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Formation of Local Structures in Protein Folding

GAETANO T. MONTELIONE! and HAROLD A. SCHERAGA*!

Institute of Science & Technology, Biophysics Research Division, University of Michigan, 2200 Bonisteel Boulevard, Ann Arbor,
Michigan 48109-2099, and Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853-1301

Received June 30, 1988 (Revised Manuscript Received October 27, 1988)

I. Introduction

The problem of protein folding has been one of
long-standing interest.! It has assumed additional im-
portance in light of recent efforts, using recombinant
DNA methodology, to express and fold proteins, to
design compact folded protein structures de novo,? and
to design proteins with altered thermostability.?
Progress in protein design requires an improved un-
derstanding of the fundamental principles governing the
folding process.

Much experimental and theoretical evidence has ac-
cumulated to support the view that thermodynamically
stable local structures play an important role in the
initial stages of protein folding.*® Since a large part
of this evidence has been obtained from studies of the
folding /unfolding of bovine pancreatic ribonuclease A
(RNase A), we use this system as an example to illus-
trate the role of local structures in the folding process.
This protein has been the subject of extensive physical
chemical studies over the last three decades.!1%

II. Principles of Protein Folding

RNase A contains four disulfide bonds. Its folding
has been studied both (i) by keeping the disulfide bonds
intact and (ii) by reducing them and then allowing them
to re-form by oxidation. The principles described below
have been derived from both types of folding experi-
ments. The mechanisms for folding RNase A from the
disulfide-intact or disulfide-reduced unfolded ensembles
appear to follow the same general principles, although
it is not yet clear how similar the detailed mechanisms
are.

For both disulfide-intact and disulfide-reduced
RNase A, the amino acid sequence contains all the in-
formation that is required for the protein to attain its
biologically active conformation in aqueous solution
under appropriate conditions.!® During biosynthesis,
RNase A is probably produced as a precursor protein
containing an additional 25-residue leader sequence on
its amino terminus.!* Folding/unfolding of purified
RNase A, however, occurs reversibly, without the
presence of this N-terminal segment; in particular, no
additional cellular components such as ribosomes or
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enzymes are needed for folding, although such compo-
nents could possibly accelerate the rate of folding in the
cell.

Thermodynamic vs Kinetic Control. An impor-
tant concept that has emerged from studies of protein
folding is that a distinction must be made between
thermodynamic and kinetic control of the folding pro-
cess. These two types of mechanisms can be distin-
guished by comparing the distribution of products ob-
tained under identical folding conditions, but starting
from different distributions of initial states. In the case
of thermodynamic control, the final products of re-
folding are completely insensitive to the distribution of
initial states while, if kinetic barriers are present, the
different distributions of unfolded states will be re-
flected as different distributions of products.

There is considerable evidence that the native
structure of RNase A is the thermodynamically most
stable one. The first demonstration of this was pro-
vided by experiments of Anfinsen and co-workers,'* who
showed that, upon oxidation, disulfide-reduced RNase
A refolds to the same biologically active structure as
thermally unfolded or solvent-unfolded disulfide-intact
RNase A. Further, whereas disulfide-reduced and di-
sulfide-intact unfolded forms of RNase A exhibit dif-
ferent average hydrodynamic,'® antibody-binding,® and
nonradiative energy transfer'” properties, these different
distributions of initial states give rise to indistinguish-
able refolded structures. These results have been con-
firmed and extended in subsequent extensive studies
of the oxidative refolding of RNase A.}*%" Additional
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evidence for thermodynamic control of the final protein
structure comes from studies of the folding of di-
sulfide-intact RNase A initiated from different sol-
vent-unfolded distributions,?% all of which lead to the
same biologically active product.

While the distribution of refolded products of RNase
A is thermodynamically controlled, the folding mech-
anisms themselves do involve kinetic control; i.e., there
are multiple folding pathways that are distinguished by
kinetic barriers. Guanidine-denatured, urea-denatured,
or thermally denatured, disulfide-intact RNase A is an
equilibrium mixture of fast- and slow-folding spec-
ies.8"3 This kinetic heterogeneity has been attributed,
in part, to slow proline cis/trans peptide-bond isom-
erization,® although other kinetic barriers, such as
disulfide-bond isomerization,3® may also be involved.
The ratios of fast- and slow-folding species depend on
the length of time that the protein has been unfold-
ed.?"%® Hence, these kinetic barriers are sufficiently
large (ca. 20 kcal/mol activation enthalpy) to distin-
guish different folding pathways of disulfide-intact
RNase A. Kinetic control of the distribution of folding
pathways does not, however, imply kinetic control of
the folded product(s) because isomerization can take
place in predominantly folded intermediates.®”3® On
the basis of measurements of biological activity, all of
these kinetically distinguished folding pathways lead
to the same thermodynamically determined native
conformation.

Dominance of Short-Range Interactions. In the
initial stages of folding in aqueous solution, the non-
polar side chains of the unfolded protein are exposed
to water and therefore are driven to associate by
short-range hydrophobic interactions.** The evidence
described below indicates that short-range interactions
play an essential role in determining protein struc-
tures.!I™#* This is especially true for initial folding
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Figure 1. Schematic representations of different classes of protein
folding mechanisms. These three classes are distinguished by the
types of folding intermediates involved. The symbols O, O, and
A denote locally disordered, locally ordered native, and locally
ordered nonnative protein structures, respectively. (A) Simple
two-state folding mechanism. Because of essentially infinite
cooperativity, no metastable intermediates can form. (B) G-type
multistate folding mechanism. In this case, sequence-specific
short-range interactions define native-like local structures in
partially folded intermediates; more than one independent local
structure can form in a given polypeptide chain. (C) R-type
multistate folding mechanism. Some of the local structures that
form do not have native-like structures (A). Intermediates with
nonnative local structurs must therefore rearrange to the native
structure in the later stages of the folding pathway.

intermediates that are generally less compact than fully
folded structures and therefore less influenced by
long-range interactions. This concept provides the basis
for a procedure in which protein structures are built up
from successively larger fragments in theoretical cal-
culations of protein structure*s and for experimental
studies of the conformations of fragments of proteins
described below.

Support for the concept that short-range interactions
dominate comes from conformational energy calcula-
tions on oligopeptides,**# and from experimental
studies of the thermally induced helix—coil transitions
in synthetic host—guest random copolymers of amino
acids.#*® Such helix—coil transition data, interpreted
with the aid of a nearest-neighbor Ising model, lead to
nucleation and growth parameters, ¢ and s, respec-
tively,® that correlate with the frequencies of occur-
rence of a-helical states for residues in protein struc-
tures determined by X-ray crystallography.‘® The
correlation with experimental data on helical oligo-
peptides®3 is improved by modifying these intrinsic
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values of s (based on short-range interactions) by in-
clusion of specific medium-range interactions.*5455
Similar statistical mechanical models for 8-bend-to-coil
and antiparallel 8-sheet-to-coil transitions are currently
under development® and will be used to interpret ex-
perimental data®” on such transitions.

Multistate Folding Pathways. Protein folding
mechanisms are distinguished by their degree of coop-
erativity, i.e., the degree to which the folding of one part
of the protein is coupled to folding of the remainder of
the protein. For mechanisms involving “infinite” co-
operativity, i.e., a two-state model, plots of free energy
vs folding reaction coordinate exhibit two local minima,
one each for the fully unfolded and the fully folded
(native) protein. In this case, both short- and long-
range interactions would be involved in the folding
mechanism from the beginning. On the other hand, the
cooperativity of the folding process is reduced if
short-range interactions dominate in the initial stages
of folding since short-range interactions would define
rapidly forming local structures in partially folded in-
termediates. The formation of these structures should
be independent of the conformations adopted by the
rest of the protein. In later stages of folding, these
locally ordered structures coalesce under the influence
of longer range interactions. The corresponding plot
of free energy vs reaction coordinate would then have
additional local minima corresponding to partially or
incorrectly folded intermediates.

A schematic comparison of two-state and multistate
folding mechanisms is shown in Figure 1. Within the
class of multistate folding mechanisms, two subclasses
are also represented. The subclasses, referred to as
R-type and G-type, are distinguished by the presence
or absence of local structures with nonnative backbone
conformations. G-type and R-type pathways are
analogous to (but not identical with) the growth-type
and rearrangement-type folding mechanisms, described
by Konishi et al.,?® which are distinguished on the basis
of the role of native and nonnative interactions in the
structures that form in the rate-limiting step. The
nonnative structure on an R-type pathway, as defined
here, need not be involved in the rate-limiting step.

A two-state mechanism is actually a special case of
a multistate mechanism in which the populations of the
intermediate states are negligibly small. For di-
sulfide-intact RNase A, the folding mechanism(s) are
highly cooperative.’¥6  This led early workers to
conclude that the folding is best described as a two-state
phenomenon involving an equilibrium between native,
folded RNase A and an ensemble of statistically coiled
unfolded conformations with little or no formation of
partially folded species.’®€® The inadequacies of the
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two-state model, however, were already evident in data
from early thermodynamic studies of the thermal un-
folding transition.®

Within the thermal transition region, a multistate
folding mechanism involves many species in equilibrium
with one another.®’ These partially folded species, in
principle, can be characterized by thermodynamic
measurements because the equilibrium constants K
between locally folded and unfolded regions are dif-
ferent for different segments, i, of the polypeptide chain
(Figure 1). Hence, in a multistate mechanism, con-
formational probes located in different regions of the
protein measure different folded /unfolded equilibrium
constants within the transition region while, for a
two-state mechanism, these equilibrium constants are
identical for all regions of the protein. One useful probe
to distinguish native from nonnative conformations of
RNase A is the susceptibility of specific buried peptide
bonds to hydrolysis by proteolytic enzymes. The fully
folded protein is essentially resistant to hydrolysis by
trypsin, chymotrypsin, aminopeptidase, and carboxy-
peptidase, while all of these proteases cleave at se-
quence-specific peptide bonds of fully thermally un-
folded RNase A. The degree of proteolytic suscepti-
bility of these peptide bonds can therefore be used as
a crude measure of the degree of local unfolding. In the
absence of partially folded intermediates, all sites
should become accessible to an equal degree as the
temperature is increased through the transition region.
However, in an extensive series of studies,’27% it was
found that the individual proteolytic cleavage sites are
accessible to different degrees through the thermal
transition. These observations are consistent with the
presence of partially folded structures in which some
peptide bonds are in environments accessible to pro-
teases while others remain in folded environments in-
accessible to proteolytic cleavage. Using this informa-
tion, partially folded intermediates have been roughly
characterized.®® Further experimental evidence for
these thermodynamic intermediates is discussed in ref
65, 87, and 68.

NMR spectroscopy is an excellent method for iden-
tifying partially folded equilibrium species in the
transition region. Both the 'H and *C NMR spectra
exhibit an equilibrium between folded and unfolded
conformational ensembles in the thermal transition
region, with a rate of interconversion that is slow com-
pared to the respective chemical shift time scales. With
methods now available for making complete sequence-
specific resonance assignments,®® it is possible, in
principle, to measure the folding /unfolding equilibrium
(K and rate (k;) constants individually for each residue
i of the protein through the transition region. While
complete sequence-specific resonance assignments are
only now becoming available for RNase A, Benz and
Roberts™ have used the four His C*H resonances to
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compare equilibrium constants (K;) through the tran-
sition region at four different sites. Their data suggest
that these sites have slightly different values of K;
through most of the thermal transition and provide
preliminary evidence for partially folded thermody-
namic intermediates.

Chain-Folding Initiation Structures. Associated
with the ideas of (i) the dominance of short-range in-
teractions and (ii) a multistate folding mechanism is the
concept that sequence-specific interactions define local
structures that can form independently in several dif-
ferent regions of the polypeptide chain in the initial
stages of the folding process. Such early-folding
structures are an essential feature of hierarchical folding
mechanisms®4%71-80 and have been referred to as
“nuclei”,**728! “|gcally independently nucleating con-
tinuous segments” (LINCS),” “kernels”,® “seeds”,®? and
“chain-folding initiation structures” (CFIS).®¥ Baldwin
has pointed out®® that the term “nucleation” has an
ambiguous meaning in the context of protein folding
and should be avoided. When there are many local
free-energy maxima along a folding pathway, it is no
longer clear which local maximum is the analogue of a
two-state “nucleation structure”.® In any case, the
structures with which we are concerned here correspond
to local free-energy minima. For this reason, we have
adopted the more descriptive term “chain-folding ini-
tiation structure” (CFIS) in referring to thermodynam-
ically metastable local conformations that form in the
initial stages of folding.“>%° These structures limit the
conformational space accessible to the protein through
specific short- and medium-range interactions, thereby
directing subsequent folding events, and provide stable
core structures around which the rest of the polypeptide
chain can fold. They do not necessarily correspond to
the structures that form in the rate-limiting step, nor
do they correspond to the intermediates themselves.
Early-forming folding intermediates may be regarded
as polypeptide chains that contain one or more CFISs.

III. Experimental Approaches to
Characterizing Chain-Folding Initiation
Structures

Over the last several years, we and others have at-
tempted to develop a more detailed picture of the kinds
of structures that RNase A adopts in the initial stages
of folding. This work has been directed primarily along
three avenues: (i) studies of polypeptide fragments, (ii)
studies of disulfide-reduced derivatives, and (iii) studies
of kinetic folding intermediates. If short-range inter-
actions do indeed define local structures in the initial
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stages of folding, it follows that properly chosen peptide
fragments of RNase A should adopt some degree of
ordered structure by themselves in solution. Accord-
ingly, a large part of our recent work has focused on
characterizing the conformations adopted by poly-
peptide fragments of RNase A under conditions of
solvent and temperature at which the disulfide-intact
protein is fully folded. During the course of these
studies, it became clear that further information could
be obtained from structural studies of disulfide-reduced
RNase A. Using these model systems, spectroscopic
probes have been applied to characterize local struc-
tures under equilibrium conditions. Finally, we have
recently begun to use these probes to identify locally
ordered structures in kinetic folding intermediates.

Studies of Fragments of RNase A. Fragments of
RNase A may be prepared by peptide synthesis,?*% by
chemical®#" or enzymatic®°! fragmentation, or by ge-
netic engineering. In each case, it is useful to use the-
oretical methods to identify potential chain-folding in-
itiation sites before isolation and structural study. In
a G-type folding mechanism, chain-folding initiation
structures form with native or native-like conforma-
tions, and candidate initiation sites can be identified
from an analysis of the three-dimensional structure of
the native protein.”®’67® Likely conformations for
chain-folding initiation include a-helical and $-bend
conformations that can be stabilized by local interac-
tions alone. Such structures are identified either by
model building, by interactive molecular graphics, or
by more sophisticated theoretical methods. Especially
useful in this regard are contact maps derived from the
three-dimensional structure of the native protein.’76-
Conformational energy calculations can also be used to
characterize the propensity for local interactions to
define local structures?®®%% and thereby to predict the
locations of chain-folding initiation sites.

The contact map for RNase, derived from its X-ray
crystal structure, is shown in Figure 2. Assuming that
local native-like conformations form before those that
involve long-range interactions, this contact map was
used to identify six partially overlapping candidate
chain-folding initiation sites: residues 4-11 (site A),
25-34 (site B), 51-57 (site C), 53-79 (site D), 71-111
(site E), and 103-124 (site F).#® Conformational free
energy calculations also identify residues 106-118 (site
F) as the energetically most favorable local
“hydrophobic pocket” structure.** While CFISs that
form with nonnative local interactions may be over-
looked by analysis of the contact map, these predictions
are helpful in designing experimental studies of for-
mation of local native structure in fragments.
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Figure 2. Contact map of RNase S.”® Each point of the map represents the presence (square) or absence (no marking) of a contact
between amino acid residues i and j. A contact is defined in ref 78. Contacts between residues are omitted from the figure whenever
[i = j| < 4. The pairs of half-cystine residues forming the disulfide bonds are denoted by solid squares. Contact regions A-M are bounded
by dashed lines. The six contact regions A-F along the diagonal represent compact structures involving short-range contacts. These

are candidates for chain-folding initiation sites.

Site A. N-Terminal a-Helix (Residues 4-11).
Extensive studies!®50-538594-99 of the S- and C-peptide
fragments of RNase (residues 1-20 and 1-13, respec-
tively) demonstrate that local interactions within
chain-folding initiation site A are sufficient to define
a native-like a-helical structure under conditions of
solvent, pH, and temperature at which the complete
disulfide-intact protein is fully folded. This a-helical
conformation has been characterized in solution by
circular dichroism (CD) spectroscopy®©1%% and by the
identification of slowly exchanging amide proteins.®>%7
The local structure(s) present in these fragments are
in rapid equilibrium with an unfolded distribution of
structures. The folded and unfolded structures inter-
convert rapidly on the time scale of the '!H NMR ex-
periment, giving rise to resonance chemical shifts that
are the weighted average of the folded and unfolded
environments.?9? This dynamic equilibrium is both
temperature and pH dependent and can be monitored
by either CD or NMR spectroscopy.

Site D (Residues 53-79). While chain-folding ini-
tiation structures are expected to form in the absence

(94) Klee, W. A, Biochemistry 1968, 7, 2731.

(95) Silverman, D. N.; Kotelchuck, D.; Taylor, G. T.; Scheraga, H. A.
Arch. Biochem. Biophys. 1972, 150, 757.

(96) Bierzynski, A.; Baldwin, R. L. J. Mol. Biol. 1982, 162, 173.

(97) Kuwajima, K.; Baldwin, R. L. J. Mol. Biol. 1983, 169, 281, 299.

(98) Rico, M,; Nieto, J. L.; Santoro, J.; Bermejo, F. J.; Herranz, J.;
Gallego, E. FEBS Lett, 1983, 162, 314.

(99) Kim, P. S.; Baldwin, R. L. Nature 1984, 307, 329.

of disulfide bonds, the energetics of formation of di-
sulfide bonds and of local structures can potentially be
coupled.?%®! An excellent example of the enthalpic
contribution of local structures to formation of disulfide
bonds occurs in CFIS D of disulfide-reduced RNase A.
CFIS D contains three cysteines, Cys%, Cys®, and Cys™,
each separated by six amino acid residues. If entropic
considerations alone (i.e., loop entropy) determine the
distribution of early-forming disulfide bonds, there
would be an approximately equal probability of forming
the 58~65 and 65-72 disulfide bonds (the probabilities
are not exactly equal because of competition with more
distant cysteines). In disulfide-intact RNase A, Cys®
is bonded to Cys’2, while Cys® is bonded to Cys!¥, The
preference for the 65-72, rather than the 58-65, di-
sulfide may be due to either of two effects: (i) short-
range interactions within site D stabilize the 65-72 (or
destabilize the 58-65) disulfide bond at an early stage
of the folding process, or (ii) the 58-65 and 65-72 di-
sulfide loops may be of equal free energy in the initial
stages of folding, but as the protein folds, longer range
interactions cause a rearrangement to the 65-72 and
58-110 disulfide pairings. Thermodynamic studies®
indicate that local interactions do indeed play a role in
directing the formation of disulfide bonds in a fragment
of RNase A corresponding to residues 50-79. In this
fragment, the 65-72 is favored over the 58-65 loop by
AG® =-1.1 % 0.1 kcal/mol.”! Hence, local interactions
within CFIS D significantly stabilize the native with
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respect to the nonnative eight-residue loop.

Sites E and F (Residues 71-111 and 103-124). We
have also examined the role of local interactions in
directing folding within chain-folding initiation sites E
and F. In the crystal structure of RNase A,100101 the
proposed chain-folding initiation site E forms part of
an antiparallel 3-sheet structure with a type III 3-bend
at Gly®-Ser® and a type VI 3-bend (i.e., with a cis Pro
peptide bond) at Tyr®-Pro®, Site F forms part of an
independent antiparallel 3-sheet structure with a type
VI 8-bend (again involving a cis Pro peptide bond) at
Asn'!3-Pro!4, The symmetry of the amino acid se-
quence around one of the 8-bends of site E, Tyr®%-
Pro®-Asn®, and in the vicinity of the 8-bend of site F,
Asn!B8.Pro!!4.Tyr!!% suggested a possible role for
short-range interactions involving Tyr, Pro, and Asn
which could direct the folding of RNase A. In order to
examine this hypothesis, several experimenta}8:83:84102
and theoretical®>1% studies of synthetic and proteolytic
fragments of RNase A incorporating these sequences
were carried out.

For the synthetic peptide Ac-Tyr-Pro-Asn-NHMe
(YPN), solution NMR data indicate an equilibrium
mixture of cis and trans Tyr-Pro peptide bonds® but
do not provide evidence for formation of local structure.
In the solid state, X-ray crystallography reveals an ex-
tended backbone conformation with all-trans peptide
bonds.® Some insight into the local structural prefer-
ences of YPN was obtained by conformational free
energy calculations.? Most low-energy conformers with
trans Tyr-Pro peptide bonds have extended backbone
structures like that of the crystal structure, while those
with cis Tyr-Pro peptides almost exclusively are type
VI B-bends. Hence, the calculations indicate that a
native-like chain reversal is preferred in the subpopu-
lation of molecules with cis peptide bonds.

Ac-Asn-Pro-Tyr-NHMe (NPY) is also a mixture of
cis and trans Asn-Pro conformers in solution.® For this
peptide, both NMR and Raman studies provide evi-
dence for a significant fraction of hydrogen-bonded
B-bend conformers within the predominant (trans) en-
semble.®® In the crystal, NPY adopts a type I 8-bend
conformation with two intramolecular hydrogen bonds
and a trans Asn-Pro peptide bond. These experimental
results are complemented by conformational free energy
calculations that indicate that interactions within NPY
favor 3-bend conformations with both Asn-Pro peptide
bond conformations. However, according to these
calculations,? the location of the 3-bend migrates from
the Pro-Tyr to the Asn-Pro sequence as the peptide
bond isomerizes from trans to cis.

Recently, we have extended these studies of local
structure to larger fragments of CFIS F. Conforma-
tional energy calculations!®® on the peptide fragment
corresponding to residues His!%-Val'?* predict that
native-like 3-sheet conformations are energetically fa-
vorable for both cis and trans Asn!'!3-Pro!!* peptide-
bond conformations. Small amounts of native-like
structure have also been detected in the polypeptide
fragment Ser®’-Val'?* by immunochemical methods.!¢
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Tyrosine fluorescence lifetime studies of O-T-16 (a
tryptic fragment of performic acid oxidized RNase
corresponding to residues 105-124) reveal the presence
of at least two environments for the single tyrosine
chromophore.l2 The heterogeneity of the fluorescence
lifetimes in O-T-16 does not correlate with X-Pro
peptide bond conformational heterogeneity which can
be resolved by NMR spectroscopy. Instead, the
fluorescence lifetime heterogeneity in O-T-16 arises
from the presence of two or more conformations which
interconvert rapidly on the !H NMR time scale (7 «
1 ms) but are distinguishable on the fluorescence life-
time time scale (7 > 1 ns). These data provide evidence
for a population of nonrandom polypeptide conforma-
tions of O-T-16 under conditions of solvent, pH, and
temperature at which the complete disulfide-intact
RNase molecule is fully folded. However, it is not yet
clear whether this transient local structure incorporates
the 8-bend conformations which have been character-
ized for trans and cis NPY.

Disulfide-Reduced Derivatives of RNase A. For
RNase A, several studies indicate the presence of local
structures in thermally, pH-, LiClO,-, and guanidine-
denatured RNase A. Structures that are important in
the folding mechanism under folding conditions, how-
ever, may be unstable under solvent conditions at which
the native protein structure is destabilized. Nonnative
solvent conditions could also favor the formation of
local structures that have nothing to do with folding in
aqueous solution. Although structural studies of con-
formations adopted by protein fragments, discussed
above, are potentially of great value in identifying local
interactions under folding conditions, they are limited
to the degree that they rely on predictive schemes for
deciding which sequences to isolate, clone, or synthesize.
In view of the shortcomings of these strategies for
identifying CFISs, we have begun to develop systems
(applicable to the entire polypeptide chain) in which
long-range interactions responsible for the high coop-
erativity are suppressed while short- and medium-range
interactions are relatively unperturbed. For disulfide-
containing proteins, one such model system is the re-
duced protein under folding conditions.

Significant amounts of local structure, identified by
CD?21104105 and Raman®V!% gpectroscopy, are present in
disulfide-reduced RNase and in reduced cysteine S-
blocked derivatives. In interpreting these results, it
must be kept in mind that thiol-blocking reagents, some
of which have formal charges, may perturb the con-
formational distributions in reduced RNase.!%” Binding
of antibodies to disulfide-reduced and reduced S-
carboxymethylated RNase A indicate that polypeptide
segments 1-13, 31-79, and 80-124 have trace amounts
of native structure at 4 °C.'8 The most convincing
evidence for formation of local structure in disulfide-
reduced RNase A comes from 'H NMR studies.!?
Sequence-specific His C¢H resonance assignments are
available for native RNase A from chemical modifica-
tion and pH titration studies, and corresponding reso-
nances of reduced S-sulfonated RNase could therefore

(104) Schaffer, S. W. Int. J. Pept. Protein Res. 1975, 7, 179,

(105) Takahashi, S.; Kontani, T.; Yoneda, M.; Ooi, T. J. Biochem.
1977, 82, 1127.

(108) Lord, R. C.; Relyea, N. M. J. Raman Spectrosc. 1981, 11, 315.

(107) Swadesh, J. K.; Montelione, G. T.; Thannhauser, T. W.; Scher-
aga, H. A. Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 4606.



76 Acc. Chem. Res., Vol. 22, No. 2, 1989

be assighed by partial hydrogen—deuterium exchange
methods.!”” With these four His resonances as se-
quence-specific probes of local structure, NMR stud-
ies'?” provide evidence for a temperature-dependent
equilibrium between ordered and disordered local
conformations involving His!2. By comparison with
results for S-peptide and C-peptide,?05153%% it ig likely
that this locally ordered conformation corresponds to
an a-helical structure.

Kinetic Folding Studies. It is important to recog-
nize that local structures identified in equilibrium
structural studies may not play an active role in the
folding process. The studies described above provide
detailed structural information about the kinds of
structures that are defined by short-range interactions
under folding conditions. However, as has been pointed
out elsewhere,? the dominant folding mechanism(s) for

~a particular protein corresond to the isothermal folding
pathway(s) of lowest free energy of activation. This
implies that, while the folding intermediates that are
detected in kinetic measurements provide correct in-
formation about the folding mechanism(s), conformers
detected in equilibrium measurements may or may not
be important in the predominant folding pathway(s).

The evidence from NMR spectroscopy described
above supports the view that the N-terminal a-helix
(proposed chain-folding initiation site A) can form in-
dependently in disulfide-reduced RNase A. The life-
time of the ordered structure in 8SSO3-RNase, r « 1
ms, is much shorter than the fastest phase of the folding
of the disulfide-intact protein, with a characteristic time
of 20-400 ms.33* Therefore, the degree of local
structure involving His'? will be determined by a rap-
idly established equilibrium due to short- and medi-
um-range interactions, prior to subsequent folding
events. Both stopped-flow'® and continuous recycled
flow (CRF)1® 1H.NMR studies demonstrate the rapid
formation of local structure involving His!? in slow-
folding kinetic intermediates of disulfide-intact RNase.
The temperature dependence of the His'? C‘H reso-
nance in this intermediate!®® is similar to that of
8SS0;-RNase.l%” While the intermediate(s) detected
by continuous recycled flow (CRF) 'H NMR is pre-
dominantly disordered,'® the His!? residue is involved
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in a dynamic equilibrium between locally ordered and
disordered environments similar to those of 8SS0;-
RNase A. Although several studies®!'%1!! indicate that
the rate of folding of the S-peptide a-helix of RNase
A is limited by the folding of other parts of the protein,
these kinetic data do not exclude very rapid formation
of a small equilibrium population of local helix on the
submillisecond time scale, which is indicated by the
NMR data.107:109

IV. Summary

The principles outlined in section II (thermodynamic
vs kinetic control, dominance of short-range interac-
tions, multistate folding pathways) provide the basis for
the concept of chain-folding initiation structures. Ex-
perimental studies of fragments and of disulfide-re-
duced derivatives of RNase A support the view that
short-range interactions are sufficient to define local
structures in several independent segments of the po-
lypeptide chain. These include fragments correspond-
ing to proposed chain-folding initiation sites A, D, and
F. Conformational free energy calculations indicate
that local interactions within site E favor the formation
of a 3-bend with a cis Tyr®2-Pro peptide bond. The
local structure present in fragments of site A, which
appears to be an a-helix, is also observed in kinetic
folding intermediates. The available data indicate that
RNase A utilizes a multiple initiation site mecha-
nism*® for folding, involving the formation of several
local structures along the polypeptide chain in early-
forming intermediates. This conclusion is consistent
with a hierarchical folding process in which successively
longer range interactions come into play as the protein
folds.

Note Added in Proof. A recent NMR study!!'?
provides additional evidence for local structure in sites
D, E, and F in an early-forming kinetic intermediate
during the folding of RNase A.

We thank M. Alder, K. H. Altmann, J. M. Beals, M. E. Denton,
M. A. Eastman, G. Némethy, F. Ni, D. M. Rothwarf, S. Talluri,
T. W. Thannhauser, and M. P. Weiner for helpful discussions.

Registry No. RNase, 9001-99-4.

(110) Labhardt, A. M. Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 7674.

(111) Lin, S. H.,; Konishi, Y.; Nall, B. T.; Scheraga, H. A. Biochemistry
1985, 24, 2680.

(112) Udgaonkar, J. B.; Baldwin, R. L. Nature (London) 1988, 335,
694.



