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ABSTRACT: A three-disulfide intermediate, des-[6%2] RNase A, lacking the disulfide bond between
Cys65 and Cys72, is formed in one of the rate-determining steps of the oxidative regeneration pathways
of bovine pancreatic ribonuclease A (RNase A). An analog of this intermediate, [C65S, C72S] RNase A,
has been characterized in terms of structure and thermodynamic stability. Triple-resonance NMR data
were analyzed using an automated assignment program, AUTOASSIGN. Nearly all baékhdé@,

and!®N resonances and most side-ch&®@’ resonances of both wild-type (wt) and [C65S, C72S] RNase

A were assigned unambiguously. Analysis of NG¥® chemical shift, andJ(HN—H®) scalar coupling

data indicates that the regular backbone structure of the major form of [C65S, C72S] RNase A is very
similar to that of the major form of wt RNase A, although small structural differences are indicated in the
mutation site and in spatially adjacefisheet structures comprising the hydrophobic core. Thermodynamic
analysis demonstrates that [C65S, C72S] RNasdAdf 38.5 °C) is significantly less stable than wt
RNase A T of 55.5°C) at pH 4.6. Although the structural comparison of wt RNase A and this analog
of an oxidative folding intermediate indicates only localized effects around the Cys65 and Cys72 sites,
these thermodynamic measurements indicate that formation of the fourth disulfide bond;-Cys62,

on this oxidative folding pathway results in global stabilization of the native chain fold. This conclusion
is supported by comparisons of amittt/’H exchange rates which are significantly faster throughout the
entire structure of [C65S, C72S] RNase A than in wt RNase A. More generally, our study indicates that
the C65-C72 disulfide bond of RNase A contributes significantly in stabilizing the structure of the
hydrophobic core of the native protein. Formation of this disulfide bond in the final step of this oxidative
folding pathway provides significant stabilization of the native-like structure that is present in the
corresponding three-disulfide folding intermediate.

Structural analysis of folding and unfolding intermediates pathway mechanism is applicable to proteins in general,
can provide crucial information needed for solving the protein particularly for proteins with complex folding kinetics.
folding problem. One of the central issues in the field of Recent studies of the oxidative folding mechanisms of bovine
protein folding involves characterization of the number of pancreatic ribonuclease A (RNase'Adicate that, for this
pathways in oxidative folding of disulfide-containing proteins small protein, the single-pathway mechanism does not apply
through which any particular protein folds (Konishi & (Konishi et al, 1981; Rothwarf & Scheraga, 1993d; Li
Scheraga, 1980a,b; Konis#iial, 1981, 1982ac; Scheraga et al, 1995).
et ‘9“!".1984’ 1987; S:re|ghton, 1988?1)' One weyv hgs been  pNase A contains 124 amino acid residues and four
e s o e one anse . dslide bond (€4826Cysa3, Cysad Cysos, Cyss
determi,ning step I?Iowever it is not yeg'][ clear that %e single- Cys110, and Cys6SCys72). It unfolds upon reduction of

) ’ its disulfide bonds, even in the absence of denaturants, which
indicates that folding is coupled to disulfide bond formation.
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Therefore, the folding process can be monitored through low solubility of this chemically modified protein, and (iii)

disulfide bond formation. Extensive studies of the thermo- significant overlap of resonances in the homonuclear NMR
dynamic stability, structure, and folding/unfolding kinetics spectra. To eliminate effects of charged blocking groups
of wild-type (wt) RNase A suggest that RNase A folds on the conformation of this three-disulfide species, we have

through multiple pathways (Konislet al., 1981; Rothwarf
& Scheraga, 1993ad; Li et al, 1995). Specifically, two
three-disulfide intermediates, des-f485] and des-[6572]

RNase A lacking the 4695 and 65-72 disulfide bonds,

prepared a mutant protein, [C65S, C72S] RNase A (Letity

al.,, 1993), in which the Cys65 and Cys72 residues are
replaced by serines. This mutant analog exhibits sufficient
solubility for extensive NMR studies. To address the third

respectively, are observed in the oxidative regeneration orissue, we have utilized heteronuclear 3D NMR experiments

reductive unfolding of RNase A (Lét al, 1995). These

for determining resonance assignments and for carrying out

two three-disulfide species are intermediates on different structural analysis.

folding and unfolding pathways (It al, 1995). Moreover,

The primary goal of this study is to provide a better

the formation of these two intermediates has been found {0 characterization of the locations and extents of structural

be the rate-determining step in each of these two different §istortions which result from removal of the Cys6Bys72
folding pathways (Liet al., 1995). _ _ disulfide bond in order to better define the structural
It has been proposed that short-range interactions cangitferences between this three-disulfide folding intermediate
dominate in the early stages of folding to form transient local gnqd wt RNase A. To improve the efficiency and speed of
structures that play a critical role in protein folding mech- e assignment procedure, an expert system, AUTOASSIGN
anisms (Matheson & Scheraga, 1978nhthy & Scheraga,  (zimmerman & Montelione, 1995; Zimmermanal, 1997),
1979; Montelioneet al., 1984; Wrightet al, 1988; Baldwin,  \as used for automated analysis of triple-resonance spectra.
1989; Montelione & Scheraga, 1989; Freustdal, 1996). In this paper, we present sequence-speéiici3C, and'>N
The presence of these chain-folding initiation structures psckbone and3C? resonance assignments for both wt and
(CFIS’s) is thought to limit the conformational space [C65S, C72S] RNase A, determined by triple-resonance
accessible to the protein in the initial stages of the folding nyvR techniques and analyzed by AUTOASSIGN. These
process, thereby directing subsequent folding events. SeVerabssignments provide the basis for analysis of NGEs{N—
studies have indicated the existence of possible CFIS’s for H2) coupling constants, and amidélé/2H exchange rate data.
wt RNase A (Matheson & Scheraga, 1978; Chavez & comparison of these data for wt and [C65S, C72S] RNase
Scheraga, 1980; Montelioret al_., 1984; Okaet al., 1984; A demonstrates that the removal of the Cys€%s72
Swadeshet al, 1984; Montelione & Scheraga, 1989; gisyifide bond affects the chemical shifts of residues that
Udgaonkar & Baldwin, 1990; Altmann & Scheraga, 1990; are nearby in the three-dimensional structure and results in
Buckleret al, 1995; Dodgeet al, 1996; Xuet al, 1996).  ap increase ifH/2H exchange rates for backbone amides
In particular, the loop structure formed by the G8572  |pcated throughout the protein fold. Analysis of chemical
disulfide bond has been proposed as a possible CFISghift NOE, and scalar coupling data shows that the overall
(Némethy & Scheraga, 1979; Montelione & Scheraga, 1989; siryctures of wt and [C65S, C72S] RNase A are quite similar.
Altmann & Scheraga, 1990; Xet al, 1996). As reported  \ost importantly, our results reveal that small perturbations
by Xu et al. (1996), the isolation and characterization of i, |ocal structure around the mutation sites haglebal
single disulfide bond intermediates in the early stages of gffects on the stability of the RNase A chain fold; this effect
oxidative folding reveal that-40% of these intermediates o global stability arises in part from subtle alterations of
involve a C65-C72 disulfide bond. This resultis consistent g sheet structures constituting the hydrophobic core of RNase
with an earlier study of a short peptide corresponding to the o These data demonstrate that formation of the fourth
terminally-blocked polypeptide segment Cys88ys72, in  gjsylfide bond in des-[6572] RNase A plays a crucial role
which the formation of the C65C72 disulfide bond was i, the folding mechanism by stabilizing the native-like RNase

found to be favored by local interactions over the €58 A strycture that is already present in the corresponding three-
C65 or C58-C72 disulfides (Altmann & Scheraga, 1990). jisulfide folding intermediate.

Xu et al. (1996) have suggested that the €572 disulfide
bond may be highly populated in the two- and three-disulfide pMATERIALS AND METHODS
intermediates along the folding pathway.

One method to study kinetic folding and unfolding Sample Preparation. Uniformly **N-enriched [C65S,
intermediates involves the use of blocking reagents to modify C72S] RNase A was expressed using plasmid pMMII[C65S,
free cysteine residues selectively. Although such thiol C72S]inEscherichia colstrain HMS174(DE3) and purified
blocking can be rapid and efficient (Creighton, 1986; as described previously (Laitgt al, 1993). The pMMII-
Rothwarf & Scheraga, 1991), these blocking groups may [C65S, C72S] vector was constructed by subcloning the gene
introduce undesirable side effects, including steric and/or 10 [C65S, C72S] RNase A gene from pSJII[C65S, C72S]
electrostatic interactions with other parts of the protein. A (Laity et al, 1993) into the pET21b expression plasmid
previous NMR study of des-[6572] RNase A (Talluriet (Novagen). Uniformly**C *N-enriched [C65S, C72S] RNase
al., 1994), prepared by reacting the reduced Cys65 and Cys72A was produced using plasmid pRM[C65S, C72SEircoli
residues with the blocking reagent (2-aminoethyl)methane- strain BL21(DE3). This expression plasmid was constructed
thiosulfonate (AEMTS) has suggested that the rate-determin-by subcloning the [C65S, C72S] RNase A gene from pSJll-
ing step in the reductive unfolding pathway that includes [C65S, C72S] into theVisd/Hindlll region of a pET22b
des-[65-72] RNase A involves docal unfolding process.  vector (Novagen) as described by delCardagtral. (1995).
However, that NMR study was limited by (i) uncertainty The requiredMsd site was created by polymerase chain
regarding the effects of chemical modification on the local reaction (PCR) methods using a Perkin-Elmer Gene Amp
structure of this analog of a folding intermediate, (ii) the PCR System 2400. Both®N- and '3C,'®N-enriched wt
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RNase A were expressed using plasmid pXBR-2 (delCar- spectroscopy, Mono S (Pharmacia) or hydropore (Rainin)
dayreet al, 1995) inE. coli strain BL21(DE3). cation-exchange chromatography, and analytical capillary
A single colony of BL21(DE3E. coliwas grown in liquid electrophoresisafter the NMR experiments were complete
broth (LB) media on agar plates overnight and then in order to ensure that no chemical degradation or de-

inoculated into 15 mL of LB media containing 2@@/mL amidation occurred during the NMR data collection.

ampicillin at 37°C with constant shaking at 225 rpm. This Al heteronuclear NMR spectra were recorded on a Varian
cell culture was grown until it reached an @Bof about  pjty 500 NMR spectrometer system equipped with three
0.8. At this point, the cell suspension was centrifuged at | channels and a computer-controlled fourth frequency
2500 rpm for 10 min, the supernatant was removed, and thegy nihesizer for carbonyl decoupling. Homonuclear NOESY
cell pellet was used to |no<_:u_tail L of MJminimal media spectra were recorded on a Varian Unity Plus 600 NMR
(Janssoret al, 1996) containing 2.5 g 0ffNH4);SQ;, 3.0 gpactrometer system. In all spectra, quadrature detection was
g of glucose or [U<C] glucose (for*C N enrichment only),  ¢arried out in indirect dimensions either using the States
trace elements, vitamin solutions, and@mL gmplcnlm. TPPI method (Marioret al, 1989) or by combining n- and
Thls culture was incubated at 3T with shaking. Whgn p-spectra (Nagayama, 1986: Kay et al., 1992) selected with
this growth culture reached an @ of 0.6-0.8, protein pulsed-field gradients (PFGs). All NMR spectra were

expression was induced by the addition of 5 mL of 0.1 M rqcessed with the Varian VNMR software package.
aqueous isopropyb-p-thiogalactopyranoside. The culture
2D NOESY spectra (Jeenet al, 1979; Kumaret al,

was then incubated overnight with shaking at°8®. The \ X

isolation of expressed RNase A from inclusion bodies of the 1980) were recorded using 512 complex points and a spectral
resulting cells and the sulfonation of the isolated protein were Width of 17000 Hz in the, dimension and 4096 complex
carried out as described previously (Ladtyal, 1993). The points and_a spectral width of 8000 Hz in thedimension.
soluble sulfonated protein was then dialyzed exhaustively 3P ‘*N-edited PFG NOESY-HSQC spectra [based on
at 4°C against 25 mM formic acid contairgr8 M urea, pH Drlscqll et al. (1990); pulse sequence shpwn in supplemen-
4.0, and the supernatant was exchanged into a folding buffert@"y Figure S1; see Supporting Information] were recorded
containing 0.1 M Tris and 3 mM EDTA, pH 8.2, using a USing 150 complex points and a spectral_ width of 6300 Hz
Sepharose G-25M column (Pharmacia). The protein wasn t1, 64 complex points a_nd a spectral width of_ 2500 Hz in
then refolded and purified as described by Laityl. (1993).  t2» and 1024 complex points and a spectral width of 3500
All samples were analyzed by laser desorption mass specZ in ts (the offset was switched to the center of the amide
troscopy (MALDI-TOF), N-terminal analysis, and amino acid Proton region prior to acquisition). The NOESY mixing
analysis (Cornell Biotechnology Center) in order to ensure times were 80 ms for the 2D aritN-edited 3D spectra of
that the isotope enrichment was uniform9Q7 + 2%) and both wt and [C65S, C72S] RNase A samples.

that the N-termini of the protein samples were correct. In  Pulsed-field gradient triple-resonance experiments were
addition, samples were analyzed by analytical cation- carried out using uniformly®C,*>*N-enriched wt and [C65S,
exchange chromatography using a Mono S (Pharmacia) orC72S] RNase A. For all triple-resonance experiments on
hydropore (Rainin) cation-exchange column and by analytical wt RNase A, the spectral width in thgedimension was 3400
capillary electrophoresis (Cornell Biotechnology Center); the Hz with the proton carrier set to the center of the amide
samples were found to contaifil% of chemical heterogene-  proton region, while all data sets for [C65S, C72S] RNase
ity. Enzymatic activities of wt and [C65S, C72S] RNase A A were recorded with ds spectral width of 6900 Hz and

were assayed as described by Laityal. (1993). the proton carrier set to the water resonance frequency in
Thermal Transition MeasurementSamples for thermal  order to reduce the amplitude of spurious water echoes. For
transition measurements were prepared-af uM protein all triple-resonance experiments, the spectral width in the

concentration in 100 mM sodium acetate buffer at pH 4.6 nitrogen ;) dimension was 2500 Hz.
+ 0.05. Absorption measurements were made at 287 Nnm 3 pEG.HNCO data [based on Muhandiram and Kay

using a modified Cary model 14 spectrophotometer with a (1994); pulse sequence shown in supplementary Figure S2]

10.0 cm path-length quartz cell (Hellma) jacketed in water ;oo acquired for wt and [C65S, C72S] RNase A using 50
for temperature regulation, as described elsewhere (eaity 50 x 512 and 40x 40 x 1024 complex data points in

al., .1.993).' Approximately 10 min was allowed for the_rr_nal thet,, t,, andt; dimensions, respectively, and four scans per
equilibration at each temperature. All thermal transitions t, or t, increment. The spectral widths in the carba) (

were observed to be 95% reversible. Analysis of thermo- dimension were 1500 and 2000 Hz for wt and [C65S, C72S]
dynamic parameters from these data was carried out usingg,qe A, respectively. For both samples, coherence transfer

standard methods (Pae¢ al, 1989). dela — _
y$ were tuned tor, = 2.4 ms andr, = 12 ms. The
NMR SpectroscopyNMR samples _Of bOt_h wt and [C6_5_S’ constant-time evolution period was tunedrto= 12 ms.
C72S] RNase A were prepared by dissolving the lyophilized

protein in HO containing 1096H,0, at pH 4.6. This pH 3D PFG-HN(CA)CO spectra [based on Clutet al.
value was chosen so that the structural analysis of [C65S,(1992); pulse sequence shown in supplementary Figure S3]

C72S] RNase A could be compared with that reported for Were acquired for wt and [C65S, C72S] RNase A using 32
des-[65-72] RNase A by Talluriet al. (1994). Al NMR ~ x 40 x 512 and 40x 45 x 1024 complex data points in
data were collected using 5 mm susceptibility-matched th€t, tz, andts dimensions, respectively, and 16 scans per
Shigemi NMR tubes. Protein concentrations were 2.7 mM increment.  The spectral width in the carbay) dimension

for the samples of uniformly®N-enriched wt and [C65S, ~Was 2500 Hz. For both samples, coherence transfer delays
C72S] RNase A, 2.0 mM fol*C,'>N-enriched wt RNase A,
and 3.0 mM for**C **N-enriched [C65S, C72S] RNase A. 2 T Tow Ter Tar Ter Tr, Teo @nd T, are pulse sequence delays defined in
Samples were also analyzed by laser desorption massrigures SS9 of the Supporting Information.
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were tuned tar, = 2.3 ms andr, = 2.4 ms. The constant-  protein (0.1 mM) irH,O containing 0.1 M deuterated acetic
time evolution period was tuned i, = 10 ms. acid at pH 4.6 and then followingH/?H exchange using a

3D PFG-HNCA data [based on Muhandiram and Kay series of!SN—'H PFG-HSQC spectra. The spectra were
(1994); pulse sequence shown in supplementary Figure S4Jacquired with 128x 2048 complex data points and four
were acquired for wt and [C65S, C72S] RNase A using 40 scans per increment, using a total experiment time of 33 min
x 45 x 512 and 40x 45 x 1024 complex data points in  per 2D spectrum. Measurements were made over a period
thety, tp, andts dimensions, respectively, and 16 or 12 scans of 4 months, storing both NMR samples in a water bath
per increment. For both samples, the spectral widths in themaintained at 2Gt 1 °C between measurements. Spectra
carbon ;) dimension were 6100 Hz, and coherence transfer recorded on different days were normalized using the
delays were tuned to, = 2.5 ms andr, = 9.0 ms. The intensities of aliphatic protons measured in a 1D NMR
constant-time evolution period was tunedrtc= 9.0 ms. spectrum. The peak intensities for each amitie—!H

3D PFG-CA(CO)NH data (Fengt al, 1996; pulse resonance were fitted to a single exponential decay using
sequence shown in supplementary Figure S5) were acquirecKaleidograph (Abelbeck Software). The ptalues of these
for wt and [C65S, C72S] RNase A using 4042 x 512 samples (4.6t 0.2) were verified after théH/?H exchange
and 40x 45 x 1024 complex data points in thg t,, and study was complete!H, *C, and**N chemical shifts are
tz dimensions, respectively, and 16 or 12 scans per incrementreferenced to the internal standard 2,2-dimethyl-2-sila-
The spectral widths in the carbon)(dimension were 6000  pentane-5-sulfonic acid (DSS), using the protocol recom-
and 6100 Hz for wt and [C65S, C72S] RNase A, respec- mended by the IUPACIUBMB —IUPAB Interunion Task
tively. For both samples, coherence transfer delays wereGroup on NMR Data Bases (Wishaet al, 1995).

tuned tor, = 1.5 MS,Ta-foc = 2.4 MS,7p, = 3.6 ms,z. = 2.5 3J(HN—H*) coupling constants were measured using a

ms, andrg = 14.0 ms. The constant-time evolution periods version of the PFG-HMQC-J experiment (Kubonieal.,

were tuned tdl, = 3.4 ms andl, = 11.0 ms. 1994) modified to use heteronuclear coherence selection with
Data for both 3D PFG-HA(CA)(CO)NH (Fenegt al, pulsed-field gradients for efficient solvent suppression or by

1996; pulse sequence shown in supplementary Figure S6)2D PFG-HNHA-J (Kuboniwaet al, 1994). The spectra were
and 3D PFG-HA(CA)NH experiments (Fergg al, 1996; acquired using 64 complex points and a spectral width of
supplementary Figure S7) were acquired for wt and [C65S, 2500 Hz in thet; (*N) dimension and 2048 complex points
C72S] RNase A using 3& 45 x 512 and 40x 45 x 1024 and spectral width of 4550 Hz in the (HN) dimension. A
complex data points in the;, t;, and t; dimensions, series of HMQC-J spectra were recorded with dephasing
respectively, and 16 or 12 scans per increment. The spectraperiods of 45, 50, 56, 62.5, 71.4, 83.3, and 91.0 ms and,
widths in the aliphatic protort{) dimension were 4500 and  respectively, 128 or 176 scans per increment for wt or mutant
2500 Hz for wt and [C65S, C72S] RNase A, respectively. RNase A. In a similar fashion, a series of HNHA-J spectra
Coherence transfer delays were tuneate 1.5 ms,za—soc were obtained with dephasing periods of 45, 60, 80, 100,
= 2.4 ms,, = 3.6 ms,z. = 2.5 ms, andy = 15.0 ms. The 120, and 140 ms. Values &(HN—H®%) coupling constants
constant-time evolution periods were tunedlto= 3.4 ms were obtained by fitting the time dependence of tié—
andT, = 11.0 ms. HN cross peak intensities as described by Kubonawval.

3D PFG-CBCA(CO)NH spectra (Grzesiek & Bax, 1992a; (1994). Coupling constants measured by HMQC-J and
Rios et al, 1996; pulse sequence shown in supplementary HNHA-J for the same amino acid residues agreed to within
Figure S8) were acquired for wt and [C65S, C72S] RNase 0.5 Hz.
A using 40x 40 x 512 and 38x 40 x 1024 complex data Automated Analysis of Resonance AssignmeMalti-
points in thet,, t,, andt; dimensions, respectively, and 16 dimensional NMR processing was done with Varian VNMR
scans per increment. The spectral width in the carltgn ( software and peak-picking using NMRCompass software
dimension was 10 000 Hz. For both samples, the coherencgMolecular Simulations Inc.). Automated analysis of reso-

transfer delays were tuned t9 = 1.4 MS,Ta—foc = 2.1 MS, nance assignments for wt and [C65S, C72S] RNase A was
™, = 4.5 ms,7; = 2.7 ms,tqg = 14.0 ms, and. = 3.8 ms. carried out on a Sun Sparc 10 workstation using the program
The constant-time evolution periods were tunedde= 3.3 AUTOASSIGN, as described by Zimmermahal. (1997).

ms andT, = 11.0 ms. Briefly, AUTOASSIGN proceeds by first identifying the

3D PFG-CBCANH spectra (Grzesiek & Bax, 1992b; pulse backbone amidé®N and*HN resonances from each cross
sequence shown in supplementary Figure S9) were acquiredpeak observed in 2B°N—H HSQC and 3D HNCO data
for wt and [C65S, C72S] RNase A using 3240 x 512 and then establishing these resonances as tentativgof
and 48x 45 x 1024 complex data points in thg t,, and generic (nonspecific amino acid type) spin systems (GSs).
t; dimensions, respectively, and-182 scans per increment. Cross peaks in the remaining 3D triple-resonance spectra
The spectral width in the carboh ) dimension was 10000 whose amidé®N and 'HN resonance frequencies coincide
Hz. For both samples, the coherence transfer delays werewith these GS roots are then used to identiy®, 13C, tHe,

tuned tor, = 1.5 MS,Ta—toc = 2.1 Ms, 7 = 2.5 ms,7g = 4.0 and®C' resonances of residil@and of the preceding residue,
ms, andre = 3.8 ms. The constant-time evolution periods i — 1, in the sequence. In this study, these additional data
were tuned tol, = 2.4 ms andl,, = 11.0 ms. were obtained from 3D HNCA, CA(CO)NH, HA(CA)NH,

For all spectra, Gaussian window functions were applied HA(CA)(CO)NH, CBCANH, CBCA(CO)NH, and HN(CA)-
in all three dimensions, and linear prediction and zero filling CO spectra. Once th€C* and*3C# chemical shifts have
were used to extend the time-domain data in the carbpn (  been identified for each GS root, this information is used to
and/or nitrogen tf) dimension. The final size of the 3D  derive probabilistic amino acid type scores (Zimmerrean
matrix was 256x 256 x 1024 for all spectra. al., 1997) for both the spin system itself) (and its
Amide proton exchange rates for wt and [C65S, C72S] predecessoi (— 1) in the sequence. Thus, each GS root is
RNase A were measured by dissolving lyophilized protonated defined by amidé®N; and *HN; chemical shift values and
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has an associated “CO ladder” specifying the resonance
chemical shifts of theorecedingamino acid residue (€4, 105
Cfi_1, H%_4, and Ci_y), a “CA-ladder” specifying the 95
correspondingntraresiduechemical shifts (&, C%, H%, and

C'i), and lists of the most probable residue types for each of
its ladders. Sequence-specific assignments are then obtained
by establishing the best sequential matches of chemical shifts
between CO and CA ladders whose probabilistic types are 65
consistent with the amino acid sequence. A segment of four 5.5 4
to five sequentially linked GS spin systems is in most cases M
sufficient to define a unique stretch of residues in the amino 45,000 6000 10000 14000 20000
acid sequence. The software iteratively establishes sequential Mass (m/z)

matches and assignments of GSs to sites in the amino acid
sequence until no additional information can be reliably
extracted. The problem-solving methods used by AUTOAS- ol |
SIGN are analogous to processes used in solving a jigsaw a0l

puzzle; the sequential matching of ladders corresponds to 30 ]
fitting complementary-shaped pieces together, while the 20
global constraints imposed by the image that one is trying 10k 4
to recreate correspond to the constraints imposed by the

amino acid sequence. 2 4 6 8 10-12 14 16 18 20 22 24
Minutes

A
14406

8.5

Arbitrary
Intensity

7194.7 7
7.5 E

70} .
B

60 B
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RESULTS 100 c
Analytical Protein Chemistry.All NMR samples were % 1
analyzed by matrix-assisted laser desorption ion time of flight
(MALDI-TOF) mass spectroscopy, N-terminal analysis,
cation-exchange HPLC, and capillary electrophoresis to
determine the extent of degradation, aggregation, and de- 201 .
amidation of the protein samples used in the NMR measure-
ments. A representative MALDI-TOF mass spectrum and
ga?'”a% ele_ctlro_phoreSIS Ch:jomatoglzam_ of w er:lase A Ficure 1: MALDI-TOF mass spectroscopy (A) and capillary
efore the triple-resonance data collection aré ShOWN IN gjecirophoresis (B, C) analyses 6€ 5N-enriched wt RNase A
panels A and B of Figure 1, respectively. A capillary pefore (A and B) and after (C) triple-resonance NMR data
electrophoresis chromatogram of the sangdter the NMR collection. Theoretical values for 10096C,'>N-enrichment are
data collection is shown in Figure 1C. Mass spectroscopy, i\“‘_‘%%gea&joﬁalfgr;?sr Eﬂgi:atleaénn?incqhﬁw ﬁnffur?vse lzf(‘)"f’tgF;’\;%/soeand
N-terminal analysis, and cation-exchange Chromamg.raphy%.S%, respectively, which are identical within the uncertainty in
analyses (data not shown) also demonstrate that thev2%s mass measurements.1%) of macromolecules by MALDI-TOF
chemical heterogeneity in these protein samples, even aftefmass spectroscopy.
more than several weeks of NMR measurements &i20
Overall, these analytical protein chemisty data demonstrateTable 1: Thermodynamic Parameters for Unfolding and Relative
that the samples were-99% homogeneous before the Enzymatic Activities of Wild-Type and [C65S, C72S] RNase A at

60 .

mV

40 .

2 4 6 8 10 12 14 16 18 20 22 24
Minutes

initiation of NMR data collection ang98% homogeneous ~ PH 4.6+ 0.05

at the end of several weeks of data collection. AkH"I(/Tm)T AS (Tm)® enzymatic
Thermodynamic Properties and Enzymatic Aités of Tn (CF(kcalimol) (ew)  activity

[C65S, C72S] RNase AThe activities and thermodynamic ~ W{RNase A 55.5£02 112+5 340+16 100

) [C65S, C72S] RNase A 38502 83.7+2 269+8  23+2
properties of wt, [C65S, C72S], and des-{6B2] RNase A jeq [65-72] RNase A 38.4+ 0.4 80.3+8 258124 81+6

a.re Shown in Table 1 Thes? d.a.ta show that the—@& aThermodynamic parameters are reported for the process folded to
disulfide bond antr'bUte_S S|'gn|f|'cantly to the stability of unfolded aflf = T,,. Error estimates represent two standard deviations
RNase A. Deletion of this disulfide bond affects both the of multiple measurements Enzymatic activity at 22C relative to wt
enthalpy and entropy of folding. The large changes in RNase A at pH 5.0, measured using cCMP substrate as described by
enthalpy of unfolding (Table 1) suggest that alterations in Laity et al. (1993).€ Data from Talluriet al. (1994).

the structure of folded RNase A accompany the disulfide

deletion. The fact that the change in the entropy of unfolding were chemically blocked by AEMTS, has80% enzymatic

is smallerin the disulfide mutant than in wt RNase A is activity with respect to native RNase A (Tallwt al,, 1994).
somewhat counterintuitive, as the disulfide deletion should Backbone and*C? Side-Chain Resonance Assignments of
result in greater flexibility for theinfolded statend thus a  wt and [C65S, C72S] RNase AExtensivelH, °C, N
larger change in entropy upon unfolding than that of the wt resonance assignments for both wt and [C65S, C72S] RNase
protein. Apparantly the disulfide deletion results in even A were obtained by automated analysis of triple-resonance
larger changes in the entropy (e.qg., flexibility) of ttedded data using the computer program AUTOASSIGN (Zimmer-
state Interestingly, while the [C65S, C72S] RNase A mutant man & Montelione, 1995; Zimmermaeat al, 1997). AUTO-
exhibits ~23% native enzymatic activity, the previously ASSIGN obtained nearly complete backbdh#', 15N, *He,
studied des-[6572] RNase A, in which Cys65 and Cys72 13C% and!3C' and side-chaif*C? assignments for both wt
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and mutant RNase A from these triple-resonance data. Thesehe assignments determined for wt RNase A wsoeused
assignments are tabulated in supplementary Tables S1 andh the analysis of the spectral data of the mutant. The
S2, and the corresponding backbone amide proton andautomated analyses summarized in Table 2 and Figure 3 were
nitrogen assignments are indicated on plots of HSQC spectrasubsequently verified by manual inspection of strip plots from
of these proteins shown in Figure 2. Table 2 summarizesall of the 3D triple resonance spectra. The subsequent
some of the more salient characteristics of the automatedmanual analysis also provided a few additional assignments
analysis, and a survey of the intraresidue and sequential(Table 2).

triple-resonance connectivities determined by AUTO-  In addition to resonances assigned to the predominant form
ASSIGN for both wt and mutant RNase A is presented in of RNase A present in solution, a large number of generally
Figure 3. Execution times for automated analysis of these weaker resonances present in these spectra (see, for example,
assignments were less than 4 min using a Sun Sparc 10Figure 2C,D) could be clustered into spin systems. Many
workstation and a compiled version of the LISP code. Both of these spin systems have distinct amiitée—'H roots, but
proteins consist of 124 amino acid residues, but because theheir CO and CA ladders closely resemble those of assigned
N-terminal lysine and four proline residues have no backbone spin systems whose relative peak intensities are significantly
amide protons, only 119 of these residues have detectablestronger. Typically, the resonances of these extra spin
5N—1H GS roots. The analyses of the wt and [C65S, C72S] systems have-10% the intensities of resonances assigned
RNase A data were carried out completely independently; to the predominant form of the protein.
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Table 2: Summary of AUTOASSIGN Analysis of Resonance interactions with polypeptide segment His&a109 (strand
Assignments for Wild-Type and [C65S, C72S] RNase A B6) which, in turn, forms antiparallgs-sheet interactions
with polypeptide segment His11%/al124 (strand 7).
[C65S, C72S] ; ; ; I
wt RNase A RNase A Accordingly, these chemical shift data indicate that removal
o, of residues 124 124 of the Cys_GErCys72 digulfidg bond results in structural and/
no. of GS& expected 119 119 or dynamical perturbations in the hydrogen-bondestrand
no. of GSs obsd 149 154 network involving polypeptide segments GIn6Ala64,
no. of degenerate GS rodts 47 43 Cys72-Ser80, His105-Glul1l, and lle116'Ser123, which
no. of assigned GSs 119 118 are all located iff-sheet 2 of the RNase A structure (Figure
ggégzﬁé;r%nfs ég’m systems 2330 436 5). Moreover, considering that chemical shifts are extremely

sensitive to small structural changes, the data indicate little

 RNase A [Cgils' 0755] or no change in the protein structure distant from the local

no. of sequence- W Rrase ase vicinity of the deleted disulfide bond. Thus, these results
specific backbone subsequent subsequent 4o mongtrate that the des[6%32] three-disulfide intermediate
and®3C’ side-chain automated manual automated manual . ; - .

of RNase A has an essentially native tertiary structure with

resonance assignmehtsanalysis analysis analysis analysis urbai | lized i s of the struct that "
erurpations iocalized in parts o e Structure that are mos
1HN (119) 119 119 118 119 P P y

15 (119) 119 119 118 119 nearby in spaceo the deleted disulfide site.

1He (127) 125 125 125 125 Measurements éfi(HN—H®) Coupling Constants3J(HN—

13Ce (124) 122 124 122 123 H®*) coupling constants for wt and [C65S, C72S] RNase A
13C (124) 122 124 122 123 were determined using 2D HMQC-J and HNHA-J data.
13CP (121) 120 120 111 117

These results are summarized in supplementary Table S3.
2 Generic spin systems (GSs) are defined in AUTOASSIGN as amino Altogether, 75 and 32 reliabfd(HN—H®) coupling constants
acid spin systems which have backbone ariifeand*>N resonances. were determined for wt and mutant RNase A, respectively
bTwo or more GS spin systems with indistinguishalt' and 1N | f th fits f h I'-|M o d.
chemical shifts are considered to have degenerate roots with respectthrom analyses ot the (_:u_rve Its for these QC-J an
one anotherc Numbers of possible resonance assignments based onHN_HA'J data, the precision of t_hese measurements was
the amino acid sequence are given in parentheses. It should be notedypically better than+5% for residues with®J(HN—H%)
that the three Gly residues each have twoatd no @ resonances, values greater than5 Hz. However, comparison of values
while the four Pro residues and the N-terminal Lys residue have no easured for wt RNase A with values back calculated from
backbone amide protons and do not yield detectélleHN correlations. the 1.26 A X-ray crystal structure (Wlodawet al, 1988)
using the Karplus curve described by Paedial. (1984)
demonstrates that, for values greater thab Hz, the
differences between back-calculated and observed coupling
constants can be as large £4.5 Hz; for smallerJ(HN—

Chemical Shift Differences between wt and [C65S, C72S]
RNase A.The differences in assigné#i™, 5N, 13C, He,
and®*C' backbone anéfC’ side-chain resonance frequencies HY) values the differences between measured and back-
between wt and [C65S, C72S] RNase A are plotted in Figure :

4. Comparison ofSN—H HSQC spectra (Figure 2) shows calculateq values were somewhat larger. These differences,
that about 30% of the [C65S, C72S] RNase A cross peaksrepresentmg the apparant accuracy of these measurements,

are shifted compared to those of wt RNase A. As can be regfhc; dssec\)/fer;a;afscrtgrfe:ﬂglu d(j']I‘?egre?c/:Setsrtr)];tlceeerr]rggsl tlr:) r:gen d
seen in Figure 4, these differences are concentrated around u » di W utl

e : ) crystal structures, and dynamical averaging which occurs in
g;:zre]déeﬂgéogi.d ﬂ%tilypHeiglct)i;SE%TfnéS_St%:g%gO a)(rid the solution structure. From these considerations the dif-
llel16—Ser123 ﬁ-sfrandﬁ?). Residues containin’g reso- ferences betweefd(H"—H¢) coupling constants measured
nances that exhibit significant chemical shift differences for wt a.md. mutant RNaseAwere conservatively interpreted
between wt and mutant proteins are shown on the three-to be significant only if they were greater than 1.5 Hz. Most

31N N I~ .
dimensional X-ray crystal structure of RNase A (Wlodawer v\\jt(Hn d ':1&) tvﬁltulgSN Weriqus'tiensg]'cim"ﬁ: émtr:'ﬂ;l'o HhZ)V\Ian ,
et al, 1988) in Figure 5. All of the residues exhibiting a uta ase A. slgnitica erences, nowever,

P - e : : were observed for residues GIn6AX = 3.7 Hz), Cys72
significant chemical shift differences are spatially adjacent .
to one another in the three-dimensional structure of the (AJ ~ 1.5 Hz), Thr82 AJ = 2.8 Hz), and Val1244J =

mutant 2.2 Hz) (supplementary Table S3).
. i 2
Chemical shifts are highly sensitive to local chemical and ratBe 2Cgfb::]? dém:g?:r{sHatEglihgg%Z ggtéasv?/':ree ﬁ(ggsﬂge%
electronic environments. Since the polypeptide segmentusin 2 sefies %¥5N—1H HSQC spectra. There were 85
(GIn60—Ser80) includes both mutation sites, it is not 9 P )

o o : . o and 70, respectively, slowly exchanging amide protons
surprising that the most striking chemical shift deviations ' : -
occur in this region. In wt RNase A, this polypeptide (defined as those with exchange rate constatd minm?)

segment consists of a small surface loop closed by the' wt and [C65S, C72S] RNase A. The locations of these

o : . slowly exchanging amides in the protein sequence are

Cys65-Cys72 disulfide bond along with a short antiparallel indicgted in Figurgs 6 and 7. The r?igh sensitﬂ/ity of the
g ;sar}e(altg(gg)andoﬁr?ea;dtﬂhi)s'(é\/_\gtc; gﬁ\évser&eto?l., igﬁgéssaemr?]rgm PFG-HSQC experiments used in these measurements enabled
c s7.’2—Ser7.5 of stranB3) also formspagt? grallq(f—sk?eet us to characterize an additional 30 slowly exchanging amide

y b protons than have been reported in previous studies of wt
— — RNase A (Robertsoet al,, 1989; Santoret al, 1993; Talluri
| 3Ihe de%grlatnogs Qﬁ-ShteztS_ utShEdElan thll?\ Daperpaﬂt? _baSDecti OS thlf etal, 1994). The newly observed slowly exchanging amide
ocations ofj-strands reported In the Brookhaven Frotein Lata Bank urqtons are all located in well-defined elements of backbone
(PDB) entry 9RSA: 31, sheet 1, strand J2, sheet 2, strand 133, P . .
sheet 2, strand 24, sheet 1, strand 85, sheet 1, strand 86, sheet structure, and many of them are involved in the backbone
2, strand 3; ang7, sheet 2, strand 4. hydrogen bond network (Wlodawet al., 1988; Santoret
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Ficure 3: Summary of intraresidue and sequential connectivity data determined by AUTOASSIGN for wild-type (A) and [C65S, C72S]
(B) RNase A at pH 4.6 and 2TC. Solid and hatched lines indicate intraresidue (i) and sequential (s) residue connectivities, respectively.

al., 1993). All of these newly observed “slowly” exchanging chemical shift deviations from statistical coil values (Tha-
amide protons in wt RNase A do, in fact, exhibit faster nabalet al, 1994) for both wt and [C65S, C72S] RNase A
exchange rates than the set of slowly exchanging amideare shown in supplementary Figure S10. These conforma-
protons reported previously. tion-dependent chemical shifts provide a qualitative charac-
For all of the amide protons of the cofesheet, theH/ terization of¢p—1y backbone conformations for each residue
2H exchange rate constants are much larger in [C65S, C72S]in these protein structures (Spera & Bax, 1991). Small
RNase A than in wt RNase A (Figure 8). Some sites exhibit conformation-dependeiC* chemical shifts f0C* = 0C%s
as much as ¥8-1(° faster exchange in the mutant than in — 6C%q;) are nearly identical in wt and mutant RNase A
wt RNase A. A comparison ofH/?H exchange rate for a-helicesal, a2, anda3, for -strands81, /4, andf5,
constants for backbone amides of [C65S, C72S] and wt and for the intervening loop segments. Ta&C* differences
RNase A, logkmufkat), is Shown in Figure 9 on the three- Dbetween wt and [C65S, C72S] RNase A are localized in and
dimensional structure of wt RNase A. It is clear from this near g-strandsf2, 53, 6, and 37 of s-sheet 2. These
figure that the exchange rate constants are increased throughehemical shift data further demonstrate that the backbone
out the whole [C65S, C72S] RNase A molecule. Close structures of wt and mutant RNase A are very similar, except
examination of Figure 9 reveals that the amide protons with in the local three-dimensional vicinity of the disulfide
differences in the exchange rate constakts/k, >10 deletion site.
between wt and [C65S, C72S] RNase A are located mainly ~ Surveys of short- and medium-range NOE and ardiitfe
in the coref-sheet regions. These measurements indicate?H exchange rate data for wt and mutant RNase A are
that the rates of amide proton exchange in the gesbeets presented in Figure 6. These data clearly delineate three
of RNase A are affected more by the removal of the €65 «-helices (1, Thr3—-Met13; 0.2, Asn24-Asn34; ando3,
C72 disulfide bond than those in other regions such as theSer506-GIn60) in both wt and [C65S, C72S] RNase A. An
a-helices. analysis of interstrand backborbackbone NOEs in wt and
Comparisons of Hydrogen-Bonded Backbone Structuresmutant RNase A is presented in Figure 7. Hydrogen bonds
of wt and [C65S, C72S] RNase ASummaries oft3C® were identified unambiguously on the basishaith inter-
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Ficure 4: Differences in chemical shifta\@ = dmu — dwr) between

wt and [C65S, C72S] RNase A, plotted as a function of residue
number for'HN (A), 1N (B), 13C« (C), IH* (D), 13C' (E), and3C’

(F), respectively. Regular backbone structures indicated by arrows
are based on the X-ray crystal strucfuf¢/lodaweret al., 1988).

strand NOEs and slowly exchanging amide protons. It is
evident from Figures 6 and 7 that the overalhelical and
fp-sheet structure of wt RNase A is preserved in [C65S,
C72S] RNase A. These results further demonstrate that theF & Ribbon drawing based on th all hic atomi
IGURE 5. Ribbon drawing based on the crystallographic atomic
Eelgglsaéli‘ grnc(jje\';ithﬁlaacsléboAn: . esgﬂﬁ'[eurs?;ilgfr [C65S, C72S] coordinates (Wlodawest a%, 1988) of wt RNa)ée A o%ta?ned from
: the Brookhaven Protein Data Bank (PDB entry 9RSA). The four
Subtle Structural Differences between wt and [C65S, native disulfide bonds are shown in white (disulfides €4®5,

C72S] RNase Aln order to account for the large differences C58-C110, and C26.C84) and yellow (disulfide C65C72). The
residues exhibiting significant differences in the chemical shifts

in thermal stability for wt and [C65S, C72S] RNase A, small - (\syhanveen wt and [C65S, C72S] RNase A are highlighted on
differences in NOE intensities an%_il(HN—H“) cpupling Ehe)structure in red for[(A)HN (IAS] >]0.1 ppm), (B)lsN%|A§| >
constant data have been examined in more detail. One clean.5 ppm), and (C¥3C* (JAd| > 0.5 ppm).

structural change arising from the removal of the €652

disulfide bond is the disruption of the short antiparallel carbonyl of GIn74 is disrupted in this mutant. Difference
pB-sheet [betweerg-strands corresponding to polypeptide in dihedral angleb of residue GIn60 is also indicated by the
segments 6064 (32) and 72-75 (83)] and of the loop 3J(HN—H®) coupling constant measurements, as described
structure between thes@-strands. The hydrogen bond above. In addition to the changes in the hydrogen bond
network connecting these twf-strands in wt RNase A  network of 5-sheets, the turn structure of wt RNase A
involves the amide protons of residues Lys61, Val63, Cys72, involving polypeptide segment Ala645In69 exhibits struc-
and GIn74. All of these were identified as slowly exchanging tural perturbations. In contrast to wt RNase A, residues
amide protons from amidéH/?H exchange measurements Ala64, Cys65, Gly68, and GIn69 in this loop structure do
for wt RNase A (Figure 6). The expected interstrand NOEs not exhibit slowly exchanging amide protons in [C65S,
involving 6 1HN—74HN, 61HN-75H, 62H—74HN, 63H— C72S] RNase A (Figures 6 and 7). Moreover, the interstrand
72HN, 63HN—-73H*, and 64H—72H" were also observed 65HV—69HY NOE and the hydrogen bond indicated by slow
for wt RNase A. In addition, the slowly exchanging amide exchange of the amide proton of Cys65 in wt RNase A are
proton of Tyr73 is attributed to an interstrand hydrogen bond not present in [C65S, C72S] RNase A. Other amide protons
formed with the backbone carbonyl oxygen of Vall08 that are slowly exchanging in wt RNase A but not in the
(Figure 7). In contrast, for [C65S, C72S] RNase A, the only mutant include those of residues Val43, Asn44, and Thr45
slowly exchanging amide protons observed in this region (Figures 6 and 7). Subtle structural disruption is also
are those of Val63, Ser72, Tyr73, and GIn74; the hydrogen indicated in this region of the protein by the interstrarit-H
bond involving the amide proton of Lys61 and backbone HN NOE that is observed for Asn44 in wt RNase but not in
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Ficure 6: Survey of slowly exchanging amide protons (circles) and characteristic short-range NOEs invdivprgtehs (rectangles)
identified from NMR data for wt and [C65S, C72S] RNase A at g6 and a temperature of 2C. Blue circles indicate that the correspond-

ing amide proton was characterized as slowly-exchanging in both the wt and mutant samples, while red circles indicate that the corre-
sponding amide proton is slowly exchanging in wt RNase but not in the mutant protein. NOEs indicated in blue were observed in both wt
and mutant proteins, those in red were observed only in wt RNase, and those in yellow were observed only for [C65S, C72S] RNase A.
The NOEs indicated in hatched blue were clearly observed in wt or mutant and were overlapped with other peaks in the mutant or wt
spectra, respectively.
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FiIGURE 7: Schematic diagram showirfigstrands identified for wt and [C65S, C72S] RNase A by NMR analysis a#ptiand a temperature

of 20 °C. Double-headed arrows denote short distances manifesting NOEs assigned in the 2D homonuclear atidHedigl NOESY-

HSQC spectra. Thegesheet structures were corroborated by identification of slowly exchanging amide protons associated with hydrogen
bonds, indicated by rippled lines. NOEs and hydrogen bonds indicated in blue were identbigtth it and mutant proteins, while NOEs

and hydrogen bonds indicated in red were observed only in wt RNase. Blue circles indicate residues for which E@Kberd)
coupling constants are similar for wt and mutajt] < 1.5 Hz) or that the data provided only upper-bound valuegd@$fN—H*) which

could not be used to identify structural change, and red circles indicate residues for which batkb®reH*) coupling constants are
significantly different (AJ| = 1.5 Hz).

[C65S, C72S] RNase A (Figure 7). Similar observations subtle structural changes which cannot be characterized
indicating subtle structural alterations were also observed inaccurately from the available data.

the vicinity of the Ala122 M amide proton (Figures 6 and

7). Accordingly, on the basis of combined analysistef DISCUSSION

2H exchange with NOE and/83(HN—H®) coupling constant

data, we conclude that hydrogen bonds involving amide Both wt RNase A and an analog of a folding/unfolding
protons of residues Asn44, Lys61, Cys65, Gly68, GIn69, and intermediate, [C65S, C72S] RNase A, were analyzed using
Ala122 are altered in [C65S, C72S] RNase A. The disrup- heteronuclear NMR techniques. The high sensitivity and
tion of these hydrogen bonds contributes to the lower resolution of these methods provide a more detailed and
enthalpic stability of this disulfide mutant. Other small accurate characterization of solution structures of these
differences in NOE intensitiesJ(HN—H®) coupling con- proteins than has previously been possible. These data
stants, and amid#H/?H exchange rates (e.g., at sites Val43, provide new insights into the role of the G6E72 disulfide
Thr45, Ala64, Thr82, and Vall24) probably also reflect bond in the folding and unfolding mechanisms.
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10 - C72S] RNase A. More generally, if a second protein

' contains high sequence homology to a protein whose
assignments and structure have been determined previously,
these known assignments can be used to assign the homolo-
gous regions first, thus restricting the possible assignments
of the remaining nhonhomologous regions and dramatically
reducing the data collection and software execution time. In
the automated analysis reported here, homology-based
reasoning was not used, and the spectra of both proteins were

10 30 50 70 9% 110 analyzed independently (and without knowledge of the
Residue Number published proton assignments). The fact that all chemical
FiIGURE 8: Ratios of amidéH/?H exchange rate constanks,,; and shift differences are Ioca_lted_nearby _in three_—dimensional
ke, for [C65S, C72S] and wt RNase A, plotted as a function of SpPace to the site of the disulfide deletion provides a strong
residue number. validation of the robustness of the AUTOASSIGN analysis.
Work is now in progress to determine how homologous
assignment information can be used to reduce the number
of triple-resonance data sets required to provide reliable and
complete resonance assignments.

Chemical Shifts and Regular Backbone Structure of wt
and [C65S, C72S] RNase Alt is a well-established fact
that chemical shifts are very sensitive to subtle changes in
nuclear environments. Therefore, a comparison of the
chemical shifts for wt and [C65S, C72S] RNase A should
be a good indicator of even small structural changes. Figure
5 illustrates the distribution of differences in chemical shifts
for these two proteins, highlighted on the crystal structure
of wt RNase A. It is clear from this figure that the most
significant differences are located in regions of the structure
that are nearby in three-dimensional space to the mutation
FiGURE 9: Ratios of relative amid&H/2H exchange rate constants, ~ Sites. The removal of the disulfide bond C6572 directly
k, for [C65S, C72S] and wt RNase A, highlighted on the three- affects chemical shifts of three spatially adjacent regions
dimensional structure of wt RNase A. Residues shown in red exhibit (GIn60—Ser80 includingp-strands32 and A3, His105-

log(kmufkwt) > 1.0, those in blue exhibit values 120109 (Kmudkwt) . . . ’
0.1, and those in Whitkm, ~ ko, Residues shown in gray are Glulll including3-strandg6, and lle116-Ser123 including

those for which amide proton exchange rates could not be measure(ﬁ'sltrand B7). This is particularly significant, as these
reliably in one or both of the protein samples. antiparallels-sheets of wt RNase A are considered to form

a major portion of the hydrophobic core of RNase A which
Automated Analysis of Resonance Assignmenke use comprises polypeptide segment Pre4#is48, Asn71-
of automated assignment software, together with a robustThr86, Ala96-Glulll, and Valll6Vall124 (Matheson &
strategy for triple-resonance data collection, greatly reducedScheraga, 1978). These effects of Cys€ys72 disulfide
the time required for determining resonance assignments ofdeletion on the corf-sheet structure are not surprising since
backboneHN, N, He, 13C*, and*3C'") and side-chait*C’ polypeptide segment GIn6Ber80 forms antiparallgl-sheet
nuclei. The entire assignment process, including data interactions with segment His16%5lul11.
collection, processing, peak-picking, and analysis, was The similarities of chemical shifts between wt and [C65S,
completed in 2 weeks for each protein. Of these 2 weeks, C72S] RNase A in the rest of the structure are striking. The
10 days were devoted to data collection. Execution times standard deviations of the differences in the chemical shifts
for running AUTOASSIGN were under 4 min for each for the residues of polypeptide segments6D and 81104
protein. The automated analysis was subsequently verifiedare 0.02, 0.11, 0.08, 0.04, and 0.06 ppm*a¥, 15N, 13Ce,
by manual analysis of these same 3D triple resonance spectrd3C' and*H® nuclei, respectively. These values are more or
and by analysis of sequential (Figure 6) and long-range less within the digital resolutions of the data collected for
(Figure 7) NOEs consistent with these assignments and thethese nuclei, with the exception 8. In fact, the standard
known three-dimesional structure of RNase A. These deviation for*H* chemical shift differences was three times
assignments are also in generally good agreement withthe value of the digital resolution. The larger dispersion in
published H' and H- proton assignments for wt RNase A the differences inftH* chemical shifts throughout wt and
(Rico et al, 1989; Robertsoret al, 1989; Santorcet al, [C65S, C72S] RNase A can be attributed to the fact tHat
1993). chemical shifts are more sensitive to slight changes in both
Although the sequence-specific assignments for wt and structure and environment than those of other nuclei, and
[C65S, C72S] RNase A were derived independently of one other subtle structural changes appear to occur in regions of
another, the NMR experiments carried out for this study the protein that are distant from the mutation site.
could also provide a data base for development of “homol-  Specific information about regularly ordered backbone
ogy-based” automated assignment software. In such astructure can also be inferred from analysis of the*
strategy, assignments obtained from a complete set of triple-chemical shift deviations from expected statistical coil values
resonance spectra for wt RNase A could be used to guidebecause these deviations are directly correlated with back-
the interpretation of a more limited set of spectra for [C65S, bone conformation (Spera & Bax, 1991). The backbone

lOg(kmut/kwt)
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structure information inferred from analysis of tR&C*
chemical shift data was further confirmed by NGEHN—

H*) coupling, and amide protofH/’H exchange data. On
the basis of similarities in chemical shifts among the two

proteins, comparisons of slowly exchanging amide protons,

Shimotakahara et al.

bonding and packing interactions of thfissheet core also
contribute to the enthalpic effects cited by Tallet al.
(1994). Such enthalpic coupling between disulfide bond
formation and the stability of the protein core has been
suggested in other studies (Laskowski & Scheraga, 1954;

and NOE data, we conclude that the overall backbone Betz, 1993; Megke & Schmid, 1994). According to the

structures for wt and [C65S, C72S] RNase A are quite
similar. Moreover, the partial native activity of [C65S,

present study, these enthalpic effects include numerous subtle
stabilizing interactions within wt RNase that are affected by

C72S] RNase A confirms the presence of the correct active reduction (or deletion) of the C65C72 disulfide bond.

site conformation in this mutant.
Changes in Internal Hydrogen BondingAlthough their

Our thermodynamic measurements also indicate that the
difference in entropy between folded and unfolded states is

overall structures are very similar, the NMR data for the core smallerfor both des-[65-72] and [C65S, C72S] RNase A
f-sheets (Figure 7) indicate that some hydrogen bonds ofthan for the wt protein. This contradicts the theoretical loop

the wt RNase A structure are disrupted in [C65S, C72S]

entropy calculations (Tallurét al, 1994) which indicated

RNase A. Specifically, the combined NOE and amide proton that this disulfide deletion shoulihcrease the entropy
exchange rate data indicate that the wt interstrand hydrogen-differences between folded and unfolded states. We interpret

bonded amides of residues Asn44, Lys61, Cys65, Gly68,

GIn69, and Alal22 are altered in this mutant. Significantly,

these entropy measurements as evidence that a signficant
change in conformational flexibility of the folded state

while large chemical shift differences between wt and mutant accompanies the C65C72 disulfide deletion. Thus, the
proteins are observed for all residues in polypeptide segmentddifferences in stabilities of wt and disulfide-deleted RNase

GIn60-Ser80, His105Glulll, and lle116 Ser123, which

A arise from a combination of structural changes in the

include several of these disrupted hydrogen bonds, thepolypeptide segment Cys6%&ys72, relatively small struc-
resonance frequencies of residue Asn44 are not greatlytural alterations of the hydrophobic core, and dynamical

perturbed.

Significance of the C65C72 Disulfide Bond for Oxidate
Folding/Unfolding. The C65-C72 disulfide bond is one of
the first to be broken during the reductive unfolding of wt
RNase A (Rothwarf & Scheraga, 1991;étial, 1995). Two
previous studies involving des-[652] RNase A offer some
insight as to the significance of this disulfide bond. In a
kinetic study (Liet al, 1995), the rate of reduction of the
next disulfide bond in des-[6572] RNase A was observed

differences between the wt and mutant proteins.

The observed structural changes, localized primarily within
pB-sheet 2, also correlate with changes in global amide proton
exchange rates. The changes in conformational flexibility
indicated by the thermodynamic measurements may con-
tribute to the enhanced rates of amide proton exchange
observed for [C65S, C72S] RNase A. However, as discussed
in more detail below, the observed changes in artiidtféH
exchange rates may be due to lower thermodynamic stability

to be five times greater than the rate of reduction of the first of the mutant RNase A, higher conformational dynamics of

disulfide bond (i.e., C65C72) in wt RNase A at 25C.
Talluri et al. (1994) used NMR spectroscopy to determine

that this polypeptide segment is largely disordered in des-

[65—72] RNase A. These structural alterations were pro-

the mutant protein, or a combination of both effects.
Regardless of the cause, the observed higher amide proton
exchange rates should correlate with higher accessiblity of
reducing agent to the core disulfide bonds, making further

posed to make the other three disulfide bonds more accessibleeduction of disulfide bonds more rapid in this disulfide

to solvent and reducing reagent. In addition, while the
conformational chemical potential differen@e\u°cont (Kon-
ishi et al, 1982b), between wt and [C65S, C72S] RNase A
was found to be 5.2 0.3 kcal/mol (determined at 4°C,

mutant.

Disulfide Deletions in Other ProteinsThe structural and
thermodynamic consequences of disulfide deletion by chemi-
cal modification or site-directed mutagenesis have been

the temperature midpoint between the melting temperaturesstudied in other proteins, including bovine pancreatic trypsin

of the two proteins), a theoretical loop entropy calculation
(Lin et al,, 1984) of the enhanced stability of the unfolded
protein due to loss of the C68C72 disulfide cross-link
accounted for only 3.9 kcal/mol. The remaining 1.3 kcal/
mol of free energy stabilization was therefore attributed
(Talluri et al, 1994) to additional enthalpic and entropic
contributions arising from changes in the structure of the
Cys65-Cys72 region, since this was the only part of the
structure found to be different between wt and des-[63]
RNase A.

Our results indicate that the removal of the C6572

inhibitor (BPTI) (Eigenbrogt al., 1990; Naderet al., 1991;

van Mierloet al, 1991; Hurleet al,, 1992; Staley & Kim,
1992) and ribonuclease T1 (Magt al., 1994; Micke &
Schmid, 1994). In both of these systems, the deletion of a
single disulfide bond has minimal effects on the overall
structure of the protein but decreases the thermal stability
significantly. Although the general effects of a single
disulfide deletion are similar in BPTI, RNase T1, and RNase
A, the roles of these various species with non-native pairings
of disulfide bonds in oxidative folding mechanisms are quite
different.

disulfide bond has more widespread effects on the structure Significant Changes in Amide Proton Exchange Rates
and dynamics of the protein than was previously suspected.Reveal Global Destabilization of the [C65S, C72S] RNase

In particular, although there is relatively little change in the
overall chain fold of the protein, the tertiary structure of the

A Structure. The exchange rates of amide protons can
provide information about the equilibrium between the folded

[-sheet core of [C65S, C72S] RNase A is altered relative to and unfolded (or partially unfolded) states of proteins and/

that of wt RNase A. The chemicial shift, NOBE(HN—H%)

or information about conformational dynamics (Hvidt &

coupling, and amide exchange data reveal subtle structuralNielsen, 1966). A detailed analysis of the amitté/’H

perturbations throughoui-sheet 2, comprising part of the
hydrophobic core of RNase A. Changes in hydrogen-

exchange protection factors of wt and [C65S, C72S] RNase
A indicates that the effect of deletion of the C6672



Comparison of wt and [C65S, C72S] RNase Structures Biochemistry, Vol. 36, No. 23, 1996927

disulfide bond on these exchange ratesnist uniform in Figure 1). An alternative explanation for these extra spin
throughout the molecule (data not shown). While ratios of systems isonformationalheterogeneity. In fact, the pres-
exchange rate constants (i.knu/kat) in the mutation site  ence of multiple side-chain conformers of wt RNase A has
and in thep-sheet core regions vary from 10 to®l@he been reported in previous X-ray crystallography and high-
values of this ratio for the-helices and other parts of the resolution NMR studies (Wlodawet al., 1988; Santoret
structure are mostly less than 10 (see Figures 8 and 9).al., 1993). Buckleret al. (1995) have interpreted fluores-
Although the increase in the exchange rate may be attributedcence energy transfer measurements as evidence for signifi-
to a general increase in the population of unfolded (or cant flexibility in the N-terminal polypeptide segment of wt
partially unfolded) molecules, the removal of the C8572 RNase A; their data indicate a subpopulationl(0%) of
disulfide bond appears to affect exchange rates i tbleeet molecules in which the N-terminal polypeptide segment is
core more than in other hydrogen-bonded structures. Thislargely disordered. Multiple conformational ensembles of
appears to be due to the fact that the amide proton exchangeative proteins differing in cis/trans XPro peptide bond
rates are faster, and protection factors smaller, in theseconformations have been reported in NMR studies of several
a-helices than in thg-sheet core. A more detailed analysis other proteins [see, for example, Evatsl. (1989), Chazin
of the exchange rates is necessary to interpret this phenomet al. (1989), Kadel et al. (1990), and Moyet al. (1995)].
enon in terms of exchange mechanisms (Hvidt & Nielsen, Accordingly, it is possible that the minor amino acid spin
1966) and the free energies of global vs local unfolding systems detected in our triple-resonance NMR spectra also
(Englander et al, 1972; Hilton & Woodward, 1979). arise from multiple conformations of RNase A in slow (i.e.,
However, the observed effects of the C8572 disulfide conformational lifetimes>1 ms) dynamic equilibrium with
deletion on the exchange rates of amides located throughouthe folded, native structure. Further efforts to characterize
the RNase A structure are consistent with the conclusion thatstructural differences between these major and minor con-
the destabilization of thgs-sheet core by this disulfide formational states of native RNase are now in progress.
deletion leads to the global destabilization of [C65S, C72S] Conclusions. Kinetic studies (Liet al,, 1995) show that
RNase A. reduction of the C65C72 disulfide bond is one of the rate-

Enzymatic Actiity of [C65S, C72S] RNase AThe determining steps in the reductive unfolding of RNase A.
previously studied trapped folding intermediate, des-[65 Assuming that [C65S, C72S] RNase A is a valid analog of
72] RNase A, in which residues Cys65 and Cys72 were this three-disulfide intermediate, one conclusion of this NMR
chemically blocked, has 80% native enzymatic activity study is that formation of des-[657/2] RNase A from native
(Talluri et al,, 1994), while [C65S, C72S] RNase Aisonly RNase A in the reductive unfolding pathway involves
23% active. It should be emphasized that this difference structural changes in the backbone and/or side-chain con-
(80% vs 23% native activity) represents a very small change formations of somg-strands (i.e.f1, 52, 83, 6, andj7),
in free energy and may arise from very subtle effects. The partially disrupting the hydrogen-bonded network in the
blocking reagent, AEMTS, used in the previous study (Talluri hydrophobic core of the protein. This disruption of the
et al, 1994) carries a reactive group on one end and a hydrophobic core is a direct consequence of the removal of
positively charged ammonium group on the other end the C65-C72 disulfide bond. These structural changes result
(Rothwarf & Scheraga, 1991). After reaction with cysteines in an enthalpic destabilization of the folded state of [C65S,
65 and 72, this positively charged group could affect the C72S] RNase A relative to the wt protein. In addition, the
active site of des-[6572] RNase A by stabilizing substrate relatively larger entropy of the unfolded three-disulfide form
binding in the complex and thus serve a function similar to of RNase A (compared with the four-disulfide wt form)
that of the highly conserved Lys66 (Blackburn & Moore, which acts to stabilize the unfolded state appears to be
1982). Residues Lys66 and Asn67 are completely conservedpartially compensated by an even larger enhanced entropy
in all mammalian pancreatic RNase A’s, and the loop region of the folded state. This results in a smaller entropy
encompassing C65C72 has been shown to play a crucial differenceAS’ between folded and unfolded states of the
role in determining affinity and specificity of RNase A mutant than between the corresponding states of the four-
activity (Blackburn & Moore, 1982; Beintenet al., 1988). disulfide wt protein.

Minor Conformers of wt and [C65S, C72S] RNase s In the oxidative folding of RNase A, 80% of the molecules
can be seen from Figure 2, there are a number of minor peakdold through the formation of the des-[4®5] three-disulfide
in the 1®N—!H HSQC spectra of both wt and [C65S, C72S] intermediate, and only 20% of the molecules fold through
RNase A. Minor resonances associated with tHéNeand the formation of the des-[6572] three-disulfide intermediate
H resonances were also detected in many of the 3D triple-(i.e., the “minor” pathway; Liet al, 1995). Although the
resonance spectra. These minor peaks are present from thstructural organizations occurring in the steps leading up to
beginning of the NMR data collection, and their positions the appearance of the des-f6B2] folding intermediate on
and intensities do not change with time. Automated analysis this minor oxidative folding pathway are not yet character-
of these triple-resonance data with AUTOASSIGN indicates ized, formation of the fourth disulfide bond on this pathway
that there are some 30 and 36 extra spin systems for wt andunctions to “lock in” the native-like structure already present
[C65S, C72S] RNase A, respectively (Table 2). Most of in this three-disulfide intermediate. This process of “locking
these spin systems include both backbone N, C, and H andin” native structure involves subtle structural changes
side-chain € resonances. Chemical heterogeneity of these throughout thes-sheet core and results in a native RNase A
protein samples is excluded as the source of these extra spirmolecule with much slower amide proton exchange rate
systems considering the high purity indicated by mass constants than those of des-{662] RNase A. Although it
spectroscopy, cation-exchange chromatography, and capillanyjis evident from our thermodynamic measurements that the
electrophoresis analysis both before and after the NMR entropy differenceAS’ between folded and unfolded states
measurements (see, for example, the data summarizedf three-disulfide des-[6572] and [C65S, C72S] RNase A
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analogs is smaller than for the four-disulfide wt protein, it delCardayresS. B., Ribg M., Yokel, E. M., Quirk, D. J., Rutter,
is not yet clear if the relatively rapid amide proton exchange _ W J., & Raines, R. T. (1995protein Eng. 8§ 261-273.

rate constants measured for [C65S, C72S] RNase A reflectP?dge. R. W., & Scheraga, H. A. (199Bjochemistry 351548~
enhanced dynamics of the folded protein structure due to Driscoll, P. C., Clore, G. M., Marion, D., Wingfield, P. T., &

disulfide deletion of if they simply reflect the altered Gronenborn, A. M. (1990Biochemistry 293542-3556.
thermodynamic stability of the hydrogen-bonded core. Eigenbrot, C., Randal, M., & Kossiakoff, A. A. (199B)otein Eng.
Further NMR studies aimed at quantifying these dynamic 3, 591-598.

differences between analogs of oxidative folding intermedi- Englander, S. W., Downer, N. W., & Teitelbaum, H. (1972)nu.

. . . - Rev. Biochem. 41903-924.
ates and native RNase A are in progress in our Iaboratorles.EvanS’ P. A., Dobson, C. M. Kautz, R. A., Hatfull, G., & Fox. R.

0. (1989)Nature 329 266—268.
Feng, W., Ros, C. B., & Montelione, G. T. (199€). Biomol. NMR

. . 8, 98—-104.
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