proton resonances in RNase A;
for example, in a COSY (ref. 11) spectrum of RNase A in water,
nearly all of the 120 or so expected C,H-NH crosspeaks are
observed in the fingerprint region (data not shown). The NMR
techniques also make it possible to assign each such crosspeak
to a specific backbone amide proton in the amino-acid
sequence'®. Twenty such assignments were reported earlier for
RNase A(ref. 12), and additional assignments have been made
in this laboratory (A. D. Robertson, unpublished results). The
fact that the fingerprint region of the COSY spectrum of RNase
A in H,O0 is fully resolved implies that it will be possible to
obtain a complete sequential assignment of all the crosspeaks
in this part of the spectrum without too much difficulty. Recently,
essentially complete sequential 'H-NMR assignments have been
reported for several proteins that are comparable in size to
RNase A, including cytochrome ¢ (ref. 13), lysozyme'* and
thioredoxin'.

Elegant studies of the folding pathway of disulphide-reduced
bovine pancreas trypsin inhibitor (refs 16 and 17) have shown
that it is possible to trap covalently and then purify intermediates
containing different disulphide bonds, and to study these inter-
mediates using NMR techniques'®. In the case of protein-folding
reactions in which the disulphide bonds are left intact or other-
wise are absent, it is not possible to trap folding intermediates
covalently. Thus, although two-dimensional "H-NMR tech-
niques can yield detailed structural information about a native
protein the size of RNase A (ref. 10), there is a basic problem
in obtaining similar information about the folding pathway of
the disulphide-intact protein: the NMR techniques are slow
(several hours are required to record a spectrum), whereas
folding intermediates are typically populated only for short
times (a few seconds or less). To use the capabilities of the
NMR techniques, it is necessary first to label the structure of
the folding intermediate in such a way that it can be studied in
the native protein after folding is complete'®"*?. The exchange
reaction of the backbone amide protons with solvent protons
can be exploited for this purpose if the folding intermediate
contains stable secondary structure (such as a-helices and 8-
sheets). The exchange rates of some of the backbone amide
protons in a fully folded protein are slower than those in the
unfolded protein by factors of as much as 10°, because these
protons participate in hydrogen-bonded secondary structure in
the fully folded protein®~*. Hydrogen-bonded structure directly
inhibits exchange because hydrogen bonds must be broken for
exchange to occur”. Accessibility to solvent is also required for
exchange, and most highly protected amide protons in native
proteins are both hydrogen-bonded and inaccessible to solvent.
Thus at any time during the folding process, an amide proton
may become resistant to exchange with solvent protons, either
as a result of the involvement of that proton in secondary
structure, or as a result of the seclusion of that proton from
solvent, or both.

In the case of native RNase A, most of the 27 backbone amide
protons that were protected against exchange with solvent
deuterons over the one-year time period required for a neutron
diffraction study®®?’ are involved in hydrogen-bonding. These
27 amide protons are also distributed throughout the structure
of the protein molecule’>*’. Under the conditions required to
record the COSY NMR spectrum shown in Fig. 1, about 40
backbone amide protons are seen to be stable to exchange with
solvent deuterons. Of these, 13 have been sequentially assigned
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Fig. 1 Reference COSY spectrum of RNase A in D,0, pH 4,
22 °C. Only the region showing C, H-NH crosspeaks and aromatic
ring-proton crosspeaks is depicted. The latter are shown at the
lower right corner next to the diagonal of the spectrum. Only ~40
C,H-NH crosspeaks are seen; the amide protons contributing to
them are stable to exchange with solvent deuterons. Some of the
sequential assignments for the C,H-NH crosspeaks are shown.
U6, U8 and U73 are C_,H-NH crosspeaks that have not yet been
assigned to specific residues in the protein. The crosspeaks labelied
J1 and J2 arise from completely non-exchangeable aromatic ring
protons, and were chosen as internal intensity reference peaks (see
Fig. 2 legend).

Methods. The preparation of the RNase A sample for the reference
spectrum was as follows. RNase A (40 mg) were dissolved in 1.6 ml
D,0 and 8.4 ml H,0 at pH 3 and the solution heated to 60 °C for
20 min; after lyophilization, the procedure was repeated to obtain
protein that was 84% protonated at all amide hydrogen sites. The
protein was then redissolved in 16% deuterated water at pH 3.
The final NMR sample was prepared by ultrafiltration of the
protein solution at pH 3, 5 °C; the solvent was completely deuter-
ated by repeated concentration and then dilution of the sample in
D,0. The pH of the concentrated NMR sample (4 mM) in D,O
was raised to 4, and the sample was then kept at 5 °C for 20 h to
allow exchange out of all protons labile to exchange. The two-
dimensional homonuclear J-correlated (COSY) spectrum!' was
recorded at 500 MHz on a General Electric GN-500 spectrometer.
The spectrum was obtained from 450 values of ¢, between 0 and
75.6 ms; each free induction decay consisted of 1,024 complex data
points, and 64 scans were collected. Total data acquisition time
was 10.5h. The FTNMR program of Dennis Hare was used for
data processing on a VAX 8550 computer. Before Fourier transfor-
mation, the time-domain data were multiplied by phase-shifted
sinebell squared window functions, using phase shifts of 5° and
10° in the f;, and ¢, dimensions respectively, and the ¢, domain
data were extended to 1,024 points with zero-filling. An absolute

magnitude calculation then yielded the final spectrum.

by NMR (ref. 12). All 13 are hydrogen-bonded in the crystal
structure, according to the neutron diffraction datas*’.
Two-dimensional 'H-NMR techniques not only monitor the
individual backbone amide protons, but also discriminate
between protons and deuterons. If an amide proton site is
initially deuterated when the protein is unfolded in D,O, then
the resistance (or accessibility) of the amide deuteron to
exchange with solvent protons at a specific time during the
folding process can be determined from the extent to which the
site is protonated when H,O is added at that time. If the amide
proton is also stable to exchange in the native protein, the extent
of proton-labelling can be determined after folding of the protein
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Fig. 2 Kinetics of protection of
backbone amide deuterons from
exchange with solvent protons. The
accessibility to exchange (proton
occupancy) of 8 backbone amide
proton sites is plotted versus time
after initiation of refolding. The
C,H-NH crosspeaks arising from
these 8 amide protons are among
the most intense of such crosspeaks
in the COSY spectrum recorded at
22°C (Fig. 1). The lines through
the data points were drawn by
inspection only. The amide protons
of Val 63, Val 118, U8 and U73 are
partially accessible to exchange
even 100 seconds after initiation of

refolding.

Methods. Bovine  pancreatic
ribonuclease A (Sigma, grade
XIIA) was purified chromato-

graphically®® and deuterated by
dissolving it in D,O at pH 3, then
heating the solution to 60 °C for
20 min; the procedure was repeated
after lyophilization. The kinetic
experiments were all performed at
5°C, using a rapid (millisecond)
mixing pulsed quench-flow
machine that has been described in
detail®®. The deuterated RNase A
was unfolded in an unfolding
buffer (2.62M guanidine hydro-
chloride, 40 mM glycine, in D,0,
final pH 2); this unfolded RNase
A solution (80mgml™') was
allowed to equilibrate for 2h at
5 °C before use. To initiate refold-
ing, the unfolded RNase A solution
was diluted 10.5-fold into a refold-
ing buffer (0.442 M ammonium sul-
phate, 0.11 M sodium borate in
D,0, pH 9.05). At different times
after initiation of refolding, the
deuterated and partly folded pro-
tein solution was diluted 6.25-fold
into an exchange buffer (0.4M
ammonium  sulphate, 0.25M
guanidine hydrochloride, 0.1 M
sodium borate in H,0, pH 9). The
mixing dead-time was 10ms for
both dilution steps. After 10s,
amide hydrogen exchange in the
16% deuterated buffer at pH 9 was
quenched by rapidly mixing with a
quench buffer (50 mM sodium for-
mate, pH 1.25), so that the final pH
was 2.9. The refolding reaction was
then allowed to go to completion
(10 min) at this pH. For the zero-
time point, the refolding buffer (see
above) contained H,O, not D,0;
thus, refolding and exchange were
initiated simultaneously. As for the
other time points, exchange was
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quenched after 10s, and refolding was allowed to go to completion. The NMR sample of the fully folded RNase A was then prepared as
described for the reference spectrum in the Fig. 1 legend. A two-dimensional COSY spectrum of the sample from each time point was recorded
at 22 °C. Data recording conditions and data processing were as described for the reference spectrum in Fig. 1 legend. The intensities of the
C,H-NH crosspeaks (the proton occupancies) in each spectrum were determined by calculating the volume integrals of the crosspeaks, after
first setting the baseline of the spectrum to zero. The average error in the determination of the volume integrals was less than £25%. For each
spectrum, the average volume of two crosspeaks arising from non-exchangeable protons (the two tyrosine ring-proton crosspeaks, J1 and J2
in Fig. 1) was used as the internal intensity standard. For each C,H-NH crosspeak, the intensity of the corresponding crosspeak in the

reference spectrum (Fig. 1) was chosen to represent 100% proton occupancy.
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Fig.3 pH dependence of the formation of the early intermediate.

Closed symbols, pH 9; open symbols, pH 10. The experiments at

pH 10 were done using the same procedures as those used for the

experiments at pH 9 that are described in legends to Figs 1 and

2. Except for the difference in pH, the only other difference was

that sodium sulphate was used instead of ammonium sulphate in
the buffers at pH 10.

is complete, using 'H-NMR techniques. It is necessary to obtain
'H resonance assignments only for the native protein.

Results

In Fig. 2, the accessibility of 8 different backbone amide protons
to exchange with solvent protons is plotted against time after
initiation of refolding. Deuterated RNase A was allowed to
refold in a D,0 buffer for a variable duration of time before
exposure to a 10-second proton-labelling pulse at pH 9. Proton-
labelling was terminated at the end of the pulse by rapidly
dropping the pH of the solution to 2.9. At this pH, amide proton
exchange is quenched but folding can proceed to completion.
The accessibility to exchange (proton occupancy) of each back-
bone amide proton site at each time point was determined from
the intensity of the corresponding C,H-NH crosspeak in the
COSY spectrum of the fully folded protein sample. A control
experiment in which native deuterated RNase A was exposed
to a 10-second proton-labelling pulse at pH 9, indicated that
none of these amide proton sites showed any accessibility to
exchange during the exchange pulse (the sites showed zero
proton occupancy when assayed by the COSY spectrum). Only
3 out of 40 amide protons showed any degree of proton
occupancy in the control experiment, thereby being disqualified
from serving as probes for structure formation.

The amide protons shown in Fig. 2, as well as others (data
not shown), become protected against exchange according to
kinetic curves that are multiphasic and distinct from one another.
From the kinetic curves in Fig. 2, it is evident that a kinetic
intermediate is formed within the first 1.5s of refolding. In
experiments in which the duration of the proton-labelling pulse,
applied 1.5 s after initiation of refolding, was varied between 2

ARTICLES &

100
n
Q@
8 75
Q
7]
g
©
o
|
g
o 25
R

0 20 40 60 80 100
Time (s)

Fig. 4 Refolding kinetics of the slow-folding forms of RNase A.
Refolding was monitored by measuring the increase in tyrosine
absorbance at 287 nm, which accompanied refolding in a 0.4 M
ammonium sulphate, 0.25M guanidine hydrochloride, 0.1 M
sodium borate buffer at pH 9 and 5 °C. The solid line is a double
exponential fit through the data; the faster phase has a time constant
of 6 s, and the slower phase has a time constant of 128 s. Deuterated
RNase A was dissolved in an unfolding buffer at a concentration
of 20 mg ml™"; refolding was initiated by a manual 10.5-fold dilu-
tion into a refolding buffer. Both unfolding and refolding buffers
and consequently the conditions of refolding were the same as
those used in the experiments described in Fig. 2.

and 20s, the extent of labelling at several amide proton sites
was unchanged (data not shown). This indicates that the extent
of labelling at this time after initiation of refolding does not
depend on the exchange behaviour of protected protons in the
early folding intermediate. Instead, at least for some amide
protons, the extent of labelling depends solely on the fraction
of RNase A molecules that have formed the early folding inter-
mediate.

To test this conclusion, the 10-s pulse experiment was repeated
at pH 10. Amide proton exchange in intact proteins is base-
catalysed above pH 3 in most conditions'*?’; thus the driving
force for exchange (the intrinsic exchange rate) is most con-
veniently increased 10-fold by increasing the pH of the proton-
labelling pulse from 9 to 10. As seen in Fig. 3, however, the
extent of labelling for the Val 63 and Ile 106 amide protons
during the first folding reaction detected is not increased at pH
10, several other amide protons also behave similarly (data not
shown). This confirms that it is the formation of the early
intermediate that is being observed in the pulse-labelling experi-
ments. Under the conditions of the proton-labelling pulse (pH
10, 5°C), the intrinsic amide proton exchange process in
unfolded RNase A has a time constant of 0.6 milliseconds'®*.
As the duration of the pulse was 10 s, the exchange rate of each
amide proton shown in Fig. 3 must be slowed by a large factor
in the intermediate to avoid complete labelling during the pulse
(see Discussion). When the pulse is applied 1.5 s after initiation
of refolding at pH 9 or 10, the amide proton sites in Figs 2 and
3 are all labelled to an extent of only ~40%, which corresponds
to the fraction of protein molecules that have not formed the
intermediate during the first 1.5s of folding. It has been pre-
viously shown in the case of the S-protein portion of ribonu-
clease S (ref. 30), which is a compact globular protein having
both secondary and tertiary structure®!, that the exchange rate
constants are reduced only ~1,000-fold (ref. 32). The large
reduction in exchange rate constants for some of the amide
protons in the folding intermediate is therefore quite remarkable.

The refolding of RNase A can also be monitored by observing
the change in tyrosine absorbance (Fig. 4) that accompanies the
folding process. Unfolded RNase A consists of a mixture of a
fast-folding species, Ug, and at least two slow-folding species,
U and U (refs 1 and 4), which probably arise from proline
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cis-trans isomerization after unfolding®. The two kinetic phases
observed in the refolding reaction (Fig. 4) reflect the folding of
Us species; the faster phase reflects the folding of the major
Us' species and the slower phase reflects the folding of the
minor U} species®. The refolding of Uy is complete within the
dead time (10s) of the manual mixing; in fact, stopped-flow
experiments have indicated that the time constant for refolding
of Uy is less than 50 ms both at 25 °C (ref. 33) and at 10 °C (ref.
34). It should be noted that the design of the pulse-labelling
experiments in Figs 2 and 3 is also such that only the refolding
of the Ug species is being monitored; even at the time of
application of the earliest pulse, which was 250 ms after initi-
ation of refolding (except for the zero time points), Uy is
completely folded** and therefore will not be labelled.
Tyrosine absorbance monitors the formation of the hydro-
phobic core of the protein, as solvent is excluded from the
vicinity of 3 tyrosine residues that are buried in native RNase
A. Like many spectroscopic probes, tyrosine absorbance
monitors formation of tertiary structure during folding, whereas
the amide proton probes monitor formation of secondary struc-
ture, although they may also be sensitive to later formation of
tertiary structure. During the folding of both the U§ and UY
species of RNase A, the tyrosine absorbance probe monitors
the formation of a native-like intermediate, I (refs 4 and 5),
which possesses tertiary structure and subsequently forms native
RNase A, probably as the resuit of one or more proline isomeriz-
ation reactions®. A comparison of Figs 2 and 4 shows that the
kinetics of folding of the slow-folding species of RNase A, when
measured by the tyrosine absorbance method, are considerably
slower than when measured using individual amide protons as
probes for folding. This suggests that formation of stable secon-
dary structure precedes the formation of the final tertiary struc-
ture during the folding of RNase A, in agreement with earlier
low-resolution studies”®. This result with RNase A is different
from the result obtained earlier with bovine pancreas trypsin
inhibitor (ref. 35), where the amide proton probes and the
tyrosine absorbance probe all showed similar folding kinetics.
A competition method® was used in that study of bovine
pancreas trypsin inhibitor®*: the competition between folding
and amide proton exchange was measured as a function of pH
because exchange was base-catalysed, whereas the folding
kinetics were nearly independent of pH in the range studied.
The experiments reported here demonstrate the power of the
pulse-labelling method. In competition experiments, a folding
intermediate can be detected only if it is formed rapidly com-
pared with the rate of amide proton exchange from the unfolded
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Fig. 5 Tertiary structure of RNase A. The 3 a-helices and the

B-sheet are clearly depicted in this ribbon diagram (courtesy of

Jane Richardson). The locations of some of the amide protons that
have been used as examples in Figs 2 and 3 are shown.

form, which is not the case here. Moreover, if the folding kinetics
are complex, as they are for RNase A, the competition experi-
ment does not give information on the kinetics of formation of
the intermediate under conditions where it is detected.

Discussion

The kinetics of formation of the early intermediate on the folding
pathway of RNase A have been confirmed by [*H]H,O pulse-
labelling experiments (data not shown) using the same rapid
(millisecond) mixing method. Earlier manual mixing experi-
ments had shown that an early intermediate, I;, with many
exchange-resistant amide protons®”, is formed before the forma-
tion of the final tertiary structure. In these low-resolution studies,
two mechanisms were considered? for the formation of I, from
the unfolded protein U. In one mechanism, the equilibrium
stability model, I, is formed very rapidly from U and a rapid
pre-equilibrium is established between I, and U later, I, under-
goes the further folding reactions that lead to formation of the
final tertiary structure. The mechanism of amide proton
exchange from I, is transient unfolding of I, to U, with exchange
into U. I, is found to be only moderately stable compared with
U according to this mechanism®. In a second mechanism, the
kinetic model, I, is very stable compared with U; consequently,
the formation of I, from U is essentially irreversible, and occurs
at a rate that is slower than or competitive with exchange into
U. The earlier studies could not distinguish between the two
mechanisms because neither the stability of I, nor the kinetics
of formation of I, could be directly determined by the methods
used, which had both low temporal and structural resolution.
The results depicted in Figs 2 and 3 attest to both the high
stability of I, and a rate of formation of I, that, although rapid,
is still competitive with the rate of amide proton exchange into
U atthe pH (~7) which was used in the low-resolution studies®>.
When the rate of amide proton exchange into U is much faster
than the rate of formation of I, which is true under the condi-
tions of exchange (pH 9 or 10) used in this study, the second
mechanism dictates that the extent of proton-labelling of I,
should be independent of pH, as we observe (Fig. 3). It thus
appears that the second mechanism, the kinetic model, is more
appropriate for describing both the results of the earlier low-
resolution studies® and those reported here.

There are two possible mechanisms®** to explain the strong
and pH-independent resistance (under our experimental condi-
tions) to exchange of the early intermediate I,. The first is the
EX, mechanism, in which a fast pre-equilibrium determines the
fraction of I, available for exchange. The normal test of this
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mechanism is that exchange should be base-catalysed above
pH 3. As we do not observe base-catalysed exchange into I,
(Fig. 3), either exchange does not follow the EX, mechanism,
or otherwise I, is completely resistant to exchange under our
conditions. The second mechanism is the EX,; mechanism, in
which the observed exchange rate equals the rate of opening of
I, to exchange. In this case, the observed exchange rate is not
base-catalysed and may be pH-independent. If exchange into
I, is occurring in our experiments and takes place by an EX,
mechanism, then the extent of exchange must increase with the
duration of the pulse. This will be tested in future experiments.
Usually, exchange into intact proteins occurs by the EX,
mechanism?%*,

In a molecular dynamics simulation of the folding of cram-
bin*® using nuclear Overhauser-effect constraints from NMR
data, it has been observed that secondary structure forms before
tertiary structure during the folding process. Kinetic circular
dichroism studies have indicated that secondary structure is
formed before the final tertiary structure during the folding of
RNase S (ref. 37), a-lactalbumin®*-°, lysozyme *°, carbonic
anhydrase®®*2, cytochrome ¢ (ref. 43) and B-lactoglobulin®.
Such studies, however, do not indicate whether the units of
secondary structure are the same as in the native protein, and
little is known about the structural stability of folding intermedi-
ates. The low pH form of a-lactalbumin has properties resem-
bling those of the kinetic folding intermediate®***, and tritium-
exchange studies suggest that it has only marginal stability*.
In contrast the early intermediate, I;, on the folding pathway
of RNase A has been shown here to possess very stable secon-
dary structure. It has yet to be determined whether or not the
simultaneous protection of several 8-sheet amide protons in I,
means that a B-sheet has formed in the intermediate, and if so,
whether it has a structure similar to the B-sheet in the native
protein. To do this, it will be necessary to obtain kinetic curves
of proton occupancy versus time of folding for a much larger
number of sequentially assigned amide protons.

Two fundamentally different models for protein folding have
been proposed. In the so-called jigsaw puzzle model®®, which
can be traced back to the early two-state model for protein
folding, there is neither a defined starting point for folding nor
are any unique structural intermediates formed during the fold-
ing process. It is proposed that multiple folding pathways exist
which are equally accessible to the unfolded protein. Tertiary
structure can form without the need for first assembling the
backbone; instead, it is assembled in much the same way as a
jigsaw puzzle is fitted together. In support of this model, there
are numerous possible ways to assemble the native structures
of both myoglobin and RNase A by association of compact
structural units which are contiguous in the sequences of the
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proteins®’. In the framework model’?, folding is directed along
one or a few well defined sequential pathways with unique
structural intermediates. It is proposed that a framework of
stable secondary structure is first formed. This secondary struc-
ture is presumably stabilized by a small number of specific
tertiary interactions; for example, the stabilization of «-helices
during the folding of myoglobin is expected to result from as
few as 6 principal pairwise helix-helix contacts”®. The sub-
sequent development of additional tertiary interactions leads to
the formation of the native tertiary structure of the protein.
Kinetic intermediates on the folding pathway are expected to
have at least some stable units of secondary structure. The
preliminary results reported here show that the technique used
in our studies can distinguish between these two distinct models,
and the results support the framework model.

At least 5 of the 8 backbone amide protons that are used as
examples in Fig. 2 are located in the B-sheet of native RNase
A (Fig. 5). All are protected early on during the folding process.
Our preliminary results, although they do not exclude the con-
current formation of other secondary structural units, suggest
that the B-sheet may be formed in an early folding reaction of
RNase A. It is not possible, at this initial stage of investigation,
to interpret the complex kinetics evident at later stages of the
folding process (Fig. 2). In part, the complexity must reflect the
kinetic heterogeneity of unfolded RNase A (ref. 1); the minor
slow-folding species U§ is known to refold last. The existence
of more than one folding pathway for any one of the 3 species
of unfolded RNase A cannot as yet be ruled out.

In conclusion, our investigations have shown that a kinetic
intermediate with many protected amide protons is formed in
an early folding reaction of RNase A. The work reported is
consistent with the framework model of protein folding, in which
formation of stable secondary structure occurs before the
assembly of the final tertiary structure. Recently, considerable
progress has been made towards a complete sequential NMR
assignment of RNase A (A. D. Robertson, E. O. Purisma, & M.
A. Eastman, unpublished results). Once this is complete, the
use of nearly 40 backbone amide protons as probes for folding
will yield a more detailed characterization of structural inter-
mediates formed on the folding pathway.
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