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ABSTRACT. The major rate-determining step in the oxidative regeneration of bovine pancreatic ribonuclease
A (RNase A) proceeds through des-[485] RNase A, a three-disulfide intermediate lacking the Cys40
Cys95 disulfide bond. An analog of this intermediate, [C40A, C95A] RNase A, has been characterized
in terms of regular backbone structure and thermodynamic stability at pH 4.6. Nearly complete backbone
1H, 15N, and 13C resonances, and moSC’ side-chain resonances have been assigned for the mutant
RNase A using triple-resonance NMR data and a computer program, AUTOASSIGN, for automated analysis
of resonance assignments. Comparisons of chemical shift @$aN—1H*) coupling constants, and

NOE data for the mutant and wild-type proteins reveal that the overall chain folds of the two proteins are
very similar, with localized structural perturbations in the regions spatially adjacent to the mutation sites
in [C40A, C95A] RNase A. More significanthH/?H amide exchange and thermodynamic data reveal

a global destabilization of the mutant protein characterized by a significant difference in the midpoint of
the thermal transition curveA{, of 21.8°C) and a significant increase in the slowest exchanging backbone
amideH/?H exchange rates (26 10-fold faster in the hydrophobic core of [C40A, C95 A] RNase A).
Comparisons of the entrop&S°(T) and enthalpyAH°(T) of unfolding between wild-type and [C40A,
C95A] RNase A reveal that some of the global destabilization of the mutant protein arises from entropic
and enthalpic changes in the folded state. Implications of these observations for understanding the role
of des-[40-95] in the folding pathway of RNase A are discussed.

Protein folding proceeds through a series of intermediates Rothwarf et al., 1995; Li et al., 1995). RNase A is a 124-
that define the pathway from the unfolded polypeptide to residue protein containing four native disulfide bonds
the native structure. The nature of the interactions respon-(Cys26-Cys84, Cys46Cys95, Cys58Cys110, and Cys65
sible for this process is determined solely by the amino acid Cys72) that folds through multiple pathways, with the rate-
sequence of the protein (Anfinsen, 1973). For many proteins, determining steps in the major and minor populated pathways
disulfide bond formation is an essential component of the involving the formation of the three-disulfide species des-
folding process and subsequent stabilization of the folded [40—95]* and des-[6572], respectively (Rothwarf et al.,
structure (Creighton, 1974, 1977a,b, 1988; Thornton, 1981; 1995). Recently, Li et al. (1995) observed the same two
Richardson, 1981; Konishi et al., 1981, 1982a Creighton three-disulfidefolding intermediate®f RNase A as inter-

& Goldenberg, 1984; Scheraga et al.,, 1987; Altmann & mediates in paralleleductionpathways, with each interme-
Scheraga, 1990; Weissman & Kim, 1991, 1992a,b, 1993, diate possessing a structurally distinct transition state. Using
1995; Rothwarf & Scheraga, 1991, 19934 Rothwarf et the kinetic applicability of reduction rate constants to
al., 1995; Doig & Williams, 1991; Goldenberg, 1992; Dadlez regeneration studies and vice versa, the authors suggest that
& Kim, 1996). One disulfide-containing protein in particular, the regeneration and reduction pathways are the same in
bovine pancreatic ribonuclease A (RNase!A)as been RNase A (Li et al., 1995).
studied extensively in terms of its folding and unfolding | Abbreviations. RiNese A bov o rbonuclease A: [CA0A
. . reviations: ase A, bovine pancreatic rioonuclease A; ,
pcathV\::ys g';a;gtg%ﬁv\?t al., ;‘%74’. ﬁthmefggé- il., '13'75{ C95A] RNase A, three-disulfide mutgnt of RNase A with replacement
reighton, a,b; Wearne reighton, ; KONIShi et cysteines 40 and 95 by alanine; [C40S, C95S] RNase A, three-

al., 1981, 1982ac; Rothwarf & Scheraga, 1991, 19934d; disulfide mutant of RNase A with replacement of cysteines 40 and 95
by serine; des-[40695] and des-[6572], three-disulfide species of
RNase A with native disulfide bonds Cys26ys84 and Cys58
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These kinetic studies have specified the crucial intermedi- RNase A (Matheson & Scheraga, 1978;m\&thy & Scher-
ates in the regeneration and reduction pathways of RNaseaga, 1979; Montelione et al., 1984; Oka et al., 1984;
A. However, identifying the specific interresidue interactions Montelione & Scheraga, 1989). Identification and subse-
responsible for the conformational folding events that quent characterization of CFIS'’s, which are believed to form
produce these intermediates, and ultimately the native proteinbefore the major conformational folding events take place
remains one of the most fundamental and largely unansweredn a protein, are important areas of active investigation in
questions in protein folding (Kim & Baldwin, 1990). Recent the field of protein folding (Nmethy & Scheraga, 1979;
advances in nuclear magnetic resonance (NMR) spectros-Wright et al., 1988; Montelione & Scheraga, 1989; Udga-

copy, primarily through the use of triple-resonance experi-
ments involving uniformiy*>N- and'3C-enriched proteins,
have provided new insights into the structure, stability, and
conformational dynamics of proteins (MWwich, 1989; Clore

& Gronenborn, 1991; Bax & Grzesiek, 1993; Kay, 1995;

onkar & Baldwin, 1990; Buckler et al., 1995; Dodge &
Scheraga, 1996; Xu et al., 1996; Freund et al., 1996). As a
result of the deletion of the native cystine Cys4Dys95
cross-link in RNase A, the region encompassing thé”X093
type VI -turn is likely to exhibit increased flexibility which

Zimmerman & Montelione, 1995; Palmer et al., 1996). would allow it to explore more conformational space than

NMR methods have been utilized to characterize the solution
structures of the major folding intermediates in BP(Naderi
etal., 1991; van Mierlo et al., 1991, 1993; Hurle et al., 1992;
Darby et al., 1992; Staley & Kim, 1992) and, more recently,
of both thiol-blocked and [C65S, C72%nalogs of the des-
[65—72] rate-determining intermediate of RNase A (Talluri
et al., 1994; Shimotakahara et al., 1997). These NMR studies
of the des-[65-72] analogs indicate that there are two
adjacent regions of small localized structural perturbations,
the first being the loop region where the Cys65 and Cys72
residues are located in the wild-type protein and the second
the hydrophobic core of the protein. One of the most
significant observations from these studies of des-[63),
however, is that the small loop formed by the Cys&&ys72
disulfide bond contributes significantly to stabilizing the
[-sheet of the hydrophobic core in the wild-type protein.
Destabilization of des-[6572], indicated by NMR evi-
dence, is corroborated by the significant difference in the
midpoints of the thermal transitionATm, ~17 °C) between
wild-type and [C65S, C72S] RNase A at pH 6.4 (Laity et
al., 1993) and similar differences in tAg’s of both thiol-
blocked and [C65S, C72S] RNase A analogs at pH 4.6
(Talluri et al., 1994; Shimotakahara et al., 1997). The
corresponding entropiedAB’(Ty)] and enthalpiesAH(Tm)]
of unfolding, which have been determined for both analogs,
provide further evidence for global stabilization of the native
chain fold upon formation of the Cys6%Cys72 cross-link
in wild-type RNase A (Talluri et al., 1994; Shimotakahara
et al.,, 1997). Similarly, large increases in all observable
amide H/°H exchangeé rates in [C65S, C72S] RNase A
relative to the wild-type protein at pH*4.6 also show the
global stabilizing effect of the Cys65Cys72 disulfide bond
in wild-type RNase A.

that which is available to the wild-type protein. Accordingly,
characterization of the isomeric state of the Xro93 peptide
bond in a mutant form of RNase A which lacks the Cys40
Cys95 disulfide bond will provide further insight into the
long-range effects responsible for stabilizing the cisP€093
conformation in this proposed CFIS region of wild-type
RNase A.

The primary focus in this study is to characterize an analog
of des-[40-95], themajor rate-determining oxidative folding
intermediate of RNase A, by identifying the location and
magnitude of conformational distortions that result from the
removal of the Cys40Cys95 disulfide bond. For this
purpose, we have produced a uniforniN,’3C-labeled
mutant analog of des-[4695] RNase A in which the native
Cys40 and Cys95 residues have been replaced by alanine
residues ([C40A, C95A] RNasep We have determined
nearly complete backboril, 1N, 13C, and most side-chain
13C# resonance assignments for this mutant analog of des-
[40—95] RNase A. These assignments, coupled with the
corresponding assignments for the wild-type protein (Shimo-
takahara et al., 1997), serve as the basis for detailed
investigations of the differences in structure, stability, and
conformational flexibility between the mutant and wild-type
proteins. Comparisons between chemical shiftiN—H)
scalar coupling constants, NOE, and amidléH exchange
data for wild-type (Shimotakahara et al., 1997) and [C40A,
C95A] RNase A provide detailed information about these
structural and dynamic differences. To expedite the reso-
nance assignment procedure, an expert system, AUTOAS-
SIGN (Zimmerman et al., 1994, 1997), was employed for
automated analysis of the triple-resonance NMR data.

Results of NMR and thermodynamic data obtained from

The peptide bonds preceding proline residues are unique[C40A, C95A] RNase A reveal significant localized struc-

in proteins in that they can exist in one of two isomeric states, tural alterations in the two regions where the Cys40 and
cis or trans, in the native structure, whereas other peptideCys95 residues are present in the wild-type protein. Despite
bonds exist almost exclusively in the trans conformation. these local perturbations in structure, chemical shift data are

Wild-type RNase A has four proline residues at positions
42, 93, 114, and 117. In the crystal structure of wild-type
RNase A, the Lys4tPro42 and Vall16Proll7 peptide
bonds are in the trans conformation, while the Tyr®2093
and Asnl113-Prol114 peptide bonds are in the cis conforma-
tion (Wlodawer, 1980). Houry et al. (1994) have shown that
the fastest disulfide-intact folding phase of RNase A« U
involves X—Pro isomers that are all in the same isomeric

presented which indicate that the Tyr9Rro93 peptide bond
of the major conformer of [C40A, C95A] RNase A is
predominantly in the cis peptide bond conformation. Fur-
thermore, these data demonstrate clearly that the Cys40
Cys95 cross-link in native RNase A affords a substantial
stabilization of the overall global chain fold of the protein.
This stabilizing influence of the Cys4@ys95 disulfide bond

is evenmore pronouncedhan that which is observed for

states as those present in the native protein structure.the Cys65-Cys72 disulfide bond. Moreover, structural and

Moreover, the region encompassing the Ty+#2093 pep-
tide bond, which forms a type \A-turn, is believed to form
one of the local chain folding initiation sites (CF)Sn

thermodynamic comparisons presented here of analogs of
the rate-determining folding intermediates des-{98] and
des-[65-72] corroborate the existence of conformationally
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distinct transition states for the two parallel regeneration/ cell culture, which was subsequently grown for&8h at 37
reduction pathways of wild-type RNase A. °C. The expressed protein, linked at the N-terminus of the
mutant RNase A to the leader peptide PelB, was subsequently
MATERIALS AND METHODS processedn vivo to produce homogeneous [C40A, C95A]
Construction of a DNA Expression Vector for Mutant RNase A. All of the mutant RNase A recovered from the
RNase A. Mutant RNase A for thermal transitions and E. coli cells was in the form of insoluble inclusion bodies.
activity measurements was expressed using the pSJII[C40A, Protein Isolation and Purification.All of the unenriched
C95A] and pSJII[C40S, C95S] DNA vectors (Laity et al., mutant RNase A used for thermal denaturation studies and
1993). Uniformly*>N- and'>N,**C-enriched [C40A, C95A]  activity measurements was recovered from Ehecoli and
RNase A and unlabeled [C40A, C95A] and [C40S, C95S] purified as described previously (Laity et al., 1998). coli
RNase A were produced using the DNA expression vectors cells containing isotopically enriched mutant or wild-type
pRM[C40A, C95A] and pRM[C40S, C95S]. Similarly, RNase A expressed from either the pRM[C40A, C95A] or
uniformly *N-enriched wild-type RNase A was produced the PXBR-2 DNA clones were harvested by centrifugation
using the DNA expression vector PXBR-2 (delCardagte  at 7000 rpm with a Beckman JA-10 rotor for 20 min. The
al., 1995). The construction of the mutant RNase A DNA cell pellet was then resuspended in 100 mL of lysis buffer
vectors was based on the corresponding wild-type vector[25 mM Tris-HCI/5 mM EDTA/0.5% (v/v) Triton X-100,
pXBR-2. The pRM[C40A, C95A] and pRM[C40S, C95S] pH 8.0] and immediately frozen at70 °C to lyse the cells
DNA constructs were made by subcloning the mutated completely. The solution was thawed to room temperature
RNase A gene from pSJII[C40A, C95A] and pSJII[C40S, and sonicated (Ultrasonics cell sonicator) to extricate inclu-
C95S], respectively (Laity et al., 1993), into a pET22b DNA sion bodies from the cell membranes. Sonication was carried
vector (Novagen). The original synthetic wild-type gene on for 3 min, usilg 1 s pulses wit a 2 sdelay between each
from which the mutant RNase A DNA vectors were pulse to avoid excessive sample heating. The cell lysate was
constructed was a gift from the Genex Corp. The mutant centrifuged fo 1 h at7000 rpm, and the resulting insoluble
RNase A genes were inserted into the multiple cloning site pellet was dissolved in 2630 mL, depending on the
of the pET22b DNA vector between tiédsd restriction site estimated yield of the expressed inclusion bodies, of 7 M
on the 5 end of the gene and theindlll restriction site on Gdn-HCI/25 mM Tris-HCI/5 mM EDTA/0.3 M Ng50;, pH
the 3 end of the gene. The necessadgd restriction sites 8.0. The solubilized inclusion body solution was then
at the beginning of the mutant RNase A genes in pSJII[C40A, centrifuged at 15 000 rpm for 15 min to remove any insoluble
C95A] and pSJIl[C40S, C95S] were created using poly- material. The supernatant was next sulfonated by the
merase chain reaction (PCR) methodology (Perkin-Elmer procedure of Thannhauser and Scheraga (1985). The revers-
Gene Amp PCR System 2400). All other DNA restriction ibly S-sulfonated mutant RNase A was then dialyzed with
sites used in the cloning process were already present orat least two buffer changes in a 40-fold volume of 50 mM
the respective DNA vectors. The sequences of all DNA formic acid/3 M urea, pH 4.0 at £4C. Most of the
expression vectors were confirmed by DNA sequencing at nonrecombinant cellular proteins dissolved during the di-
the Cornell Biotechnology Analytical Facility. All oligo- alysis, leaving the supernatant to contai®0% of the
nucleotides used for PCR were synthesized at the sameS-sulfonated mutant RNase A, as judged by 12% SDS
facility. PAGE. The dialysate was then centrifuged at 15 000 rpm
Protein Expression.The protein expression system de- for 15 min, and the supernatant was exchanged into refolding
scribed by Laity et al. (1993) was used to produce all buffer (0.1 M Tris-HCI/3 mM EDTA, pH 8.2) using a
unenriched mutant proteins usirigscherichia colistrain preequilibrated 45 cnx 2.5 cm column (Ace Glass) packed
HMS174(DE3)plys S as the bacterial host. Expression of with Sepharose G-25M resin (Pharmacia). The solution was
uniformly >N-enriched mutant and wild-type RNase A and diluted with refolding buffer to a protein concentration of
I5N,*C-enriched [C40A, C95A] RNase A is described here. 0.2—0.4 mg/mL, as judged by UV spectroscopy using the
The DNA plasmid containing the mutant (pRM[C40A, extinction coefficient of S-sulfonated wild-type RNase A at
C95A]) or wild-type (PXBR-2) RNase A gene was trans- 275 nm of 8500 M* cm™ (Thannhauser & Scheraga, 1985).
formed into competeri. coli BL21(DE3) cells and grown Oxidative regeneration of mutant RNase A was initiated
overnight at 37C on an agar plate (Difco Plate Count Agar) by the addition at £C of a 1:10 volume of 10 mM/20 mM
containing 20Q«g/mL ampicillin. A single colony of cells  (oxidized/reduced) glutathione (Boehringer Manneheim) in
containing the mutant RNase A DNA vector was grown in refolding buffer. The solution was incubated &t@ for 48
15-25 mL of liquid broth (LB) media containing 200g/ h, and then concentrated te-8 mL (5—10 mg of mutant
mL ampicillin at 37°C with constant agitation on a gyrotary RNase A/mL), depending on the estimated yield of regener-
shaker at 225 rpm. When the optical density at 610 nm ated protein, using an Amicon concentrator with a YM-3
(ODs19) of the cell culture reached 0-0.8, it was centri- membrane. Glacial acetic acid was added to the protein
fuged at 2500 rpm for 10 min, and the supernatant was solution to a final concentration of 100 mM, and the solution
decanted. The cell pellet was used to inoculatlL of MJ was centrifuged at 15 000 rpm to remove any precipitated
minimal media (Jansson et al., 1996) containingg0mL protein. The supernatant was filtered through auOrdisk
ampicillin. The 2.5 g/L {NH,),S0O, and, for 1°N,3C- membrane (Gelman) and purified by ion-exchange HPLC
enriched protein, the 2.0 g/L [&fC]glucose were the only  using a preparative Rainin Hydropore column (5 cm diam-
metabolic sources of nitrogen and carbon, respectively. Theeter) and a linear NaCl gradient of-05% in 40 min (8
culture was incubated under the same conditions as themL/min flow rate). The purified protein was concentrated
inoculate until the Olypreached 0.70.9. Then, toinduce  and exchanged into 100 mM acetic acid using a preequili-
protein expression, 1 mL of a 0.5 M solution of isopropyl brated 1 cmx 20 cm Sepharose G-25M column. HCI (1
pB-p-thiogalactopyranoside (IPTG) in,® was added to the M) was added to a final concentration o2 mM. The
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protein solution was then frozen and lyophilized. Addition and the'*N-enriched wild-type RNase A sample concentra-
of HCI to the mutant RNase A solution after desalting into tion was 3.0 mM.

acetic acid results in the preferential occurrence of &4 NMR SpectroscopyAll triple-resonance NMR spectra
the counterion in lyophilized RNase A which is both were recorded on a Varian Unity 500 NMR spectrometer
advantageous in, and confirmed B4 NMR experiments. system (at CABM, Rutgers) equipped with three full channels
The one-dimensiondH NMR spectrum of [C40A, C95A] and modified to provide a computer-controlled fourth
RNase A, with HCI added prior to lyophilization, shows no synthesizer. All homonuclear and heteronucleat @Dwell
acetate peak. In contrast, thé NMR spectrum of the same  as 30 *N-edited experiments were recorded on a Varian
protein lyophilizedwithout prior addition of HCI shows a  Unity 500 NMR spectrometer (at Cornell) equipped with
large acetate peak in the protein aliphatic region (J. H. Laity, three full channels. The 3EFC-edited NOESY spectrum

D. M. Rothwarf, and H. A. Scheraga, unpublished results). was recorded on a Varian Unity Plus 600 NMR spectrometer
The yield of purified mutant and wild-type RNase A in MJ system at Cornell. Phase-sensitive data were acquired either
minimal media was 48 mg/L. by using the StatesTPPI method (Marion et al., 1989) or

Nonrecombinant RNase A type-A (Sigma) used for by combining n- and p-spectra (Nagayama, 1986; Kay et
thermodynamic and enzymatic measurements was purifiedal-, 1992) selected with pulsed-field gradients (PF&'s).
further using a preequilibrated S-Sepharose ion-exchange Pulsed-field gradient triple-resonance experiments were
column as described by Rothwarf and Scheraga (1993a). carried out on uniformly*N,*3C-enriched [C40A, C95A]

Protein Characterization.Molecular weights of all mutant RNase A. A detailed description of these tnple-resonanc;e
RNase A protein samples were determined using matrix- NMR pulse sequences has been presented elsewherg (Shimo-
assisted laser desorption ionizatigtime of flight mass takahara et al., 1997). For all triple-resonance experiments,

. : the spectral width was 2500 Hz in the nitrogen dimension
spectrometry (MALDI-TOF M9). This analysis was espe- . . . ; .
cially important for confirming uniform isotopic enrichment (tz) and 6900 HZ in the direct proton dimensidg),(with
(~99%) of the mutant and wild-type RNase A NMR the proton carrier set to the water frequency to reduce the

. g litude of spurious water echoes.

samples. Correct N-terminal processing of the PehRitant amp .
RNase A fusion protein was confirmed by N-terminal protein 135 4 PFG'HNCO. dgta .[baigioon i\gl;zandlralm anq Kay
sequencing. All recombinant and nonrecombinant RNase_( )] were acquired using 940 x complex points
A samples were determined to b®9% free of deamidated in thety, ty, andt§ d|m_en5|ons with four_ scans per increment.
protein (Thannhauser & Scheraga, 1985) or other impurities Lhe stehctraI width in fthe dc?rboml)(dlmensz)n wgs42000
as judged by amino acid analysis, by analytical ion-exchange Z('j ‘1 irsence tr_?rr]ls er delays were turlle 1los 2.2 315
chromatography using a Rainin Hydropore analytical HPLC ﬁjnnetdb t;r —T;Ims e constant time evolution period was
column, and by capillary gel electrophoresis HCEAII . .
uniformly >N-enriched mutant and wild-type ariéN,**C- 3D PFG-HN(CA)CO data [based on Clubb et al. (1992)]
enriched [C40A, C95A] RNase A samples used in the NMR were acqwre_d using 48 4.5 x 1024 complex points in the
experiments were analyzed for chemical degradation by b, t2, andts dimensions with 24 scans per increment.  The
analytical HPLC and CEafter the NMR experiments were spectral width in the carbort;J dimension was 2000 Hz.
completed to determine if any degradation occurred during Coherence transfer delays were tungdatec 2.'3 ms ands
the course of NMR data collection. MALDI-TOF MS, = 3.0 ms. The constant time evolution period was tuned to

. : . . : : =10 ms.
N-terminal protein sequencing, amino acid analysis, and CE % .
were carried out at the Cornell Biotechnology Analytical 3D PFG'HNCA_ data _[based on Muhandiram anc_i Kay
Facility. (1994)] were acquired using 4040 x 1024 complex points

Th T " Th hod d . in thety, tp, andt; dimensions with eight scans per increment.
. ermal Transitions The method used to monitor revers- -y, spectral width in the carbomy) dimension was 6100
ible thermal denaturation was that of Laity et al. (1993). All

: ; : Hz. Coherence transfer delays were tunedie 2.4 ms
protein concentrations were kept low12 uM) to avoid

) . ; X . _andt, = 11 ms. The constant time evolution period was
aggregation during the protein denaturatlon/renaturauontuned tor; = 11 ms

process. Absorbance measurements were made using 10 cm 5 PFG-C(CO)NH data (Boucher et al., 1992; Feng et

path-length (glu?rtz .ceI:js'(I-i%Iéma,)\)l Ag_thermatl 'E[ransli:ignmal” 1996) were acquired using 40 45 x 1024 complex
curves were determined in LUU mivi sodium acetate, pa .80 4 qints in thety, t,, andt; dimensions with 16 scans per

+0.05. increment. The spectral width in the carbadi) (limension

Enzymatic Actiity. Mutant and nonrecombinant wild-type  was 6100 Hz. Coherence transfer delays were tuned to
RNase A activity measurements were made in 50 mM Tris- = 1.5 ms 7,_1oc = 2.4 Ms,7, = 4.2 ms,r. = 2.4 ms, ancy

HCI/0.1 M NaCl, pH 5.00 at 22C, using cyclic cytidine = 14.0ms. The constant time evolution periods were tuned
2',3-monophosphate (cCMpas a substrate (Crook et al., o T, = 3.3 ms andT, = 14.0 ms.
1960). Data for both 3D PFG-H(C)(CO)NH (Boucher et al., 1992;

NMR Sample PreparationUniformly >N-enriched mu- Feng et al.,, 1996) and 3D PFG-H(C)NH (Montelione &
tant and wild-type and uniformly®N,**C-enriched [C40A, Wagner, 1989; Feng et al., 1996) were acquired using 40
C95A] RNase A samples were prepared by dissolving the 45 x 1024 complex points in thg, t;, andt; dimensions
lyophilized protein in 90%/10%d,0/”H,0) at pH* 4.60 with 16 scans per increment. Both experiments were carried
+ 0.05. All NMR measurements were made using 5 mm out with a spectral width in the aliphatic protay) dimension
susceptibility-matched Shigemi NMR tubes atZD. The of 3000 Hz, and coherence transfer delays were tuneg to
uniformly 1N,*C-enriched [C40A, C95A] RNase A sample = 1.5 mMS,7atoc = 2.4 MS, 7, = 4.2 MS,7c = 2.4 ms, andy
concentration was 2.4 mM, tHéN-enriched [C40A, C95A] =14.0 ms. The constant time evolution periods were tuned
RNase A sample concentrations ranged from 3.5 to 4.5 mM, to T, = 3.3 ms andTl,, = 14.0 ms.
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Data for both 3D PFG-CBCA(CO)NH (Grzesiek & Bax,
1992a; Rios et al., 1996) and 3D PFG-CBCANH (Grzesiek
& Bax, 1992b; Rios et al., 1996) were acquired using 40 x
45 x 1024 complex points in thg, t, andtz dimensions

Biochemistry, Vol. 36, No. 42, 19972687

mended by the IUPAEIUBMB —IUPAB Interunion Task

Group on NMR Data Bases (Wishart et al., 1995).
Backbone amide proton exchange rates for unifori¥illy

enriched [C40A, C95A] RNase A were measured using PFG-

with 16 scans per increment. Both experiments were carried HSQC spectra as described previously (Shimotakahara et al.,

out with a spectral width in the carbomy)( dimension of
10000 Hz, and coherence transfer delays were tuneg-to
1.5 MS,Tatoc = 2.4 MS,t, = 4.4 ms,7. = 2.4 ms, andy =
12.0 ms, andre = 4.1 ms. The constant time evolution
periods were tuned td. = 3.3 ms andl, = 13 ms.

1997). Continuous sequential acquisition of I**8—H
PFG-HSQC spectra over a 3-day period was used to monitor
amide'H/?H exchange using lyophilized, protonated protein
dissolved irH,O to a final concentration of 3.5 mM at pH*
4.60+ 0.05 and 20C. All spectra were acquired with 192

The 2D NOESY spectrum (Jeener et al., 1979; Kumar et x 2048 complex data points in theandt, dimensions and
al., 1980; Macura & Ernst, 1980) was recorded using 512 four scans pet; increment, using a total measurement time

complex points and a spectral width of 6900 Hz in the

of 39 min per 2D spectrum. The 113N—'H PFG-HSQC

dimension and 2048 complex points and a spectral width of spectra were processed with identical baseline correction,

6900 in thet, dimension. 3D PFG®N-edited NOESY
(Macura & Ernst, 1980) and 3D PF8&N-edited TOCSY
experiments (Braunschweiler & Ernst, 1983; Bax & Davis,
1985) were based on the 3fN-edited NOESY experiment
of Zuiderweg and Fesik (1989), with modifications to provide

Fourier transform, and peak picking parameters, using FELIX
software coupled with semiautomated custom FELIX com-
puter programs. The peak intensity as a function of time
I(t) and the rate constank)(for each observed backbone

amide!>N—'H resonance were calculated with Kaliedagraph

coherence transfer by TOCSY in the latter experiment. Both (Synergy Software) using eq 1. The consta@) (vas
pulse sequences [described in Shimitakahara et al. (1997)]

were modified to provide heteronuclear coherence selection
for water suppression (Hurd & John, 1991) and were carried

out using 150x 64 x 1024 complex data points in theg
t;, andt; dimensions and four scans per increment. The
spectral widths for both experiments were 6500 Hz;jn
2500 Hz int,, and 3500 Hz i, with the offset switched to
the center of the amide region prior to acquisition. The
NOESY mixing times were all 80 ms and the TOCSY mixing
time was 47.8 ms. The PFG 3DC-edited NOESY
spectrum was recorded with 6450 x 1024 complex data
points in thet;, t,, andt; dimensions and 16 scans per
increment. The spectral widths in the proton dimensidns (
andtz) were 10 000 Hz, and the spectral width in the carbon
dimension was 10 500 Hz.

ScalardJ(HN—H%) coupling constants for [C40A, C95A]

I)=1e"+C 1)
included in the fit to account for the non-zero noise amplitude
of the peak intensities measured in FELIX. The constant
was bounded by the upper and lower limits of the observed
intensity noise amplitude for each peak. The upper and lower
limits were determined from the extrema of those data points
(where each data point represents‘8Ne-'H PFG-HSQC
spectrum) that had an average slope from an intensity vs
time plot very close to zero.

Automated Analysis of Resonance Assignmentsto-
mated peak picking and manual peak editing using FELIX
software were carried out on a Sun LX workstation.
Sequential backbontH, 13C, and*>N and side-chairi3C?
resonance assignments foN,13C-enriched [C40A, C95A]

and wild-type RNase A were determined using the 3D PFG RNase A were determined on a Sun Sparc 10 workstation

HNHA experiment (Kuboniwa et al., 1994). The spectra
were acquired for wild-type and [C40A, C95A] RNase A
using 50x 42 x 1024 and 64x 50 x 1024 complex data

points in thety, t,, andt; dimensions, respectively, and 16

using the program AUTOASSIGN (Zimmerman et al., 1994,
1997). In a parallel study, we have reported the complete
sequential assignment of backbdhk 13C, and'®N and side-
chain 13C# chemical shifts for uniformly*>N,'3C-enriched

or 24 scans per increment. The spectral widths in the protonwild-type and [C65S, C72S] RNase A (Shimotakahara et al.,

dimensionstj andts) were 6900 Hz, and the spectral width
in the nitrogen dimensionj) was 2500 Hz. A dephasing
period of 13.4 ms was used. The values3afHN—H®)
coupling constants were obtained from the intensity ratio of

1997). The automated analysis procedures used for these
proteins were identical to those used for uniforrfiy,'3C-
enriched [C40A, C95A] RNase A in this study. Briefly, each
backbone amidéH and!®N resonance in both the 2BN—

the cross-peaks to the diagonal peaks as described byH PFG-HSQC and the 3D PFG-HNCO spectra was estab-

Kuboniwa et al. (1994). Only those residues with resolved
diagonal peaks were considered, and all value¥)@iN—
H%) were multiplied by a factor of 1.11 to account for

relaxation effects as described by Vuister and Bax (1993).

All triple-resonance, 3D'N-edited, and 3D'C-edited
spectra were processed with the FELIX (Molecular Simula-
tions Inc.) software package on a Sun LX workstation using
mirror-image linear prediction (Zhu & Bax, 1990) with 8 or
12 coefficients to double the duration of theandt, time
domains. A Gaussian window function was applied in all

three dimensions, and zero filling was used to extend the acids in the protein.

time—domain data further in thg andt, dimensions to a
final 3D matrix size of 256x 256 x 1024 in thety, t,, and

t; dimensions. ThéH, 13C, and>N chemical shifts were
referenced with 2,2-dimethyl-2-silapentane-5-sulfonic acid

(DSS) as an internal standard using the protocol recom-

lished as a tentative root of generic (nonspecific amino acid
type) spin systems (GSs). Cross-peaks in the other PFG
triple-resonance experiments who$¢ and >N resonance
frequencies match the GS roots were then used to identify
intraresidue [HN(CA)CO, HNCA, HA(CA)NH, and CB-
CANH], and interresidue [HNCO, CA(CO)NH, HA(CA)-
(CO)NH, and CBCA(CO)NH] connectivity information.
Sequential connections between these spin systems were
determined automatically, and the resulting linked segments
of spin systems were mapped to unique segments of amino
In this way, AUTOASSIGN led to
nearly complete sequence-specific backbibheé3C, and'>N

and side-chain®3C? resonance assignments féiN,3C-
enriched [C40A, C95A] RNase A. The side-chéiif, H?,

IH%, 1H¢, and'H¢ resonance assignments for uniforritid-
enriched [C40A, C95A] RNase A were then determined
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. B 15N 1 FiGure 2: Thermal transition curves for [C40A, C95A], [C40S,
EE;Z?AAMALDI TOFMS spectrum for,C [C40A, C95A] C95S], and wild-type RNase A. [C40A, C95A] RNase A (
heating; +, cooling), [C40S, C95S] RNase AJ( heating; A,
. . . cooling), and wild-type RNase AQ, heating;x, cooling) were
manually by extension of these backbone assignments usingjissolved in 100 mM sodium acetate, pH 4:6.05. In order to
data from 3D"N-edited NOESY and 3@°N-edited TOCSY display the data clearly, a constant of 0.5 was added to the value

experiments. of the fraction unfolded for [C40S, C95S] RNase A. The left
ordinate is the correct scale for [C40A, C95A] and wild-type RNase
RESULTS A, and the right ordinate is the correct scale for [C40S, C95S]

RNase A. Data for wild-type RNase A are from Shimotakahara et

Protein Characterization.All NMR samples were exam-  al. (1997).
ined by N-terminal analysis, amino acid analysis, MALDI- ) ) .
TOF mass spectrometry, capillary electrophoresis (CE), and©f wild-type RNase A has been determined previously to
cation-exchange HPLC to determine sample homogeneitydepend on the period of time that the protein solution is
and purity. N-Terminal analysis confirmed that the first 20 mcupated at the higher temperatures during the heating and
residues of the samples were correct, and the amino acidc0ling process (Hermans & Scheraga, 1961). Therefore,
analysis produced the expected amino acid composition ofdenaturation and renaturation times were chosen which
mutant and wild-type RNase A (N-terminal and amino acid Minimized the exposure of the protein solution to high
analyses data not shown). Analyses of all NMR protein t€mperature while a_llowmg for thermal equilibration at ea_ch
samples using CE and cation-exchange HPLC ibetiore ~ témperature{10 min). The errors in the thermodynamic
and after NMR experiments were also carried out to Parameters due to this irreversible denaturation are reflected
determine if significant chemical decomposition occurred in the respective uncertainties reported in Table 1.
during these measurements (CE and HPLC data not shown). The thermodynamic properties presented in Table 1 clearly
Comparing the theoretical mass&i,13C-enriched [C40A, indicate that disruption of the Cys4@ys95 disulfide bond
C95A] RNase A (14359 Da), assuming 999 and **C in RNase A destabilizes the protein. Moreover, replacement
uniform enrichment, with the experimentally determined of both the Cys40 and Cys95 residues by either Ala or Ser
mass (14353 Da, Figure 1) reveals that the protein sampleappears to affect the stability of the mutant RNaseqdally
was ~99% isotopically enriched in botA*N and °C. within experimental error. Moreover, the two disulfide
Analysis of integrated peak areas from the chromatographsmutants lacking the Cys4@Cys95 cross-link exhibited
of 15N, 13C-enriched [C40A,C95A] RNase A from both CE comparable enzymatic activities (Table 1), both of which
and HPLC reveal that the NMR protein sample w&89% were significantly lower than that of the native protein.
homogeneous before NMR data collection an@7.5% Therefore, the destabilization of the three-disulfide mutants
homogeneous after 2 weeks of data collection (data notrelative to the wild-type protein can be attributed to the
shown). Similar results were observed for uniforri- inherent loss of the covalent disulfide cross-link rather than
enriched wild-type and [C40A,C95A] RNase A samples used to the nature of the amino acid residues used to replace the
in 3D '*N-edited, 3D HNHA, andH/?H NMR experiments native Cys46-Cys95 cross-link. The very similar thermo-
(data not shown). dynamic properties and enzymatic activities of the [C40A,

Comparison of Thermodynamic Properties and Enzymatic C95A] and [C40S, C95S] RNase A mutants demonstrate that
Activities of [C40A, C95A] and [C40S, C95S] RNaseThe both mutants are suitable analogs of the rate-determining
reversible thermal transition curves of wild-type, [C40A, folding intermediate, des-[4695] RNase A. The [C40A,
C95A], and [C40S, C95S] RNase A are shown in Figure 2. C95A] RNase A mutant was used for all subsequent NMR
Thermodynamic properties, obtained from the curves in structural characterizations.
Figure 2, and enzymatic activities of the wild-type and two  BackbonéH, 13C, and'®*N and Side-Chai#3C? Resonance
mutant proteins are given in Table 1. The value for the Assignments of [C40A, C95A] RNase Automated analysis
enthalpy of unfolding AH°(T,)] for wild-type RNase A is of triple-resonance NMR data, obtained with uniformly
consistent with values determined previously at pH 4.0 3N,*C-enriched [C40A, C95A] RNase A using the computer
(Tsong et al., 1970; Privalov et al., 1973), and pH 4.6 (Talluri program AUTOASSIGN (Zimmerman et al., 1994, 1997),
et al., 1994). provided nearly complete sequential backbéide3C, and

A small amount (+5%) of irreversible denaturation was >N and side-chai#*C resonance assignments of the protein.
observed reproducibly in both mutant and wild-type RNase The execution time for AUTOASSIGN analysis of the peak-
A thermal transitions. The extent of irreversible denaturation picked triple-resonance spectra waé min on a Sun Sparc
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Table 1: Thermodynamic Properties for Unfolding and Relative Enzymatic Activities of Wild-Type, [C40A, C95A], and [C40S, C95S] RNase
A at pH 4.60

protein Tm (°C) AH®(Tr) (kcal/mol) AS(Tm) (eu) enzymatic activity
wild-type RNase A 55.54 0.4 112+ 5.C¢ 340+ 16 100
[C40A, C95A] RNase A 33.£0.2 72.9+ 3.7 238+ 12 9+ 4
[C40sS, C95S] RNase A 3360.2 715+ 1.8 231+ 6.0 5+3

aThermal denaturation curves were determined at pH 4:60.05.° Thermodynamic data for wild-type RNase A reported previously in a
parallel study by Shimotakahara et al. (199A)ncertainties inl, (°C) andAS’(Tm) are calculated from the errors in tlkentercept and slope of
AG°(T) vs temperature (K) plots, respectively, in the transition regieill uncertainties are reported at the 95% confidence lifiincertainties
in AH°(T,) are calculated from the errors in van't Hoff plot&€nzymatic activity at 22C relative to wild-type RNase A at pH 5.08 0.05,
measured using a cCMP substrate as described by Crook et al. (1960).

Table 2: Summary of AUTOASSIGN Analysis of Assignments for
[C40A, C95A] RNase A .

backbone and no. of assignmentsautomated  subsequent coa & .
side-chain nuclei possible analysis manual analysis S T
c88q° 8 . he o o2k
IHN 119 115 119 b "=
15N 119 115 119 crre alls S123 1'[ Y- éCSS
1 124 121 120 ]
13Ca 124 120 123 sse o yere » VI 2T
1Ho 127 123 127 055 5235186 -5
13Cp 121 108 110 HIOS %5i5-e %o, b

@ Proline residues and the N-terminal lysine have no amide protons vn;:.fﬁ‘b
and thus no observabl&N—HN correlations. Glycine residues each 074 W”Oﬁ_ 4
have two H protons and no €resonances. Kot oyl
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10 workstation. The assignments for [C40A, C95A] RNase |-+ b
A at pH 4.6 and 20°C are tabulated in Table S1 (see izt
Supporting Information), and a summary of some of the -
characteristics of the automated analysis is given in Table
2. Backbone amide proton and nitrogen chemical shifts are 105 0.0 95 90 85 80 75 70 65
indicated on a plot of the 2D HSQC spectrum of [C40A, H tppm>
C95A] RNase A in Figure 3A. For clarity, the region of
113-122 ppm in the!™>N dimension {;) and 7.4-8.6 ppm
in the H dimension ;) is expanded in Figure 3B.
Backbone'HN—-1N [C40A, C95A] RNase A resonance
pairs which could not be resolved within the limits of the
digital resolution of the 2D HSQC spectral data in Figure 3 o . N
were Asp53/GIn69 and Asn71/Tyr73. Assignments were o eco-O "ol
derived for these “degenerate” residues by determining their
respective generic spin systems (GSs) from the 3D HNCO
data (Zimmerman et al., 1994, 1997). The amide proton and
nitrogen chemical shifts in [C40A, C95A] RNase A generally
had less dispersion than the corresponding chemical shifts
in the wild-type protein (Shimotakahara et al., 1997), as
indicated by the closely spaced resonances in the center of
the 2D HSQC spectrum (Figure 3B). Poor chemical shift
dispersion for [C40A, C95A] RNase A relative to the wild-
type protein indicates a less ordered folded state for the
mutant protein. Despite the fact that the N-terminal lysine ——————
and four proline residues in [C40A, C95A] RNase A have 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5
no amide protons, AUTOASSIGN was able to derive many H tpem
of the 18C’, 18C*, 1H*, and side-chain!3C# resonance FiGURE 3: 2D PFG*N—HSQC spectrum of uniforml&PN-enrichgd
assignments for these residues from the triple-resonance datdC40A: C95A] RNase A at pH* 4.6& 0.05 and 20C. The protein

S | K editi | di . - concentration was 4.5 mM, and 1822048 complex points were
ome manual peak editing was employed In an Iterative ycquired in the; andt, dimensions with 96 scans per increment.

manner to remove “spurious” peaks aligned with legitimate To show the data more clearly, the boxed region in (A) is expanded
spin systems (Zimmerman et al., 1997). in (B). Weak but observabléN—!HN correlations in the 2D PFG

In addition to the ‘spurious' peaks observed in the trle- |5 B0t Al K C o e cee assodited with minor
resonance NMR data, a S|gn|_f|cant nhumber of “minor pgaks”, confoemational speci.es ar)é also present in these spectra.
typically ~10% of the intensity of the resonances assigned
to the protein, were also observed in these data (see, forprotein samples and did not diminish or increase in intensity
example, unassigned peaks in the center of the 2D HSQCthroughout data collection. Characterization of the chemical
spectrum; Figure 3B). These peaks, which were aligned with homogeneity of [C40A, C95A] RNase A both before and
legitimate spin systems, were present even in freshly preparedafter triple-resonance experiments demonstrates that sample

T
130.0

121.0 120.0 119.0 1!8.0 117.0 116.0 115.0 114.0
SN (ppm)
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impurities cannot account for these additional weak reso-
nances. An alternative explanation for these extra peaks is
the presence of “minor conformers” in [C40A, C95A] RNase
A which exist in equilibrium with the major “native state”

Bl

» - - - > -

Laity et al.

p2 B3 p4 B5  p6  Pp7

- -t >
1 1 1 1 1 1 1 1

a3

14
0.5
0

IHN

of the protein and which have a dynamic lifetime greater
than ~1 ms. Similar observations of generally weaker
resonances were reported for both [C65S, C72S] and wild- T T T T T T T T T T
type RNase A (Shimotakahara et al., 1997), indicating that 104
the presence of these extra resonances cannot be attributed
to instability of the mutant protein. Such minor conformers
might be attributed to non-native isomeric states of the four
proline residues (Pro42, Pro93, Pro114, and Pro117). En- , |7 T T 1 T T T 11T 30 &
sembles of conformers of native proteins differing ifrRro ) |

isomeric states have been observed in previous NMR studies & 0-

o 2

N’
< I J I 1 I I I 1 I 1 ] 1

(Evans et al., 1989; Chazin et al., 1989; Moy et al., 1995).
14

All [C40A, C95A] RNase A amide proton and nitrogen

as well aso proton resonance assignments, with the 0.5

exception of Phel20 and Tyr25, were confirmed indepen- '0
-0.5

-0.5 ]

dently from both 3D'*N-edited NOESY and 3B°N-edited
TOCSY experiments. In the 2D HSQC spectrum, Phe120
has a weak!H—'5N correlation and is too weak to be
observed in the 3D°N-edited NOESY and 3D°N-edited
TOCSY spectra. Moreover, Tyr25 was observed only in the
3D N-edited NOESY spectrum.

Chemical Shift Comparison between Wild-Type and [C40A, T J

L . . . . 34 F 13 =
C95A] RNase A.Individual protein residue chemical shifts CB
depend strongly on local chemical and electronic environ- 04 B
ments. Therefore, direct comparisons of chemical shift data -3 R

between [C40A, C95A] and wild-type RNase A can elucidate
local areas within the mutant protein where structural
alterations are present. Accordingly, a comparison of
assigned backboriéiN, 15N, 13C', 13C*, and side-chaid3C?
chemical shifts for uniformly*>N,'3C-enriched wild-type
(Shlmotgkahara etal., 1997). and [C40A,C95A] RNase A is 13CA (F), respectively, as a function of residue number. Backbone
shown in Figure 4. As might be expected, the largest ; pejix’ ands-sheet structures indicated by arrows above the plots

chemical shift differences between mutant and wild-type are based on the X-ray crystal structure of RNase A (Wlodawer et
RNase A are centered around the two polypeptide segmentsal., 1988).

encompassing Asn34Thr45 and Asp83GIn101 of the

mutant protein where the native Cys40ys95 cross-link ~ C95A] RNase A are also observed throughout much of the
was removed. Within these two polypeptide segments in protein, even in regiondistant in spacdrom the disulfide

the wild-type protein are thre-strand (strandsfl, f4 mutation sites. Individual residue chemical shift difference
and 45) which collectively form the antiparallgl-sheet 1~ data for *HY, 1N, and *3C* are represented on nonn
(Santoro et al., 1993; Wlodawer et al., 1988). Such drawings of wild-type I?NaseAln Figure 5. Significaht
pronounced chemical shift differences (Figure 4) in these (A0 = 0.1 ppm) and*N (A6 = 1.0 ppm) chemical shift
polypeptide segments indicate significant structural perturba- differences between wild-type and [C40A, C95A] RNase A
tions in the regions of this triple-strand@esheet structure ~ Were observed for most residues fhsheet 1 and some
spatially adjacent to the mutation sites in [C40A, C95A] residues inj-sheet 2 of the mutant RNase A (Figure 5A,B).
RNase A. In wild-type RNase A, the Cys4Cys95 The digital r_esolutlons of the corresponding triple-resonance
disulfide bond joins together two looped structures of the NMR ex?emgntslswertfso;014, ?élg' 0.023, 0.063, and 0.31
protein (one of which is a type \f8-turn betweeng4 and ppm for *HY, 15N, 13Ce, 13C", and**C’ nuclei, respectively.
$5) spatially distant from each other in the primary sequence. Significantly, numerous other reNS|duesﬁr=sheet 2 of the

It appears from the chemical shift data in Figure 4 that the Mutant protein exhibited subthi™ (Ad = 3x the digital
removal of the Cys40Cys95 cross-link of RNase A also resolution) and®N (Ao = 2x the digital resolution) chemical

results in structural and/or dynamic perturbations of these Shift differences (Figure 5A,B). Similarly, subtlet™ and
polypeptide loop structures. 15N chemical shift differences between wild-type and mutant

Backbone IHN, 15N, 3’ 13C and side-chaini®Ch RNase A were also evident in the polypeptide region Lys1

. . L s Arg33 of [C40A, C95A] RNase A (Figure 5A,B), which is
chemical shift deviations between wild-type and [C40A, not adjacent to the Cys46- Alad0 mutation site. In the

wild-type protein, this region encompasses twbelices (1

| ZEhe defségr;atiogs qﬁ-sqegt_ustﬁd gl thilfhstudy F?ret basgdtoré thtle( anda2) and an intervening polypeptide sequence with no
ocations olp-strands reported in the Brookhaven rotéin Lata Bank reqyjlar secondary structure. It is worth noting that the
PDB) entry 9RSA: 1, sheet 1, strand 132, sheet 2, strand 13, - )

(PDB) entry p o " polypeptide segments of [C40A, C95A] RNase A most

sheet 2, strand 24, sheet 1, strand $5, sheet 1, strand F6, sheet Oy ) o
2, strand 3; ang7, sheet 2, strand 4. similar to the wild-type protein in terms of backbofid,

1 1 1 1 1 1 1 ]

50 60 70 80 90 100 110 120
residue

Ficure4: Chemical shift difference\d = Swiid—type — Ojcaoa.cosa)

between wild-type (Shimotakahara et al., 1997) and [C40A, C95A]
RNase A fortHN (A), 1N (B), 13C* (C), H* (D), 13C' (E), and

T T T T
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RNase A from 3D HNHA with those of Shimotakahara et
al. (1997) determined by using PFG-HMQC-J (Kuboniwa
et al., 1994), the average differenc8(HN—H®%)3p pnpa —
3J(HN—H%)2p umoc-3] was —0.70 Hz, which was similar to
that reported previously—0.63 Hz) for calcium-free cal-
modulin by Kuboniwa et al. (1994). After correction for
this systematic difference in measurédHN—H®*), the
precision of the values for the wild-type RNase A coupling
constants were estimated #6.5 Hz for values ofJ(HN—
H%) greater than~5 Hz. However, back calculation of
3J(HN—H®) coupling constants from 1.26 A X-ray data
(Wlodawer et al., 1988) using the Karplus curve described
by Pardi et al. (1984) reveals that the differences between
measured values from RNase A in solution and back-
calculated values can b&1.5 Hz for 3J(HN—H%) values
greater than-5 Hz and somewhat larger for smaller values
of 3J(HN—H*) (Shimotakahara et al., 1997). Accordingly,
only those differences iRJ(HN—H%) coupling constants
between mutant and wild-type RNase A greater than 1.5 Hz
were considered significant. Using this criterion, 12 out of
the 56 values ofJ(HN—H®) determined for both forms of
RNase A were significantly different (Ala6, Arg10, Leu35,
Thr36, Arg39, Cys40/Ala40, Ser59, Val63, Asp83, Lys91,
lle107, and Vall08; Table S2, Supporting Information).
Isomeric State of the XPro93 Peptide Bond in [C40A,
C95A] RNase A.Since the Tyr92Pro93 dipeptide sequence
is believed to be part of a chain folding initiation site (CFIS)
in wild-type RNase A, it is of interest to determine the
isomeric state of the corresponding peptide bond in both the
mutant and wild-type proteins. Generally, backbé#e’
chemical shifts of cis and trans isomers of proline residues
are significantly different A%°CPqs_yrans ~2.6 ppm in a
statistical coil; Thanabal et al., 1994) and can be used to
identify the isomeric states of XPro peptide bonds. For
both mutant and wild-type RNase A, tH€# chemical shifts
of Pro93 are within 0.5 ppm of that which is observed for a
cis-proline conformation in a statistical coil. Moreover, the
difference between the wild-type and [C40A, C95A] RNase
A backbon€e3C# chemical shifts for Pro93 is only 0.7 ppm.
These chemical shift data indicate that the Tyr®2093
peptide bond is in the cis conformation in both wild-type
and mutant RNase A. Further evidence for a cis Ty+92
Pro93 peptide bond in [C40A, C95A] RNase A comes from
an'H%—H%_; NOE, observed in the 3EC-edited spectrum
of [C40A, C95A] RNase A, between these two residues. The
digital resolution; BN A > 2x digital resolution; C13C* 2 x interpuc!ear distance betwefm protons in a cis XPro
digital resolution). Residues with no corresponding resonance PePtide is less tira4 A (Talluri et al., 1987), and therefore,
assignment are indicated in gray. The four native disulfide bonds an NOE is theoretically observable. Conversely, in a trans

Ficure 5: Ribbon representation of wild-type RNase A with regions
of the protein exhibiting significant chemical shift deviations of
[C40A, C95A] RNase A from the wild-type protein indicated in
red (A,1HN Ad > 0.1; B,*>N A6 = 1.0; C,13C> > 1.0) and those
regions with subtle differences indicated in blue AN Ad = 3x

in wild-type RNase A are indicated in white (C2684, C58-
C110, and C65C72) and yellow (C46-C95), respectively. The

RNase A structure shown is based on the atomic coordinates
obtained from the Brookhaven Protein Data Bank entry 9RSA

(Wlodawer et al., 1988).

15N, and 3C chemical shift deviations are also the most
spatially distant region of the protein from the two mutation
sites (Figure 5).

Determination ofJ(HN—H®) Coupling Constants for Wild-
Type and [C40A, C95A] RNase. AJ(HN—H%) coupling
constants for wild-type and [C40A, C95A] RNase A,

X—Pro peptide théH%—1H_; distance is greater than 5 A
(Talluri et al., 1987), which cannot be detected using the
NOE data presented here. Therefdt¢’—!H* NOE's are

not expected for Lys41Pro42 and Vall16Proll7 (trans
peptide bonds) in the mutant RNase A unless these adopt
cis peptide conformations at either position in the amino acid
sequence. Unfortunate82C? resonance assignments were
not determined for the other three proline residues (Pro42,
Prol114, and Pro117) in the mutant RNase A, and no resolved
X—Pro H%—'H%_; NOE's were identified; hence the
isomeric states of these other-Rro peptide bonds in [C40A,

determined from 3D HNHA data, are presented in Table S2 C95A] RNase A could not be determined.

(Supporting Information). In all, 86 and 5&(HN—H%)

Relatve Backbone Amide Proton Exchange Rates in

coupling constants were determined for wild-type and mutant Mutant and Wild-Type RNase ABackbone amide protons
RNase A, respectively. Comparing the values for wild-type in both mutant and wild-type RNase A which are “protected”
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FiIGURE 6: Survey of protected amide protons (circles) and both short-range and medium-range NOE's infivimgtons (rectangles)

for [C40A, C95A] and wild-type RNase A at pH* 4.60 and 20. Protected amide protons were identified by a corresponttrg>N

correlation observed in the first 2D HSQC spectrlar(~ 0.02 s'%). Blue circles indicate that the corresponding amide proton resonance

was observed in thiH/2H exchange experiments in both mutant and wild-type RNase A samples, red circles indicate that the corresponding
amide proton resonance was observed only in wild-type RNase A, while green circles indicate that the corresponding amide proton was
observed in wild-type RNase A and in the mutant, but that'fift assignment in the 2D HSQC spectrum of the mutant (Asp53 and/or
GIn69, Ser80 and/or 1le106) or wild-type (K104 and/or Glul1ll) protein was ambiguous. Similarly, blue rectangles indicate that the
corresponding NOE’s were observed in both mutant and wild-type RNase A, while those in red and yellow were observed only in wild-
type and [C40A, C95A] RNase A, respectively. Hatched green rectangles indicate that the corresponding NOE was observed in both
wild-type and [C40A, C95A] RNase A, but that either the mutant or wild-type resonance assignment was ambiguous because of spectral
overlap. Secondary structure, based on the X-ray crystal structure of RNase A (Wlodawer et al. 1988), is indicated schematically by arrows
above the amino acid sequence. Locations in the amino acid sequence where mutated cysteines were replaced by alanines in [C40A, C95A]
RNase A are underlined.

are defined as those for whicii—2N correlations were  the mutant and wild-type proteil§ia—ypd/Kcaoncosa = 107~
observed in 2D PFG HSQC spectra recorded within 50 min 10°), with the exception of Met30, are located in either the
of dissolving the protein idH,O at pH* 4.60 and 20C (10 third a-helix (a3) or the twopS-sheet structures present in
min for sample preparation and 40 min for data collection). wild-type RNase A. It is worth noting, however, that most
The fastestH,0/H,O amide proton exchange rate constant backbone amide protons located in the two N-terminal
(k) observable using these NMR data we@.02 s*. Figure o-helices (1 anda?2) of wild-type RNase A that exhibit

6 reveals that 83 unambiguously determined protected amideonly moderate protectionkfid—ype = 10°—10" s7%) also
protons were identified in wild-type RNase A, indicated by exhibit 10-300-fold relative increases itH/?H exchange
blue, red, and green circles (plus Lys104 and/or Glull rate constants in the mutant protein (Figures 7 and 8).
indicated by green circles in Figure 6) (Shimotakahara et Side-Chain Assignments of [C40A, C95A] RNaseSkde-

al., 1997). In contrast, using this criterion, only 56 protected chain'H?, *Hr, *H?, *H¢, and'H?¢ for uniformly *N-enriched
amide protons, indicated by blue and green circles in Figure [C40A, C95A] RNase A, determined at pH 4.6 and ZD

6 (plus Asp53 and/or GIn69 and Ser80 and/or 1le106 using data from both 3D°N-edited NOESY and 33°N-
indicated by green circles in Figure 6), were identified in edited TOCSY experiments, are tabulated in Table S3
[C40A, C95A] RNase A. A comparison of relative backbone (Supporting Information). Resonance assignments of side-
amide!H/’H exchange rate constants measured for wild-type chain residues not close to either mutation site were generally
and [C40A, C95A] RNase A at 20C and pH* 4.6 is in good agreement with published wild-type assignments
presented in Figure 7. Residues in the respective proteins(Robertson et al., 1989; Rico et al., 1989; Santoro et al.,
exhibiting large [logKwid—typd/Kicaon, cosa) > 4], moderate 1993), further indicating that the overall global chain fold
[4 = log(Kuila—type/Kicaoa,cosa) > 1], and small [logKwiid—typed/ of [C40A, C95A] RNase A is similar to that of wild-type
Kicaoa,cosa) < 1] differences in relative amide exchange rate RNase A.

constants are also indicated on a ribbon structure of the wild- Comparison of Backbone Secondary Structures between
type protein in Figure 8. It is evident from these data that [C40A, C95A] and Wild-Type RNase A summary of all

the global stability of the mutant RNase A is significantly backboné3C* chemical shift deviations from statistical-coil
affected by the loss of the native Cys40ys95 cross-link. values A'3C%) (Thanabal et al., 1994) is presented, for both
Moreover, Figures 7 and 8 reveal that the largest differencesthe wild-type and mutant protein, in Figure 9. Values of
in relative backbone amide exchange rate constants betwee*C* provide a qualitative characterizationgfy backbone
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FiGURE 7: Relative!H/2H amide proton exchange rate constants
109 (Kuitd—type/Kjca0a,cosa) for wild-type and [C40A, C95A] RNase
A at pH 4.60+ 0.05 and 2C0C. Residues in which exchange rate
constants were unambiguously determined for both mutant and wild- ’é\
type RNase A are indicated by blue bars. In order to determine the g,
minimumrelative change in amide proton exchange rate constants & -5 B
for those residues which had observable amide resonances in the E)
wild-type butnot in the mutant proteina value of 0.02 g (the -

largest observable exchange rate for the experimental method used 7
in this study) was used for these residues in the mutant; such < 5] B
[

1 1 1 1 1 H 1 1 1 1 1 1

residues are indicated by red bars. Wild-type RNase A adtide C40A,C95A]

°H exchange rate constants used in the comparison were those
reported by Shimotakahara et al. (1997). Arrows above the plot

indicate elements of secondary structure observed in the wild-type

protein (Wlodawer et al., 1988).

conformations in proteins (Spera & Bax, 1991). The overall

similarity between thé3C* chemical shift differences for

[C40A, C95A] and wild-type RNase A is striking. At first

sight, theseASC* chemical shift data might seem to

contradict the backboriiN, 15N, $3C', 13C*, and side-chain -5 -
13CP chemical shift differenceXo = dwig—type — Ajcaoa.cosa)
data presented in Figures 4 and 5, since most of the major T T T T T T T T T T 1T
secondary structural elements-Kelices ang8-sheets char- 1020 30 40 50 60 70 80 90 100 110 120
acterized by positive and negative valuesA3#C?, respec- residue

tively) appear to be present in both [C40A, C95A] and wild- FIGURE 9: Comparison of**C* chemical shift deviations from

; o ; statistical coil valuesAd = 0C%ps — 0C%i). Differences are
type RNase A (Figure 6). However, subfieC* chemical plotted as a function of residucoa snumbercofor wild-type (A) and

shift differences between [C40A, C95A] and wild-type [C40A, C95A] RNase A (B). Backbonew-helix and f-sheet
RNase A can be seen in Figure 9 in the regions of the threestructures indicated by arrows above the plots are based on the
strands ofs-sheet 1 61, 54, andS5) and of both the loop ~ X-ray crystal structure of RNase A (Wlodawer et al., 1988).
polypeptide sequences which are spatially adjacent to the

Cys40-Cys95 mutation site. Accordingly, tisémilar AOC* RNase A present throughout the protein in regions not
chemical shift differences (Figure 9) coupled with the adjacent to the Cys48Cys95 mutation site (especially
statistically significantbackbone and side-chain chemical polypeptide regions LystArg33 and GInl10%+Vall24;
shift differences between [C40A, C95A] and wild-type Figure 5) indicate subtle, delocalized structural or dynamic
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Ficure 10: Protected amide protons and short internuclear distances in wild-type and [C40A, C95A] RNase A superimposed on a schematic
representation of the X-ray structure of the two maesheets §-sheet 1, A3-sheet 2, B) of wild-type RNase A (Wlodawer et al., 1988).

Blue wavy lines and double-headed arrows indicate that the corresponding protected amide protons and short internuclear distances were
observed in both wild-type and [C40A, C95A] RNase A as determinedH#$H exchange and 3DB°N-edited NOESY experiments,
respectively. Wavy lines and double-headed arrows in red indicate that the corresponding protected amide protons and short internuclear
distances were observed only in wild-type RNase A, while wavy lines and double-headed arrows in green indicate that the corresponding
protected amide protons and short internuclear distances were observed in both wild-type and [C40A, C95A] RNase A, but one of the
IHN—15N or 'He resonance assignments in the mutant or wild-type protein was ambiguous because of overlap with other peaks in the NMR
spectrum. Blue circles indicate that the measuii#tHN—H*) coupling constants for the corresponding residue in wild-type and mutant
RNase A were similar|AJ| < 1.5 Hz), while those indicated in red were significantly differgtd} > 1.5 Hz) between the two proteins.

perturbations throughout the structure of [C40A, C95A] type and [C40A, C95A] RNase A are shown in Figure 10.
RNase A. The H/’°H and NOE data shown in Figures 6 and 10
A survey of all short-range and medium-range NOE's demonstrate the overall similarity in backbone structures of
between M, H*, and H protons, together with a summary [C40A, C95A] and wild-type RNase A. MarfHN,—1H%_3
of the locations of slowly exchanging backbone amide NOE's, characteristic ofi-helical structure in proteins, and
protons observed in mutant and wild-type RNase A, is protected amide protons, consistent with helical hydrogen
presented in Figure 6. A schematic representation of the bbonds, are observed in both mutant and wild-type proteins
two majorp-sheet structuregfsheet 1, A3-sheet 2, B) of in the regions where the threehelices (1, Thr3—Met13;
RNase A (Wlodawer et al., 1988) showing locations of o2, Asn24-Asn34; anda3, Ser56-GIn60) are present in
protected amide protons and comparisons*HfHN—H®) wild-type RNase A (Figure 6; Wlodawer et al., 1988; Santoro
coupling constants and interstrand NOE's observed in wild- et al., 1993). Moreover, th&dC* values for [C40A, C95A]
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RNase A indicater-helices A0C* > 0) andj-sheets A0C* Automated Analysis of Resonance AssignmeAts as-
< 0) in regions where such secondary structures are locatedsignment of nearly all backbon#iN, 15N, *He, 13C*, and
in the wild-type protein. 13C' and most3Cf resonance assignments was achieved in

The H/2H exchange and NOE data presented in Figures approximately 2 weeks, considering the time required to
6 and 10 do, however, indicate numeropstentially collect, process, and peak-pick the NMR data. Analysis time
disrupted hydrogen bonds scattered throughout the majorusing AUTOASSIGN was minimal~«6 min). Moreover,
secondary structures of [C40A, C95A] RNase A, as well as N0 information from wild-type resonance assignments was
more profound structural perturbations in the regions of the used in the automated analysis. These resonance assignments
protein adjacent to the disulfide mutation sites. Specifically, Were generally in good agreement with the corresponding
Figure 6 reveals that 10 backbone amides that are protectedH" and*H* assignments of the wild-type protein reported
in wild-type RNase A (red circles) adjacent to the two DYy Robertson et al. (1989), Rico et al. (1989), and Santoro
mutation sites [Cys40 (Leu35, Arg39, Lys41, and Val43) etal. (1993) and, more recently, with the", *N, tH¢, 13C,
and Cys95 (Glug6, Thr87, Ser90, Lys91, Asn94, Alag6, and **C', and**C’ assignments reported by Shimotakahara et al.
Tyrg?)] were not Sufficientiy Siowiy exchanging to be (1997) in the regions Spatlally distant from the Ala40 and
observed in [C40A, C95A] RNase A. Furthermore, the first Ala95 mutation sites.
two N-terminal o-helices @1 and a2) in the primary Comparison of Wild-Type and Mutant Chain Folds from
sequence of [C40A, C95A] RNase A appear to be affected Chemical Shift Data.Direct comparisons of chemical shift
by the loss of the Cys40Cys95 disulfide cross-link, as data between [C40A, C95A] and wild-type RNase A
evidenced by the absence of nearly half of tH&—1H%_; indicated that the two localized regions spatially adjacent to
NOE’s observed in the W||d-type protein (Figure 6) More- the Ala40 and Ala95 mutation sites in the mutant protein
over, significant deviations ifd(HN—H®) coupling constants  €xhibit significant localized perturbations (Figure 4). How-
are observed for residues Ala@\(| = —1.6 Hz) and Arg10 ever, the remarkable similarity of th8C* chemical shift
(JAJ] = —3.9 Hz) in the N-terminad-helix (a1) of [C40A, deviations from statistical coil value&{*C*) between the
C95A] RNase A Compared to the Corresponding values in mutant and WiId—type proteins in regions distant in the amino
the wild-type protein. In addition, four amide protons acid sequence from the Ala40 and Ala95 mutation sites
characterized as “protected” in the secoaehelix ((12, indicates that the overall chain folds of [C40A, C95A] and
Asn27, GIn28, Ser32, and Arg33) observed in wild-type Wild-type RNase A are also quite similar (Figure 9).

RNase A are not observed as slowly exchanging in the Furthermore, comparison of Figure 5A with Figure 5C
mutant protein. reveals greater chemical shift differences between mutant

Four amide protons which do not exhibit detectable solvent and W_”d'tgl pf RNase A ir;.‘HN resonances than the corre-
protection in [C40A, C95A] RNase A contribute to the SPONding*Ce resonances in regions distant from the CNys4O
interstrands-sheet hydrogen-bonding network in wild-type Al_a and Cys95— Ala mutation sites. Amide’H
RNase A (Figure 10A8-sheet 1, Cys84; Figure 10B:sheet chem_lcal shifts are more sensitive to_ backbone hydr_ogen-
2, His105, Ala109, and His119). Figure 10 also reveals that bonding pgrturbatlor)s due to changes in thgrmody_namm and/
six interstrand NOE’s in eacfi-sheet, which are observed ©F dynamic fluctuations, whered3C* chemical shifts are
in wild-type RNase A, are not observed in the mutant protein. morel dependent on bacikbone conformatlon (in termg, of
More generally, consistent with the global destabilization or y va ues). Consequently, comparlsrcigis 1bsetweeri3rcr:1utant and
delocalized structural perturbation of [C40A, C95A] RNase Wild-type RNase A involving backbori¢d, ™N, and™*C and
A, the more rapidly exchanging amide protons and NOE S|de-cha|nl3dflchem|(ial shift dlffe.rence da.ta (_Flgures4and
cross-peaks in the mutant protein are distributed throughout5)' coupled W'th. the\™C* data (F'g!”e 9).' indicate that the
most of the amino acid sequence (Figures 6 and 10), with change in chemical and/or electronic environment throughout
the polypeptide segment in the middle of the sequence most of the mutant protein can be attributed to delocalized

(Ser56-Ser75) being affected the least and the two polypep- subtle structural perturbations and/or increased conforma-
tide regions encompassing the mutation sites (ArgBS45 tional flexibility rather than large-amplitude structural alter-

and Asp83-Thr100) being affected the most. ations. , , ,
Significance of a Cis Tyr92Pro93 Peptide Bond in
DISCUSSION [C40A, C95A] RNase AThe fastest folding phase (in

disulfide-intact RNase A has been demonstrated to originate

An analog of the rate-determining intermediate in the from unfolded species in which all four-Xproline peptide
major oxidative folding and reduction pathways of RNase groups are in their native isomerization states (Houry et al.,
A, [C40A, C95A] RNase A, has been characterized exten- 1994). This observation suggests that interactions involving
sively in terms of backbone structure and thermodynamic local structures, which limit the conformational space of the
stability. Similar data involving a blocked analog (Talluri unfolded protein, are responsible for these nativepxoline
et al., 1994) and, more recently, a mutant analog, [C65S, states. Moreover, Dodge and Scheraga (1996) have pre-
C72S] of RNase A (Shimotakahara et al., 1997), have beensented data which suggest that strong, as yet undetermined,
reported. Since two independent pathways are observed inong-range interactions force a P93A RNase A mutant to
the regeneration (Rothwarf & Scheraga, 1991, 1998a adopt a native cis conformation, which is consistent with
Rothwarf et al., 1995) and reduction (Li et al., 1995) of previous assertions that the type YHurn structure at
RNase A in the presence of DTT, the major pathway through Tyr92—Pro93 is sufficient for chain-folding initiation (Mon-
des-[46-95] and the minor pathway through des-[6&2], telione et al., 1984; Oka et al., 1984; Montelione & Scheraga,
these data provide important complementary information 1989). An observedH*%—H%.; NOE between Tyr92 and
regarding details of folding and unfolding pathways of the Pro93, similart*C# Pro93 chemical shifts for mutant and
wild-type protein. wild-type RNase A A3CPui—(caoncosn = 0.7 ppm), statisti-
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cal-coil 13C? values (Thanabal et al., 1994) for cis-proline same two proteins also suggest that subtle delocalized
(|ACPrNasencoi] < 0.5 ppm), and significant chemical shift  differences in backbone conformation and/or conformational
differences between statistical-céfC? values for cis and  flexibility are responsible for these data.
trans isomers of prolineAd = Cleis pro coil = CPrrans pro coil= Thermodynamic Contribution of the Cys40ys95 Di-
2.6 ppm) collectively suggest that the Cys40ys95 cross-  sulfide Bond to RNase A StabilityA direct comparison of
link doesnot stabilize this type VJ3-turn structure in RNase the enthalpiesAH°(T)] and entropiesAS’(T)] of unfolding
A. Thus, the cis conformation of the XPro93 bond in between both of the [C40A, C95A] and [C40S, C95S] RNase
[C40A, C95A] RNase A appears to be retained despite the A mutants and wild-type RNase A at the average transition
greater conformational space accessible to the loop regiontemperature of the mutant proteirs,(caoa cosajjcaos,cosse=
encompassing this peptide bond arising from the removal 33.65°C; Table 1) indicates that the structures of both the
of the Cys406-Cys95 disulfide cross-link. folded and unfoldedmutant proteins are affected. Values
Conformational and/or Dynamic Perturbation of Second- of 255 + 18 cal/(mol deg) for the entropy of unfolding
ary Structures of [C40A, C95A] RNase Alowly exchang- [AS(T)] and 84.7 £ 5.7 kcal/mol for the enthalpy
ing amide proton resonances corresponding to Cys84 in[AH°(T)] of unfolding (95% confidence) were determined
pB-sheet 1 and His105, Alal109, and His1195ksheet 2 of for wild-type RNase A at 33.65C. These values were
wild-type RNase A (Figure 10) were not observed in [C40A, calculated by correcting the experimental valueA8t(T,,)
C95A] RNase A at pH* 4.6 and 2TC. All of these residues ~ and AH°(Tm) (Tm wild—type = 55.5°C; Table 1) for wild-type
form backbone hydrogen bonds through their respeétitie RNase A, using the average value of the change in the heat
protons in the wild-type protein (Wlodawer, 1980). More- capacity due to the denaturation of wild-type RNase A
over, statistically significanfHN and >N chemical shift [ACovild-typT) = 1.25 kcal/(mol deg); Makhatadze &
deviations from wild-type RNase A are observed for both Privalov, 1995] over the temperature range from the transi-
Ala109 ¢HN Ao = —0.19,N Ao = 0.4) and His119'@N tion temperatureT(,) of the wild-type protein (55.8C; Table
Ad = 0.07,>N A6 = —1.1). Similarly, the amide protons 1) to the average transition temperatufg)(of the [C40A,
of Asn27, GIn28, Ser32, and Arg33 irhelix 2 and Val43 C95A] and [C40S, C95S] mutant proteins (335 Table
in o-helix 3 are not observed itH/?H exchange experiments 1). The values for wild-type RNase A can be compared
in the RNase A mutant. Care should be taken in interpreting directly to the corresponding values of 23812 and 231
these results because relative changes in local, subglobal6 cal/(mol deg) for the entropies of unfoldind$’(T.)], and
and global dynamic fluctuations in the folded structure 72.9+ 3.7 and 71.5+ 1.8 kcal/mol for the enthalpies of
(Hilton & Woodward, 1979; Englander & Kallenbach, 1984; unfolding [AH°(Ty)], determined for the [C40A, C95A]
Bai & Englander, 1996) of the mutant protein can increase (Tmjcaoacosay = 33.7 °C; Table 1) and [C40S, C95S]
the rate of exchange of backbone amide protons sufficiently (Tmicaos,cossj= 33.6 °C; Table 1) mutants of RNase A,
to the point that they are “rapidly exchanging” (exchange respectively.
rate constant 0.02 s%). Following this reasoning, hydrogen- It is generally understood that disruption of a disulfide
bonded structures in those residues of [C40A, C95A] RNase cross-link destabilizes the native state relative to the dena-
A where protection is no longer observed may be intact, tured state because of the increased entropy of the denatured
albeit in rapid equilibrium. Accordingly, the complete protein (Poland & Scheraga, 1965; Anfinsen & Scheraga,
disruption of the hydrogen bond between the Alatp® 1975; Lin et al., 1984; Pace et al., 1988; Doig & Williams,
proton and the carboxyl oxygen of His119 is questionable 1991; Cooper et al., 1992). If the native conformations of
since a!HN—IHN NOE between these two residues is the mutant and wild-type proteins were the same, the mutant
observed (Figure 10) iboth the mutant and wild-type  proteins lacking the Cys48Cys95 disulfide cross-links
proteins, and there is no large\J| > 1.5 Hz) difference in would be expected to hawignificantly largerentropies of
3J(*HN—H%). The HN—-15N correlation for Cys84 is weak unfolding at 33.65°C than the wild-type protein. Conse-
in the 2D HSQC spectrum itH,0 (Figure 3); consequently,  quently, thesmallervalue of AS’(T) at 33.65°C observed
no reliable conclusions can be drawn regarding disruption for both of the RNase A mutants indicates a more disordered
of the backbone hydrogen bonding for this residue in [C40A, folded state in the disulfide-deleted mutant proteins than in
C95A] RNase A. the native structure of wild-type RNase A. Similarly, the
Comparisons of short-range and medium-range NOE's andreduction in theAH®(T) observed in both [C40A, C95A]
8J*HN—H%) coupling constants between wild-type and and [C40S, C95S] RNase A at 33.85 relative to the wild-
[C40A, C95A] RNase A indicate an overall similarity in the type protein at the same temperature suggests that some
secondary structures of the two proteins. However, a structural alterations, such as disrupted hydrogen bonds or
significant number of interstrand NOE’s within tlfesheet altered hydrophobic interactions, exist in the folded states
structures and characteristid",—1H%_3 NOE’s within the of the mutant proteins. These alterations arise because
o-helical structures observed in the wild-type protein are disulfide bonds and noncovalent interactions mutually influ-
absent from the corresponding mutant data. Moreover, ence each other (Laskowski & Scheraga, 1954; Kuroki et
significant differences were observed between the mutantal., 1992; Shimotakahara et al., 1997).
and wild-type RNase A in the measured value$XfHN— The relative thermodynamic stability of mutant and wild-
H%) coupling constantsAJ| > 1.5 Hz) of residues located type RNase A can be expressed quantitatively by the
in the twoj-sheets (Figure 10A, Asp83; Figure 10B, Val63, conformational chemical potential differenc&u(°con) be-
Ile107, and Vall08) and im-helix 1 (Ala6 and Argl0). tween the native and denatured states of the respective
Significantly, the absence of correlation within a specific proteins. Konishi et al. (1982b) first introduceth®cont,
region of the mutant protein between NOE’s and protected which depends only on the conformation of the protein, to
amide protons, observed in the wild-type but not the mutant compare different folding intermediates of RNase A which
protein, and large deviations fI(*HN—H®) between the differ only slightly in their chemical composition. Further-
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more, Denton and Scheraga (1991) demonstrated that errorgnore frequently than global ones, even in the mutant protein,
arising from the different heat capacities of the two proteins because of their lower activation energy (Englander &

can be minimized ifAu°cont is evaluated at a temperature
midway between their respectivé,’s. The conforma-
tional chemical potential differences between wild-type
and both [C40A, C95A] and [C40S, C95S] RNase A
[AAU° contransition], €valuated at 44.6C, were identical (6.3

Kallenbach, 1984).

Comparison between Analogs of Des-f4ib] and Des-
[65—72] Folding Intermediates The oxidative regeneration
pathways of RNase A, in the presence of oxidized and
reduced DTT, proceed through two independent major and

4+ 0.3 kcal/mol). These values can be compared to the minor rate-determining three-disulfide species, des-{@i%)

difference in free energies of the mutant and wild-type
proteins in thedenaturedstate arising from their different
loop entropies (Lin et al., 1984). The values of the
theoreticalA Au° conf(oop) DEtWEEN Wild-type and both [C40A,
C95A] and [C40S, C95S] RNase A, considering only the

and des-[6572], respectively (Rothwarf & Scheraga, 1991,
1993a-d; Rothwarf et al., 1995). Similarly, the reductive
unfolding pathway of RNase A in the presence of reduced
DTT also proceeds through the same two rate-determining
intermediates (Li et al.,, 1995). The major and minor

respective denatured states of the proteins, were also identicapopulated pathways in the reduction of RNase A are,
(4.71 kcal/mol). The difference between the theoretical and however, the reverse of the regeneration pathways, with the

experimental values for thAAu°cont Was 1.6 kcal/mol for
both mutants.
destabilization of the nate stateaccompanies the deletion
of the Cys406-Cys95 disulfide bond in RNase A. The

major and minor rate-determining three-disulfide species

This difference implies that substantial being des-[6572] and des-[46-95], respectively (Li et al.,

1995).
From the structural and conformational characterization

accuracy of the theoretical values of the loop entropies relies of an analog of des-[4095] presented here and two parallel
on the approximation of applying a Gaussian distribution to studies of blocked and mutant analogs of des-[63]

short chains. Also, the value fOAAL confransition) WaS

(Talluri et al., 1994; Shimotakahara et al., 1997), direct

calculated assuming the same values for the change in thecomparisons of these two intermediates in terms of their

heat capacity due to denaturation for [C40A, C95A] and

respective roles in the folding and unfolding of RNase A

[C40S, C95S] RNase A mutants as that which was deter- can now be made. Both intermediate analogs of des-[65

mined for the wild-type protein ACyca0acosa(T) and
ACp[C4OS, cgssﬂT) = ACp Wildftype(T) betweenl = 33.6°C and
55.5°C]. Although the experimental values ACycaoa,cosar
(T) andACycaos,cos T) were not determined explicitly, even
a relatively large £1 kcal/(mol deg)] change in
ACp[C40A,(395A](T) or ACp[C4OS,C95iT) from the value observed
for wild-type RNase A AC, wid-typd T) = 1.25 kcal/(mol deg)
betweenT = 33.6 and 55.5C] would account for only 0.3

72] and des-[46-95] are globally destabilized relative to the
wild-type protein throughout their native structures as
indicated by their lowel,'s and overall fastefH/?H amide
exchange rates. Thelative stabilities of the two analogs

of des-[46-95] and des-[6572], however, are not equal.
The des-[46-95] analog exhibits considerably lower thermal
Stabl'lty (ATm[CGSS,C7ZSHC4OS,C95$] = 4.6 OC) and more
pronounced delocalized conformational perturbations and/

kcal/mol of the 1.6 kcal/mol difference between the observed or increased conformational dynamics than the des-64

AA,uoconf(transition) and AA,uoconf(loop)

analogs as indicated frothl/?H amide proton exchange rates,

Relatve Amide Exchange Rates between Wild-Type and3J(*HN—'H®) values, and NOE data. It should be noted that

[C40A, C95A] RNase AAmide H/?H exchange rates can

a lower thermodynamic stability of the des-[495] analog,

elucidate the nature of the dominant unfolding event occur- [C40A, C95A] RNase A, is expected since the denatured
ring in rapid equilibrium at each observable residue of a state for this analog of des-[4®5] has more entropy than

protein (Linderstrgm-Lang, 1955; Hvidt & Nielsen, 1966;

the denatured state of the des-[682] analog, [C65S, C72S]

Englander & Kallenbach, 1984). Specifically, the exchange RNase A (value 0AAu° conf(oopy[ca0a,cosa}-[cess,c72g = 0.8
of amide protons is governed by the most highly populated kcal/mol, considering only differences in loop entropies of

local, subglobal, or global structural fluctuation that instan-

the denatured states). Moreover, comparison of the measured

taneously disrupts hydrogen-bonded structures, therebyvalues ofAAu°.ontfrom reversible thermal unfolding curves
rendering the respective amide proton accessible to solvent{AAL° confaransitionjcaoa,cosa-cess,creg) = 1.1 kcal/mol), which

exchange (Hilton & Woodward, 1979; Englander & Kal-
lenbach, 1984; Bai & Englander, 1996). The ratio of

reflect differences in entropies of both tHelded and
unfoldedstates of the des-[4095] and des-[6572] analogs,

backbone amide exchange rate constants between wild-typesuggests that the entropies of the folded states of the two

and [C40A, C95A] RNase A (Figures 7 and 8) clearly

analogs are SimilarAAﬂ%onf(.oop) - AAﬂoconf(transition)E 0.3

demonstrates a relatively uniform, large difference between kcal/mol).
the slowest exchanging amide protons in the respective Although analogs of both des-[4®5] ([C40A, C95A]

proteins [logkwid—typeKicaoa cosa) ~10°—10°. The large

relative change iftH/?H exchange rate constants between
wild-type and [C40A, C95A] RNase A indicates significant
global reductions in the conformational stability of the

RNase A) and des-[6572] (JC65S, C72S] RNase A)
(Shimotakahara et al., 1997) exhibit significant destabilization
of the hydrophobic core relative to the wild-type protein,
the regions of local structural perturbation in the two analogs

corresponding residues located primarily in the hydrophobic aredifferent Specifically, the structural characterization of

core of the mutant protein.
residues, such as those found in the N-termiraklix (o1)

of wild-type RNase A, exhibit only moderate differences in
log (Kwild—type/Kicaoa, cosal) can probably be attributed to local

The observation that some [C40A, C95A] RNase A indicates that disruption of the

Cys40-Cys95 disulfide bond in des-[405] does not
facilitate the breakage of the Cys6Bys72 disulfide bond
through structural perturbation. In fact, the region encom-

structural fluctuations in these residues as the dominantpassing Cys65Cys72 in [C40A, C95A] RNase A is the
mechanism for amide proton exchange in both the mutant most native-like region in the protein (see, for example,

and wild-type protein. Such fluctuations occur considerably Figure 5).

This observation is in agreement with the
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regeneration and reduction studies which indicate that thedelCardayteS. B., Ridg M., Yokel, E. M., Quirk, D. J., Rutter,

two pathways for both regeneration and reduction involve

conformationally distinct transition states (Li et al., 1995).

W. J., & Raines, R. T. (1995protein Eng. 8 261—273.
Denton, M. E., & Scheraga, H. A. (1991) Protein Chem. 10
213-232.

Significant advances were made in understanding the p,qge R.W., & Scheraga, H. A. (199Bjochemistry 351548

complex mechanism of oxidative regeneration of RNase A
when the major rate-determining intermediates were identi-

fied (Rothwarf & Scheraga, 1991, 1993d; Rothwarf et

al., 1995). Structural characterizations of analogs of both
the major ([C40A, C95A] RNase A, presented here) and

1559.

Doig, A. J., & Williams, D. H. (1991)). Mol. Biol. 217 389-398.

Englander, S. W., & Kallenbach, N. R. (198@). Re. Biophys.
16, 521-655.

Evans, P. A., Dobson, C. M., Kautz, R. A., Hatfull, G., & Fox, R.
0. (1989)Nature 329 266—268.

minor ([C65S, C72S] RNase A; Shimotakahara et al., 1977) Feng, W., Rios, C. B., & Montelione, G. T. (1996)Biomol. NMR

rate-determining intermediates, des-fb] and des-[65

8, 98—-104.

72], provide greater insight into the nature of these precursorsFreund, S. M. V., Wong, K.-B., & Fersht, A. R. (199BJoc. Natl.

and their relationships to the native protein structure in the

oxidative regeneration of wild-type RNase A.
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