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Identification of a New Site of Conformational Heterogeneity
in Unfolded Ribonuclease A

Marc Adler’”? and Harold A. Scheraga'”

1. INTRODUCTION*

Reversibly denatured bovine pancreatic ribonuclease
A (RNase A) refolds in three phases, Uy, U}, and
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The results presented here indicate that there are two slowly exchanging conformational
isomers in unfolded bovine pancreatic ribonuclease A (RNase A) in the vicinity of Lys-41.
The conformational heterogeneity is not observed in the fully folded protein. Therefore, one
of the isomers may correspond to one of the slow-folding forms of the protein observed when
refolding is initiated. These results were obtained from a chemically modified form of the
protein, CL(7-41) RNase A, that has a dinitrophenyl cross-link between the ¢-amino groups
of Lys-7 and Lys-41. Extensive physical studies have shown that the cross-link does not
significantly perturb the structure or the folding pathways of the protein. Therefore, the results
obtained from this modified form of the protein are relevant to intact RNase A. The
one-dimensional (1D) NMR spectrum of heat-unfolded CL(7-41) RNase A reveals that the
singlet resonance for the C;H ring proton of the dinitrophenyl cross-link has been split into
two unequal peaks in a 3:1 ratio, indicating that there are two distinct environments for the
dinitrophenyl group. Variations in temperature, and the addition of urea, do not affect the
relative peak intensities. The two peaks collapse into one after the protein is refolded. The
observed splitting must originate from a slow reversible isomerization (>100 msec) in a
neighboring bond. The two most likely candidates are either the cis/ frans isomerization of
the Lys-41-Pro-42 peptide bond or hindered rotation about the disulfide bond between Cys-40
and Cys-95.

KEY WORDS: Protein refolding; RNase A; multiple isomers.

U}'. The fast phase, Uy, refolds on the millisecond
time scale. The refolding of the two other phases, Ut
and U, is retarded by two to three orders of magni-
tude (Tsong et al., 1972; Garel and Baldwin, 1973;
Garel et al,, 1976; Hagerman et al., 1979; Cook et al,,
1979; Schmid and Blaschek, 1981; Lin and Brandts,
19834). It is believed that the slow phases arise from
nonnative conformational isomers of key covalent
bonds. The cis/trans isomerizations of the four pro-
line peptide bonds (Schmid and Baldwin, 1978; Lin

4 Abbreviations: RNase A, bovine pancreatic ribonuclease A;
CL(7-41) RNase A, RNase A modified by a dinitrophenyl cross-
link between the e-amino groups of Lys-7 and Lys-41; 8SO;y
CL(7-41) RNase A, CL(7-41) RNase A in which the four internal
disulfide bonds have been reduced and then blocked by SO3;
CL and CL¥*, the resonance of the C;H ring proton of the
dinitropheny! cross-link in CL(7-41) RNase A in the folded and
unfolded protein, respectively; U, U' and U!!, the single fast
and two slow phases found when RNase A refolds; NMR, nuclear
magnetic resonance; ppm, parts per million; DSS, 2, 2-dimethyl
2-silapentane sulfonate.

and Brandts, 19835, 1984, 19874, b; Schmid, 1986;
Schmid er al, 1986; Adler and Scheraga, 1990) have
been identified as possible causes for the slow-folding
species in RNase A. There are also four intra-
molecular disulfides in RNase A. It has been hypothe-
sized that the nonnative isomers of these disulfide
bonds might also give rise to slow-folding species
(Mui er al., 1985). The C?-S-S-C” bond is stable in
two conformations with the C#-S bonds projecting
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out at right angles to each other. Thus, both left-
and right-handed forms are stable. The barrier to
rotation about the sulfur-sulfur bond is estimated
to be as high as 15.5 kcal mol™', based on studies
with model compounds (Kessler and Rundel, 1968;
Fraser et al., 1971), and might be higher inside a
globular protein.

Unfortunately, little progress has been made in
identifying which isomers are responsible for the
slow-folding species. Progress has been slow because
it is difficult to measure the percentage of native and
nonnative isomers of specific bonds. Recently, some
progress has been made. Previous work from this
laboratory (Adler and Scheraga, 1990) has shown that
the percentage of frans isomers of Pro-93 and Pro-114
can be determined from the 1D NMR spectra of
heat-unfolded RNase A. The results indicate that
useful data can be extracted from the 1D NMR
spectra of unfolded RNase A in spite of the problems
of overlapping resonances.

In this report, the 1D NMR studies have been
extended to a chemically modified form of the pro-
tein, CL(7-41) RNase A (Lin et al., 1984). CL(7-41)
RNase A has a dinitrophenyl cross-link between the
e-amino groups of Lys-7 and Lys-41. Extensive phy-
sical studies (Lin ef al, 1984), including X-ray crystal-
lography (Weber et al, 1985), have shown that the
cross-link does not perturb the structure of the pro-
tein. Furthermore, CL(7-41) RNase A refolds in three
phases, whose rates of refolding and relative propor-
tions mirror those of native ribonuclease A (Lin et
al., 1985).

There are a few important differences between
the native and modified forms of the protein. The
cross-fink is attached to active-site lysines. Therefore,
CL(7-41) RNase A is inactive. The cross-link also
increases the melting temperature of RNase A by
20°C, by reducing the conformational entropy of
the unfolded state (Lin et al, 1984). Finally, since
native RNase A does not contain any dinitrophenyl
groups, the C;H ring proton of the cross-link is
resolved from all other resonances in the 1D NMR
spectra of both the native and unfolded forms of
the protein.

In the unfolded protein, the C;H ring proton
has two distinct chemical shifts. This indicates
that the proton senses two conformational isomers
of a neighboring group, either the cis/trans
isomerization of Pro-42 or possibly the rotational
isomers of the Cys-40-Cys-95 disulfide bond. This
paper discusses these results in the light of recently
acquired data.
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2. MATERIALS AND METHODS

CL(7-41) RNase A was prepared and isolated
by the method of Lin et al. (1984), and was a generous
gift from S. H. Lin and D. M Rothwarf. 8SO; CL(7-
41) RNase A was prepared as described by Lin ef al.
(1984), and was also a generous gift from D. M.
Rothwarf. Deuterated urea was purchased from Bio-
Rad (Richmond, California), and was used without
any further purification. The exchangeable protons
of both CL(7-41) and 8503 CL(7-41) were replaced
by deuterium by heating the protein to 60°C in 99.6%
D,0O (Aldrich, Milwaukee, Wisconsin) and then
removing the solvent by lyophilization. The process
was repeated three times. The pH was adjusted to 2.3
for CL(7-41) RNase A and to 7 for 85805 CL(7-41)
RNase A with DCl and NaOD. pH 7 was used for
8S0O; CL(7-41) RNase A because of its low solubility
at acidic pH. The spectra were referenced to an inter-
nal standard of DSS.

NMR spectra were measured on a Varian VXL-
400 spectrometer using a 20 usec 90° pulse and a total
cycle time of 4sec. 512 free-induction decays were
measured for each spectrum. The data presented in
Figs. 1-3 were smoothed with 1 Hz, 1 Hz, and 0.5 Hz
exponential line-broadening, respectively (Ferrige
and Lindon, 1978).

For integration purposes, baseline drift was cor-
rected using a first-order polynomial. The data quoted
in this paper were derived by setting the upper and
lower bounds for integration very close to the sharp
rise in intensity of the peak. This gave the most
reproduciblie results (25% and 75% intensity for the
minor and major peaks, 1o =2%). If the limits of
integration were broadened, the ratio of the two peaks
changed to 23% and 77%, and the fluctuation between
measurements doubled.

Saturation transfer experiments (Fox et al., 1986,
Evans et al, 1987, 1989) were carried out by pre-
irradiating the native resonance of the cross-link for
1 sec. The total cycle time between 90° pulses was
3 sec. A total of 1600 acquisitions was made at each
decoupler setting. Control spectra were obtained by
pre-irradiating the neighboring native C*H His peak
as well as irradiating an area with no resonances.

After the measurements were made, both CL(7-
41) RNase A and 8SO; CL(7-41) RNase A were
checked for chemical degradation by HPLC on a
Mono S high-performance cation exchange column
at pH 7 (Pharmacia, Upsala, Sweden). There were
no observable breakdown products for CL(7-41)
RNase A (<2%). By contrast, 25% of the 8SO; CL(7~
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Fig. 1. Proton NMR spectrum of CL(7-41) RNase at
53°C, pH 2.3, which is the midpoint of the thermal
transition. The four C*H histidine resonances of the
native protein are labeled H1 through H4. The peaks
labeled Hu represent the four C°H of the unfolded

585

Hu

CL H1

I

protein. CL and CL* correspond to the C;H proton of
the dinitropheny! cross-link in the folded and unfolded 9
protein, respectively.
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41) RNase A had been modified, presumably by
deamidation at Asn-67, which is also seen in 8§S0O;
RNase A under similar conditions (Thannhauser
and Scheraga, 1985). However, this chemical
heterogeneity did not affect the resonances examined
in this paper to any measurable extent.

1D NMR spectra of CL(7-41) RNase A did
reveal that 20% of the protein did not refold after
prolonged heating even though there was no apparent
breakdown as seen by HPLC. This has also been
observed for intact RNase A (Adler and Scheraga,
1990). However, the ratio of the major and minor
peaks of the C;H ring proton of the cross-link did
not correlate with the amount of nonfolding forms
of the protein.

3. RESULTS

The downfield region of the 1D proton NMR
spectrum of CL(7-41) RNase A at the midpoint of
the thermal transition appears in Fig. 1. The chemical
shift of the four C°*H histidine resonances, labeled
H1-H4, correspond closely to those seen in
unmodified RNase A under similar conditions
(Markley, 1975). If we assume that the cross-link did
not perturb the chemical shifts, then the resonances
can be assigned as follows: H1 is His-105, H2 is
His-119, H3 is His-12, and H4 is His-48. However,
the exact assignments of the histidines are not impor-
tant for this study, and no attempt was made to verify
them.

The NMR spectrum of CL(7-41) at the midpoint
of the thermal transition at pH 2.3 contains two reson-
ances, labeled as CL and CL* These resonances
would not be present in unmodified RNase A under
similar conditions. Saturation transfer experiments
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(results not shown) demonstrate that these resonances
belong to the same proton in the folded and unfolded
states, respectively. CL* has a similar chemical shift
as the CyH proton of the phenyl ring of N¢, N¥'-(2, 4-
dinitrophenylene-1, 5)-bis(N“-acetyl-L-lysine methy-
lamide), which is a model compound for the
dinitrophenyl cross-link {Lin et al., 1984). From this
evidence, we conclude that CL and CL* belong to
the C;H proton of the phenyl ring of the cross-link
in the folded and unfolded states, respectively.

The integrated intensities of the peaks of CL and
CL* were monitored as a function of temperature
throughout the transition region, and they appear to
follow the cooperative melting process at the same
rate as the four histidines (Fig. 1 and additional data
not shown).

In Fig. 2, the peak corresponding to the C,H
proton of the cross-link in the unfolded protein, CL*,

Fig. 2. The resonance of the C;H of the dinitrophenyl cross-link
in the unfolded protein, CL¥, under various conditions (all at
pH 2.3): (a) 36°C; (b) 63°C; (¢} 5 M urea, 36°C; (d) 5 M urea, 56°C.



586

is shown in greater detail. It actually consists of two
resonances, referred to as the major and minor peaks
that exist in a 75% to 25%+2% ratio. The relative
intensity of the two peaks was not affected by changes
in temperature from 51-63° (7T,, = 53°C, Fig. 2a and
b, and additional data not shown). Similar experi-
ments were carried out in the presence of 5 M urea,
pH 2.3. Once again, the relative intensities of the
minor and major peaks were not affected throughout
the transition region and beyond (from 22-56°C, T,,, =
25°C; Fig. 2c and d, and additional data not shown).

Furthermore, these two peaks remained distinct
at higher temperatures (Fig. 2b and d). This indicates
that the rate of interconversion of the two isomeric
states is slow (>100 msec) on the NMR time scale.
If the rate of exchange were faster, the two peaks
would have merged into one.

The resonance of the C;H proton in the native
form, CL, appears as a well-resolved singlet under
all the conditions used in this study (Fig. 1 and
additional data not shown). Therefore, one of the
isomeric states is unstable in the fully folded protein
and reverts back to the native form.

One possibility is that the splitting of CL* reflects
the formation of compact structure in a region of the
protein. However, changes in temperature as well as
the addition of 5 M urea should disrupt the formation
of any local ordered structure and, in turn, alter the
ratio of the two peaks. Such effects have been seen
for the folding of the N-terminal «-helix (residues
3-13) in partially folded forms of RNase A (Kim and
Baldwin, 1984; Swadesh et al., 1984; Rico et al., 1986;
Adler and Scheraga, 1988). The helix itself unfolds
at higher temperatures and its folding could not
account for the observed effects. It is much more
likely that the splitting of CL* reflects the isomeriz-
ation of a single covalent bond into native and
nonnative forms.

An examination of the amino acid sequence of
ribonuclease A reveals that there are no covalent
bonds flanking Lys-7 that might have two stable
isomers in the unfolded protein. However, Lys-41 is
flanked by Pro-42 and a disulfide bond between Cys-
40 and Cys-95. The X-Pro peptide bond can isomerize
between the cis and trans forms in the unfolded state
(Lin and Brandts, 1983b, 19874, b; Schmid, 1986;
Schmid et al, 1986; Adler and Scheraga, 1990).
Studies on model compounds indicate that the rota-
tion around disulfide bonds, such as the one between
Cys-40 and 95, is hindered and two conformations
are stable (Kessler and Rundel, 1968; Fraser et al.,
1971). Longer-range interactions with groups such as
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Fig. 3. The downfield region of 8803 CL(7-41) RNase A at pH7,
14°C. CL* corresponds to the C;H proton of the dinitrophenyl
cross-link of the unfolded protein. The peaks corresponding to the
four C*H protons of His, labeled Hu, are included for comparison.
Due to local conformation effects in the unfolded form (Swadesh
et al., 1984), the four C*H protons do not collapse into a single peak.

Pro-93 can probably be excluded since neither high
temperature nor 5 M urea perturbed the NMR spec-
trum of the two isomers (Fig. 2).

If the splitting seen in CL* arises from interac-
tions with the two rotational isomers of the disulfide,
then it should be eliminated when the four disulfide
bonds of RNase A are reduced and blocked with a
symmetrical ligand such as SOj. (The reduction of
the four disulfide bonds also causes the protein to
unfold.) Indeed, the NMR spectrum of 8SO; CL(7-
41) RNase A shows a single resolved resonance for
the C;H proton of the dinitrophenyl cross-link (Fig.
3). Unfortunately, this negative result is inconclusive.
The reduction of the disulfide bonds may have disrup-
ted the interactions between the cross-link and the
proline. Therefore, more experiments need to be per-
formed to determine which covalent bond is respon-
sible for the splitting of the CL* resonance.

4. DISCUSSION

The experiments presented here demonstrate
that there is a slowly exchanging isomer of a covalent
bond in unfolded CL(7-41) RNase A, and presum-
ably in unfolded RNase A, in the vicinity of either
Lys-7 or Lys-41. The ratio of the two isomers is 25%
to 75% =+ 2%. Possible sites for such an isomerization
include the peptide bond of Lys-41-Pro-42 and the
disulfide bond between Cys-40 and Cys-95.

Preliminary experiments were carried out with a
reduced form of the cross-linked protein, 8803 CL(7-
41) RNase A, in order to identify the site of conforma-
tional heterogeneity sensed by CL*. The experiments
indicated that the disulfide bond between Cys-40 and
Cys-95 was responsible for the observed isomers (see
Section 3). Unfortunately, the results were inconclus-
ive. A more definitive answer could be obtained by
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repeating the NMR measurements on a modified form
of the cross-linked protein, where glycine is sub-
stituted for Pro-41. If the two peaks of CL* collapsed
into one, then this would be strong indication that
the cis/ trans isomerism of Pro-42 generated the two
isomers. Genetic substitution of glycine for proline
has been used to investigate the conformational
isomers of staphylococcal nuclease (Evans et al,
1987) and calbindin Dy, (Chazin et al, 1989). Work
is in progress in our laboratory to try to produce the
modified RNase A in sufficient amounts for NMR
experiments.

The results presented here can be combined with
earlier measurements of the percentage of cis and
trans isomers of Pro-93 and Pro-114 in heat-
denatured RNase A. Earlier work by Adler and
Scheraga (1990) showed that only 15% of the
unfolded RNase A retained the native cis isomer of
both of these prolines. Assuming that there is no
interaction between the three sites, estimates can be
made of the remaining unfolded species that retain
the native isomer at all three sites. If the major peak
of CL* is the native isomer, then only 11% of the
denatured protein retains the native conformation
around all the relevant bonds. If the minor peak
represents the native isomers, then no more than 4%
of the unfolded protein retains all the native isomers.
However, 22% (instead of 11%) of RNase A refolds
as a single homogeneous phase on the millisecond
time scale (Tsong et al, 1972; Garel and Baldwin,
1973; Garel et al., 1976). These data indicate that the
fast phase is a heterogenous mixture that includes
nonnative isomers of covalent bonds, such as prolines
and/or disulfide bonds.

This paper, when combined with the previous
work (Adler and Scheraga, 1990), indicates that cer-
tain covalent bonds in the unfolded protein are free
to interconvert between native and nonnative isomers.
Therefore, only a small amount of the denatured
protein corresponds to the native isomer. When the
protein is returned to folding conditions, a large per-
centage of the protein refolds on the millisecond time
scale in spite of the incorrect isomer(s). Therefore,
some of these nonnative isomers do not inhibit refold-
ing. One possibility is that the rate-limiting step for
refolding occurs early in the pathway, and it involves
only a small number of residues. Alternatively, there
may be a degree of conformational flexibility in the
early stages of refolding that accommodates many
different isomers. Therefore, the structure of the fold-
ing intermediates would be much looser than the
native protein.
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For completeness, one more theory should be
discussed. It is possible that the U, species is a mixture
of many nonnative isomers, all of which refold on
roughly the same time scale (i.e., msec). The totally
native isomer of the unfolded protein may be present
in extremely low concentration and has escaped
detection in conventional stop-flow experiments. Uy
refolds to the native form on the msec time scale in
spite of several nonnative isomers or, alternatively,
the rate of isomerization may be accelerated by the
locally ordered structures during refolding. It is inter-
esting to note that the enthalpy of refolding of Uy to
native is 10 kcal mol ™' (Lin and Brants, 1983a), which
could reflect the rate of isomerization of a covalent
bond(s).
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