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ABSTRACT The CEH proton resonance of His-12 of re-
duced cysteine S-sulfonated bovine pancreatic ribonuclease A
exhibits a nonlinear temperature dependence of the chemical
shift in its 1H-NMR spectrum at an apparent pH of 3.0. At
temperatures below ca. 35TC, the temperature dependence of
the chemical shift of the His-12 CEH resonance is opposite in
sign to those of His-48, His-105, and His-119. At temperatures
above ca. 35TC, the temperature dependence of the chemical
shift of the His-12 CEH resonance is similar to those of the
other three His C6H resonances. These data indicate the exis-
tence of an equilibrium between locally ordered and locally
disordered environments of His-12 in the sulfonated protein at
temperatures below ca. 35TC. The ordered and disordered
conformations interconvert at a rate that is fast relative to the
1H-NMR chemical shift time scale i.e., the locally ordered
structure has a lifetime of <<7 msec. These results demon-
strate that short- and medium-range interactions can define
short-lived local structures under conditions of temperature
and solution composition at which the native protein structure
is stable. Furthermore, they demonstrate the utility of reduced
derivatives of disulfide-containing proteins as model systems
for the identification of local structures that may play a role as
early-forming chain-folding initiation structures.

Locally ordered structures, believed to be determined pri-
marily by short- and medium-range sequence-specific inter-
actions, are thought to play an important role in the initial
stages of protein folding (1-8; unpublished data). Under fold-
ing conditions (i.e., under conditions of temperature and so-
lution composition at which the native protein structure is.
thermodynamically stable), the formation of these local
structures is thought (1-8; unpublished data) to represent the
first step(s) in the folding mechanism. These chain-folding
initiation structures are presumed to limit the conformational
space accessible to the protein in the initial stages of folding,
thereby directing subsequent folding events. With or without
internal rearrangements, these locally ordered structures
either grow in size or otherwise merge with other indepen-
dently initiated structures to form either the native protein
structure or metastable intermediates which then fold to the
native protein structure. It should be emphasized that chain-
folding initiation structures, which may direct subsequent
folding processes in the parts of the molecule in which they
form, need not be involved in structures that participate in
the rate-limiting step in folding to the native structure (9-11)
since chain-folding initiation may take place at more than
one site along the polypeptide chain (7, 8; unpublished data)
and the structure(s) involved in the rate-limiting step may
not include all of these early-forming local structures.
The problem of determining the conformations of protein
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structures that form early in the folding process is complicat-
ed by the high cooperativity of the folding mechanism, which
makes it difficult to isolate folding intermediates under fold-
ing conditions. Several approaches involving isotopic label-
ing of early-forming structures in kinetic folding experiments
have been described (12-14), and complementary informa-
tion may be obtainable from equilibrium studies.
For bovine pancreatic ribonuclease A (RNase A), several

studies demonstrate the presence of partially folded equilib-
rium structures at temperatures and pH values correspond-
ing to the thermal transition region (15-18). Spectroscopic
studies also indicate the presence of local structure along the
polypeptide chain in thermally (19-22), pH- (23), LiCl04-
(10, 11), and guanidine- (24) denatured RNase A. Structures
important in the folding mechanism under folding condi-
tions, however, may be unstable under these denaturing con-
ditions in which the native protein is destabilized. Further-
more, such denaturing conditions may favor the formation of
local structures that actually do not take part in the folding
mechanism. An alternative approach to determining the con-
formations defined by local interactions under folding condi-
tions is to characterize those conformations adopted by pro-
teolytic or synthetic fragments of the protein (unpublished
data; refs. 25-31). Such studies of conformations adopted by
protein fragments, although potentially of great value in
identifying the short- and medium-range interactions that
play a role in the initial stages of folding, are limited because
they usually have relied on predictive schemes to identify
amino acid sequences corresponding to chain-folding initia-
tion sites. In addition, ordered intermediate-sized peptides
may not exhibit proton Overhauser effects if their proton di-
pole correlation times X are of the order of 1/c), where w is
the proton resonance frequency (32).

In view of the shortcomings of these strategies for identi-
fying chain-folding initiation structures, we are attempting to
make use of systems (applicable to the entire polypeptide
chain) in which long-range interactions are suppressed while
short- and medium-range interactions are relatively unper-
turbed. For disulfide-containing proteins, one such model
system is the reduced protein under folding conditions. Al-
though disulfide bonds do not represent the only long-range
interactions in a protein, they generally make a major contri-
bution to the stability of the native protein conformation.
Several CD (33-35) and Raman (35, 36) spectroscopic stud-
ies indicate that significant amounts of local structure are
present in reduced RNase A and in reduced cysteine S-
blocked derivatives. Immunological studies (37) of reduced
and reduced S-carboxymethylated RNase A indicated that
residues 1-13, 31-79, and 80-124 have small amounts of na-
tive structure at 40C. In this report, we describe 1H-NMR
measurements demonstrating the presence of local structure
involving His-12 in reduced, S-sulfonated RNase A under
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conditions of temperature and solution composition at which
the disulfide-intact protein is folded.

EXPERIMENTAL
Bovine pancreatic ribonuclease A (type 11AS, Sigma) was
purified by carboxymethylcellulose CM52 (Whatman) ion-
exchange chromatography (38), desalted on Amberlite MB-1
anion/cation exchange resin, and lyophilized from 0.1 M
acetic acid at a concentration of <10 mg/ml. Sulfonated ri-
bonuclease A (8SS03-RNase) was prepared from purified
RNase A by a procedure described in detail elsewhere (un-
published data). Typically, 100 mg of RNase A was dis-
solved into 5 ml of a well-stirred solution of 0.1 M
Na2SO3/0.2 M Tris HCl/6 M guanidine hydrochloride/3 mM
ethylenediaminetetraacetic acid, whose apparent pH was
8.0. The disulfide cleavage reaction was allowed to proceed
for 10 min, and then 2 ml of a solution of 50 mM 2-nitro-5-
thiosulfobenzoic acid/1.0 M Na2SO3, pH 7.5, was added.
The solution was stirred for 20-30 min and then diluted to a
total volume of 14 ml with 0.1 M acetic acid. The pH was
adjusted to 3.0 with glacial acetic acid, and the protein was
desalted on a 2.5 x 35 cm Bio-Gel P-6DG (Bio-Rad) column
using 0.1 M acetic acid as the eluant. The protein fraction
was collected and lyophilized from a solution that had a con-
centration of <1 mg/ml. This procedure has been shown to
sulfonate the four cystine disulfides selectively and com-
pletely (unpublished data). 8SS03-RNase prepared by this
procedure had the following amino acid composition [it
should be noted that cystine is regenerated from S-sulfocys-
teine during acid hydrolysis (39)]: Asx14.7(l1)Thr10.2(1O)-
S e r 14.2(15) G 1 X 12.3(12) P r 0 4.1(4) G 1 y 3.1(3) A 1 a 11.7(12) C y S 7.8(8) -
Val9.0(9)M e t4.0(4)1 le 2.8(3)Leu2.l(2)Tyr6.0(6)Phe3.1(3)H iS4.O(4)-
Lys10.5(10)Arg4.3(4). Also, this derivative contained <0.01 mol
(total) of free SH and disulfide per mol of protein, as ana-
lyzed by methods described elsewhere (40), and was >98%
homogeneous when analyzed by Mono-Q (Pharmacia) high-
performance anion-exchange chromatography using a linear
sodium acetate gradient (0-0.7 M sodium acetate in 20 min at
a flow rate of 1 ml/min) in 10 mM Tris acetate buffer at pH
8.0.
RNase A was selectively deuterated to different degrees at

the four C'H positions (often referred to as C-2) by the meth-
od of Markley (41) as modified by Bierzynski and Baldwin
(24). 2-(N-Morpholino)ethanesulfonic acid was used in place
of cacodylate buffer (11). The protein was then desalted by
using Amberlite MB-1 mixed-bed ion-exchange resin and ly-
ophilized from 0.1 M acetic acid. Part of this selectively deu-
terated protein was then sulfonated according to the proce-
dure described above, taking care to avoid excessive expo-
sure (i.e., >30 min) to alkaline conditions (pH 8), at which
slow His 1H/2H exchange takes place (41).
'H-NMR spectra were recorded at 300 MHz on a Bruker

WM-300 spectrometer equipped with a temperature-regulat-
ed probe. The temperature calibration of the NMR probe
was checked routinely with a thermocouple immersed in
2H20 and was reproducible to within ±1°C. 8SS03-RNase
samples were prepared in 2H20 containing 0.1 M d4-deuter-
oacetic acid (Aldrich), titrated to pH* 3.00 ± 0.05 with deu-
terium-substituted NaOH (pH* is the apparent pH in deuter-
ated solutions). Partially CEH-deuterated native RNase A
samples in 2H20 were adjusted to pH* 3.00 ± 0.05 with min-
ute quantities of deuterium chloride. In studies of the tem-
perature dependence of the spectra, 15-20 min were allowed
at each temperature for thermal equilibration. In order to ob-
tain high-resolution spectra, the magnetic field homogeneity
was adjusted at 5-10°C intervals, and spectra were typically
resolution-enhanced using a Gaussian lineshape transforma-
tion (42). In quantitative measurements, the total spin recov-
ery time between ca. 600 excitation pulses, 5.7 sec, was suf-
ficiently long to ensure complete relaxation of the protein

proton spin system, and data manipulation involved simple
exponential smoothing corresponding to 0.1 Hz line broad-
ening. Spectra were referenced externally to a solution (1
mg/ml) of sodium 2,2-dimethyl-2-silapentane-5-sulfonate in
2H20 contained in a capillary insert.

RESULTS
At 3°C and pH* 3.0, 8SS03-RNase exhibits three 1H-NMR
resonances in the His C'H region (Fig. 1) with relative inten-
sities of approximately 2:1:1. These three resonances, la-
beled in Figs. 1 and 2 as resonance A (8.62 ppm), resonance
B (8.60 ppm), and resonance C (8.54 ppm), are assigned to
the four His CEH protons of 8SS03-RNase on the basis of
their characteristic chemical shift and sensitivity to slow
deuterium exchange. The cited values of the chemical shifts
pertain to 3°C. To assign the resonances to specific residues
in the amino acid sequence, we compared the areas of the
His C'H resonance in partially CeH-deuterated native
RNase A with those of the same deuterated protein after rap-
id sulfonation. At pH* 3.0 and 25°C, the C'H resonances of
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FIG. 1. Temperature dependence of the His C'H resonances of
8SS03-RNase at a protein concentration of 10 mg/ml in 0.1 M deu-
teroacetic acid at pH* 3.00. The temperatures of the measurements
(in degrees Celsius) are indicated. The reference is external sodium
2,2-dimethyl-2-silapentane-5-sulfonate. Resonance A is assigned to
the overlapping resonances of the CFH protons of His-48 and His-
119, resonance B to His-105 CeH, and resonance C to His-12 CtH.
These spectra have been resolution enhanced by transformation to a
Gaussian free induction decay prior to Fourier transformation (42).
At temperatures below ca. 35°C, resonances A and B move to higher
field, while resonance C moves to lower field, with increasing tem-
perature. At temperatures above ca. 35°C, the chemical shift of res-
onance C coincides with that of resonance A, and all resonances
move to higher field with increasing temperature. Similar results
were obtained for samples at a protein concentration of 2 mg/ml.
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partially deuterated native RNase A exhibited four well-re-
solved resonances (not shown here) assigned (41) to His-12,
His-48, His-105, and His-119 with areas corresponding to
20% ± 1%, 60% ± 2%, 6% ± 1%, and 14% ± 1%, respective-
ly, of the total area of the CEH resonances. In the partially
deuterated and sulfonated protein at pH* 3.0 and 3YC, reso-
nances A and B together accounted for 79% ± 1% of the
total area of the C8H resonances, while resonance C repre-
sented the remaining 21% ± 1%. From these measurements,
resonance C is assigned specifically to His-12 C'H because
His 1H/2H exchange is minimal during the short time of ex-
posure to the alkaline conditions (pH 8) of sulfonation (41)
and both the native and sulfonated proteins were therefore
deuterated to the same extent. Because resonances A and B
overlap considerably in the absence of resolution enhance-
ment (spectrum not shown), accurate integration of these
two resonances individually was not possible. However, in
the resolution-enhanced spectra, the area of resonance B of
deuterated 8SS03-RNase A was so much smaller than that of
resonance A that resonance B could be assigned unambig-
uously to His-105 CeH i.e., in resolution-enhanced spec-
tra, resonances A and B represent 71% and 5%, respective-
ly, of the total area of the CEH resonances, while the His-105
CEH resonance of partially deuterated native ribonuclease
represents ca. 6% (cited above) of the total area of the C'H
resonances. Hence, resonance B is assigned to His-105 CEH
and resonance A to the overlapping C'H resonances of His-
48 and His-119.

In principle, nonequivalence of His C'H resonance fre-
quencies at a given temperature may be due either to the
presence of some amount of locally ordered structure in
equilibrium with the ensemble of disordered conformations
or to conformation-independent amino acid sequence effects
on chemical shift. To distinguish between these, we exam-
ined the temperature dependence of the His CEH chemical
shifts between 3YC and 770C (Figs. 1 and 2). As can be seen
in Fig. 2, the chemical shifts of both resonances A (i.e.,
CVHs of His-48 and His-119) and B (i.e., His-105 CEH) vary
linearly with temperature, but the chemical shift of reso-
nance C (i.e., His-12 CEH) exhibits distinctly nonlinear be-
havior. Below ca. 350C, the chemical shift of His-12 CEH
increased with increasing temperature, while above this tem-
perature it decreased with increasing temperature (Fig. 2).
This nonlinear temperature dependence of the chemical shift
is attributable to the presence of one or more local structures
involving His-12 in 8SS03-RNase, which are in temperature-
dependent equilibrium with the ensemble of disordered con-

formations. At temperatures below ca. 350C, the observed
chemical shift of the His-12 CEH resonance is a population-
weighted average of the chemical shifts of ordered and disor-
dered conformations that interconvert at a rate that is rapid
relative to the 1H-NMR chemical shift time scale (see Dis-
cussion). This conformational equilibrium between struc-
tures involving His-12 (at pH* 3.0) is thermally reversible
(see legend of Fig. 2), independent of concentration, and in-
dependent of the age of the sample stored frozen over a peri-
od of 1 month. Above ca. 35C, the chemical shift of His-12
C6H, like those of His-48, His-105, and His-119, decreases
linearly with increasing temperature. This high-temperature
behavior apparently represents the temperature dependence
of the His-12 chemical shift (relative to external sodium, 2,2-
dimethyl-2-silapentane-5-sulfonate) for the locally disor-
dered ensemble of conformations, the slope of which is in-
distinguishable from that of the other three His CEH reso-

nances above ca. 35°C. It should be noted that the linear
dependence of the chemical shifts of the His-48, His-105,
and His-119 C6H resonances on temperature over the entire
temperature range does not exclude the possibility that these
residues may also be involved in locally ordered structures
because, unlike those of His-12, their side-chain chemical

0 20 0 0 60 8
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Te mpera t ure M°)
FIG. 2. Temperature dependence of His CIH resonances of

8SS03-RNase. The solvent conditions and resonance assignments
are described in the legend of Fig. 1. The solid circles are data ob-
tained by heating His C'H-protonated 8SS03-RNase from 3°C to
77°C. The open circles are data obtained by first heating (to 47°C)
and then cooling a sample of 8SS03-RNase A in which the His-105
C'H position had been almost completely deuterated. This enabled
assignments to be made in the crossover region at ca. 25°C. At each
temperature in the partially His C'H deuterated data set, resonance
A was assigned a chemical shift value obtained from a linear least-
squares fit of the data for resonance A of the fully C'H protonated
protein-i.e., resonance A was used as the internal reference for the
open-circle data set. The meaning of AP is discussed in the text.

shifts may possibly be indistinguishable for ordered and dis-
ordered backbone conformations.

DISCUSSION
These 'H-NMR results on 8SS03-RNase indicate that, at
temperatures less than ca. 35°C, the chemical shift of the
C'H proton of His-12 is a population-weighted average re-
sulting from a temperature-dependent equilibrium between
the ensemble of disordered conformations and one or more
locally ordered structures. At temperatures above ca. 35°C,
the chemical shift of the C'H proton of His-12 is identical to
those of His-48 and His-119. The temperature dependence of
these three resonance frequencies (relative to external sodi-
um 2,2-dimethyl-2-silapentane-5-sulfonate) above ca.35/C
therefore appears to correspond to the temperature depen-
dence of the chemical shift for His C'H protons in the en-
semble of locally disordered conformations at pH* 3.0.
We considered the possibility that the upfield shift of the

His-12 C'H resonance at temperatures less than ca. 35°C
might be due to conformation-independent intrinsic titration
shifts (43) arising from a small change in the degree of pro-
tonation of either Asp-14 or Glu-9 over the temperature
range of the measurements. In the absence of local struc-
ture, both aspartic and glutamic acid side chains should be
predominantly protonated at pH* 3.0, and the temperature-
dependent change in the degree of protonat-ion should be
small since &H for ionization of carboxyl groups is generally
close to zero. Since intrinsic titration shifts for next-nearest
or more distant neighbors are also small (43), it follows that
such effects should be negligible at pH* 3.0. Indeed, His-48,
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which is adjacent to Glu-49, exhibits a linear dependence of
the CEH chemical shift on temperature (resonance A of Fig.
2), clearly demonstrating the insignificance of conformation-
independent titration shift effects in these measurements.
Over the temperature range of these measurements (30C to

770C), the His-105 C'H resonance was 17.4 ± 0.8 parts per
billion (ppb) upfield from the His-48 and His-119 CVH reso-
nances, although these three resonances all exhibit approxi-
mately the same temperature independent slope of chemical
shift vs. temperature-i.e., -0.44 ± 0.02 ppb/degree. This
upfield shift may be attributed either to conformation-inde-
pendent amino acid sequence effects on chemical shift or to
the presence of local structure involving His-105, which is
not destabilized over the temperature range studied here.
As the equilibrium between locally ordered and locally

disordered environments of His-12 shifted with temperature,
the chemical shift of the His-12 C'H proton varied continu-
ously while the relative areas of the three resolved reso-
nances (i.e., A, B, and C) remained constant. This result,
seen clearly in Fig. 1, demonstrates that the locally ordered
and locally disordered conformations involving His-12 inter-
convert at a rate that is fast relative to the proton chemical
shift time scale. By extrapolating the linear temperature de-
pendence of the His-12 chemical shift observed above 350C
(corresponding to the temperature dependence of the chemi-
cal shift for the locally disordered conformations) to tem-
peratures below 350C, the frequency difference (APv) between
the chemical shift expected for His-12 CEH in the absence of
local structure (i.e., the extrapolated value) and that ob-
served experimentally can be determined. The maximum ob-
served value of Av (see Fig. 2) was ca. 23 Hz at 3YC. Presum-
ably, for the fully locally ordered structure (i.e., at tempera-
tures < 30C) the value of Av is even greater. Taking 23 Hz as
a minimum value of Av for the fully locally ordered struc-
ture, the upper limit for the lifetime of this local structure
estimatedt from the Heisenberg uncertainty principle is 7
msec (at 30C)-i.e., the lifetime of the structure must be
much shorter than 7 msec. Hence, this short-lived structure
is both thermodynamically and kinetically accessible under
folding conditions and would form very rapidly in a solvent
jump from unfolding to folding conditions at pH* 3.0.

In view of the body of evidence demonstrating that both
the S-peptide (11, 24, 26, 30, 31) (i.e., residues 1-20) and C-
peptide lactone (25, 28) (i.e., the cyanogen bromide cleavage
product corresponding to residues 1-13) fragments of RNase
A adopt some amount of a-helical backbone structure in wa-
ter at temperatures less than ca. 40'C, our finding that, un-
der folding conditions, His-12 of reduced and sulfonated
RNase A participates in one or more short-lived local struc-
tures (i.e., with a lifetime << 7 msec) suggests that the a-
helical backbone conformation is also adopted by these resi-
dues (i.e., residues 3-13) in 8SS03-RNase. The upper bound
on the lifetime of this structure is consistent with that ob-
served for a-helices of homopolymers (44, 45), which have
lifetimes on the order of 10-6 sec. The assignment of the
structure to an a-helix is also supported by immunochemical
studies (37) in which it was found that antibodies directed
primarily against the native a-helical conformation of
residues 3-13 can be used to detect small amounts§ of na-
tive-like structure at pH 8.3 and 4°C in reduced (KConfl 7 x
10-2) and in S-carboxymethylated (Kconf 1 X 10-3) ribonu-

t«<<1/(2irAv) for fast exchange (see ref. 32, pp. 116-120), where T
is the lifetime of the individual states.
§An antigenic binding site does not necessarily correspond to a sim-
ple sequence of amino acids in the native protein, but rather to a
distribution of atoms on the surface of the protein, part of which
includes those residues identified as the antigenic site by competi-
tion studies with peptide fragments. For this reason, one cannot be
certain that a given locally ordered amino acid sequence, either in a
peptide fragment or in a reduced RNase A derivative, contains all

clease. Circular dichroic spectroscopic studies also indicate
the presence of ca. 14% a-helical structure (at pH 6, 250C) in
reduced, carboxyamidomethylated ribonuclease (34), al-
though that study (34) does not provide information on the
location in the amino acid sequence of this local helical
structure.
The present 'H-NMR study indicates that the local struc-

ture involving His-12 of 8SS03-RNase has a His C'H chemi-
cal shift upfield from that expected for a disordered ensem-
ble of structures. Examination of the crystal structure (46,
47) of RNase A reveals that, in the native a-helical confor-
mation of residues 3-13, the aromatic ring of Phe-8 is situat-
ed directly over the His-12 imidazole ring. In the absence of
other major contributions to the chemical shift (e.g., solvent
exclusion effects and inter-fragment interactions like those
in the folded protein), the resulting ring-current shift of Phe-8
on His-12 is anticipated to cause an upfield shift of the side-
chain resonances of His-12, like that observed for the His-12
C'H resonance of the locally ordered structure of 8SS03-
RNase.

Local structures, thought to be a-helices involving His-12,
have also been identified in LiCl04 (10, 11)- (pH* 3.0, 250C,
3.5 M LiC104) and guanidine hydrochloride (24)- (pH* 1.9,
9.20C, 1.5-3 M guanidine) denatured, disulfide-intact RNase
A. The precise role, if any, of helices involving His-12 in the
folding mechanism is not yet clear. The lifetime, r, of the
locally ordered structure reported in this study is much less
than 7 msec, much shorter than the fastest phase of the fold-
ing of the disulfide-intact protein [r 20-400 msec (48-50)].
Therefore, the degree of local structure involving His-12 in
early-forming folding intermediates will be determined by a
rapidly established equilibrium, due to short- and medium-
range interactions, prior to subsequent folding events. Ki-
netic experiments (11) show that the rate of folding under
conditions at which the helix involving His-12 is stabilized is
similar to the rate of folding under conditions at which it is
destabilized (when these rates are extrapolated to identical
final folding conditions). These results indicate that the
NH2-terminal helix does not take part in the rate-limiting
step. It is pertinent to note that S-protein, which lacks the 20
NH2-terminal residues, can fold to a native-like conforma-
tion (51, 52) in the absence of S-peptide. In combination with
the NMR results presented here, this suggests that early-
forming local structures may arise independently in these
two parts of the molecule and implies the existence of one or
more other chain-folding initiation sites (7, 8; unpublished
data) in the S-protein portion of the molecule.
Although a systematic evaluation of the effects of various

cysteine S-blocking groups on the stability of local struc-
tures containing cysteine is not yet available, the results of
this study demonstrate the utility of reduced derivatives of
disulfide-containing proteins as model systems that allow the
identification of conformations defined by short- and medi-
um-range interactions under folding conditions. The results
presented here provide spectroscopic evidence that reduced,
sulfonated RNase A has local structure involving His-12 at
pH* 3.0 at temperatures less than ca. 35°C in aqueous solu-
tion. It is not yet known if the presence of disulfide bonds
affects the stability of local structures involving His-12,
which may form early in the folding of the disulfide-intact
protein. The local structure that we report in the present
work may, however, be important in the oxidative regenera-
tion of RNase A from the reduced protein. Although immu-
nochemical studies (51) indicate that antibody recognition

of the information required to form a complete antigenic determi-
nant. The degree of order (expressed in terms of KcOnf) determined
by these immunochemical techniques therefore represents an ap-
proximate lower bound for the actual amount of local native struc-
ture.
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sites of the S-protein (residues 21-124) can be fully regener-
ated from the reduced S-protein in the absence of S-peptide
(residues 1-20), the full native enzymatic activity is not re-
gained when S-peptide is added to regenerated S-protein (53,
54), suggesting (51) a role for residues 1-20 in determining
the regenerated conformation(s) of residues 21-124.
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