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Abstract 

The  Cys 2-Cys 10 disulfide  bond in ribonuclease T1 was broken by substituting  Cys 2 and Cys 10 by Ser and  Asn, 
respectively, as  present in ribonuclease F l .  This  C2S/ClON  variant resembles the wild-type protein in structure 
and  in  catalytic activity. Minor  structural  changes were observed by 2-dimensional NMR in the local environment 
of  the  substituted  amino  acids  only.  The  thermodynamic stability of ribonuclease T1 is strongly reduced by break- 
ing  the  Cys 2-Cys 10 bond,  and  the  free  energy of denaturation is decreased by about 10 kJ/mol.  The  folding 
mechanism is not  affected,  and  the trans to  cis isomerizations  of Pro 39 and Pro 55 are still the  rate-limiting  steps 
of  the  folding  process.  The  differences  in  the  time  courses  of  unfolding  and  refolding  are  correlated with the de- 
crease  in  stability:  the  folding kinetics of  the wild-type protein  and  the  C2S/ClON  variant  become  indistinguish- 
able when they  are  compared  under  conditions of  identical stability.  Apparently,  the  Cys 2-Cys 10  disulfide bond 
is important  for  the  stability  but  not  for  the  folding  mechanism  of  ribonuclease  T1.  The  breaking of this  bond 
has  the  same  effect  on  stability  and  folding kinetics as  adding 1 M guanidinium  chloride  to  the wild-type protein. 

Keywords: disulfide  bond  substitution;  folding kinetics; NMR;  prolyl cidtrans isomerization;  prolyl  isomerase; 
protein  folding;  protein  stability 

Disulfide  bonds  are  common  intramolecular  crosslinks in pro- 
teins  that  contribute  substantially  to  the  free energy  of stabil- 
ization. The reversibility of protein  unfolding  in  vitro is generally 
good  when  the  disulfides  are  left  intact in the  denatured  mole- 
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variant of ribonuclease T1  with substitution of the 2-10 disulfide  bond 
by a serine  and  an  asparagine  residue,  respectively;  (2-lO)-RCM-RNase 
T1, ribonuclease TI with the 2-10 disulfide  bond  reduced  and  the  cys- 
teine  residues  carboxymethylated; PPI, peptidyl-prolyl &/trans isom- 
erase; PU, activity units for isomerization of a proline-containing 
peptide by PPI; GpC, guanylyl(3'-5')cytidine; GdmC1, guanidinium 
chloride; NaAc,  sodium acetate/acetic acid; NaOx,  sodium oxalate/ 
oxalic acid; Tris, Tris-(hydroxymethy1)-aminomethane/HCI; MES, 
2-(N-morpholino)-ethanesulfonic acid/HCl; PIPES, piperazine-N, N'- 
bis(ethanesu1fonic acid)/HCl; UF, fast-folding  species;  Us,  slow-folding 
species; DQF-COSY, double quantum filtered  correlated  spectroscopy; 
TOCSY, total correlated spectroscopy; NOESY, NOE spectroscopy; 
AGE*o, Gibbs free energy of denaturation in the absence of denatur- 
ant; rn = dAG~/d[GdmCl]. We use the terms cis proline or trans pro- 
line for proline  residues that are preceded by a cis or a trans peptide 
bond, respectively. 
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cules, and therefore  small single-domain proteins with disulfides 
have  frequently been used to investigate the mechanism  of pro- 
tein folding.  Such  proteins  include  ribonucleases A and  T1, ly- 
sozyme, a-lactalbumin, bovine pancreatic trypsin inhibitor,  and 
the  immunoglobulin  domains  (Jaenicke, 1991; Baldwin, 1993; 
Matthews, 1993; Roder & Elove, 1993). 

In protein  folding,  secondary structure is thought  to  form very 
early, followed by tertiary  interactions (Gd, 1983; Roder et al., 
1988; Udgaonkar & Baldwin, 1988; Radford et al., 1992), which 
are involved in various stages of  folding. In early steps they guide 
the selective docking of  elements  of secondary  structure,  and in 
late  steps  they  determine  the  correct  assembly  of  the  final  na- 
tive conformation.  It is not clear at present  whether  only  native- 
like  tertiary  interactions  occur  during  folding or whether 
transient  nonnative  contacts  are  important  as well. Disulfide 
bonds  can  be  regarded  as  tertiary  interactions  that  remain  co- 
valently  fixed once they are  formed.  During  the  in  vitro  fold- 
ing of  protein  chains  with  intact  disulfides,  such nativelike 
tertiary  interactions  are present already in the  unfolded  protein 
and  throughout  the  folding process. This  premature fixing of 
tertiary  interactions by intact  disulfide  bonds  could  affect  the 
folding  mechanism, e.g., by changing  the  order of individual 
steps or by favoring  particular  pathways. 

221 



228 

To investigate the role of a disulfide for the folding mecha- 
nism we use RNase T1 as a model and  compare the folding ki- 
netics of the wild-type protein with the folding of a variant that 
lacks one of the 2 disulfide bonds. We use RNase TI because 
the folding kinetics of this protein with both disulfides intact are 
well characterized. RNase T1 is a small, single-domain protein 
of 1 0 4  amino acids (M,  = 1 1,085 Da) with an extended a-helix 
of 4.5 turns  and  2 antiparallel @-sheets (Heinemann & Saenger, 
1982; Martinez-Oyanedel et al., 1991). The  2 disulfide bonds are 
spatially close to each other in the folded protein (Fig. 1A). The 
C2-ClO bond connects 2 successive @-strands near the amino- 
terminus of the RNase TI chain; it is about  90% accessible to 
solvent and can be selectively reduced by dithiothreitol (Pace & 
Creighton, 1986; Pace et al., 1988). The C6-CI03 disulfide links 
the amino- and the carboxy-terminal regions of the RNase TI 
chain and is inaccessible to solvent. 

During the refolding of RNase TI with intact disulfides, par- 
tially folded intermediates with extensive secondary structure 
and some tertiary interactions accumulate rapidly at early stages 
(Kiefhaber et al., 1992c; Mullins et al., 1993). The final slow 
steps of folding are limited in rate by the trans to cis isomeriza- 
tions of the prolyl peptide bonds at Pro 39 and Pro 55 (Kiefhaber 
et al., 1990b, 199Oc; Mayr & Schmid.  1993b). Acquisition of or- 
dered structure and prolyl isomerizations are interrelated pro- 
cesses. In particular,  the trans to cis isomerization at  Pro 39  is 
decelerated by the rapid formation of compact  structure. Both 
Pro 39 and  Pro 55 are distant  from  the C2-CIO disulfide bond 
in the folded protein (cf. Fig. IA). 

The C2-ClO disulfide bond is not  conserved in evolution, and 
Cys 2 is replaced by a serine and Cys IO by an asparagine in 
RNase F1 (Fig. IB). The same replacements were  used here to 
disrupt  the C2-ClO bond of RNase TI by protein engineering. 
In our experiments we examine first the consequences of these 
mutations  for  the  structure,  the activity, and  the stability of 
RNase TI. Then we characterize the kinetics of unfolding and 
refolding of the C2S/CION variant under various conditions and 
its catalysis by prolyl isomerase in comparison to the wild-type 
protein. 

Results 

Enzymatic activity of CZS/CION-RNase TI 

The breaking of the C2-CIO disulfide bond left the enzymatic 
activity of RNase TI almost unchanged. The relative activities 
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Fig. 1. A: Schematic drawing of the backbone conformation of RNase 
TI.  The positions of cis prolines 39 and 5 5 ,  fruns prolines 60 and 73, and 
the Cys 2-Cys 10 disulfide  bond are indicated. (Drawing courtesy of 
Dr. U. Heinemann, Berlin,  with bound 2'-GMP asa substrate.) B Amino 
acid sequences of RNase TI  and RNase F1. 

of the wild-type protein and  the CZS/ClON variant toward the 
dinucleotide GpC and  toward yeast  RNA are compared in Ta- 
ble l .  The results for wild-type  RNase TI are in good agreement 
with the data of Zabinski and Walz  (1976).  Both K ,  and k,, 
for GpC  are almost unaffected by the C2S/ClON mutation, and 
the value of k,,,/K, is decreased from 100% to 88%. With 
RNA as  a  substrate, the relative activity is decreased to 81%. 
A similar decrease to 86% was reported under slightly differ- 
ent conditions  for (2-lO)-RCM-RNase TI, where the C2-CIO 
disulfide bond was chemically reduced and carboxymethylated 
(Pace et al., 1988). 

Circular  dichroism  spectra of CZS/CION-RNase TI 

The structural consequences of the disruption of the C2-ClO di- 
sulfide bond were investigated by CD spectroscopy and by  2D- 
NMR. The C2WCION mutation leads to changes in the CD 
spectra in the  far UV (Fig. 2A) and near UV regions (Fig. 2B). 
Between 190 and 250 nm the CD spectrum is  very similar in 

Table 1. Steady-state kinetic parameters of wild-type RNase TI and the  CZS/CION varianta 

K M  kcar kcarIKM Spec.  act. Rel. act. 
Substrate Variant (PM) ( S - I )  (m"' s- ' )  (AOD/min * mg) (QO) 

RNA Wild type - - - 58.2 1 0 0  
RNA C2YCION - - - 48.31 81.5 

GPC Wild type 129 f 7 249 k 6 1,930 * 143 
GPC C2S/CION 151 k 8 258 k 7 1,708 f 142 

- 100 
- 88 

a Hydrolysis of yeast RNA was measured by  the increase in absorbance at 298.5 nm in 150 mM Tris,  2 mM EDTA,  pH  7.5, 
at 25 "C. Hydrolysis of  guanylyl(3'-5')cytidine (GpC) was measured by the increase in absorbance at 280 nm  in 100 mM MES, 
100 mM NaCI, 2 mM EDTA, pH 6.0, at 25 "C.  The  specific activity for  RNA hydrolysis was measured from initial absorbance 
changes in AOD/(min * mg)  at  298.5  nm. 
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Fig. 2. CD spectra  of  wild-type  RNase  T1 ( .  . . . . ) and  the  CZWClON 
variant (-) in (A) the  far-UV  and (B) in the  near-UV  regions.  The 
difference  between  both  proteins  in  the  near-UV  (wild-type  minus  vari- 
ant) is shown  in C. The  protein  concentration was 180 pM in 0.01-crn 
cells for  the  far-UV CD and 22 pM in 1 .O-crn cells for the  near-UV  CD. 
The  solvent  conditions  were 0.1 M NaAc, pH 5.0, 25 "C. 

shape  to  that  of  the wild-type protein,  but is slightly shifted to  
more positive  values throughout.  In  the region between 240 and 
3 10 nm  the  fine  structure of the  aromatic  bands  around 280 nm 
is largely conserved,  but  the  intensity  of  the  CD is increased 
above 263 nm  and  decreased below  263 nm.  The respective dif- 
ference  spectrum is shown  in  Figure  2C.  Disulfide  bonds  are 
known  to  contribute  to  the  CD in the  near UV as well as  in  the 
far UV regions. The  location of  these bands  depends strongly on 

the  dihedral angle of  the disulfides  (Neubert & Carmack, 1974). 
With a dihedral angle of 78" (U. Heinemann, pers. comm.),  the 
C2-C10  disulfide  bond in  wild-type RNase  T1  should give rise 
to a positive band near 270 nm  and a negative band near 235 nm 
in  the  near UV and  to several bands in the  far UV. Taken  to- 
gether,  the  maximum near 280 nm  and  the  minimum near 245 nm 
in the  difference  spectrum (Fig. 2C)  could reflect the  contribu- 
tion of the C2-C10 disulfide  to  the  CD  spectrum  of  native 
RNase  T1.  The  overall  similarity of the  CD  spectra in the  far 
UV suggests that  the secondary structure  of  the  variant is largely 
conserved. The observed  difference contains  probably also con- 
tributions  from  the  mutated  disulfide.  Changes in secondary 
structure,  such  as in the small 2-stranded 0-sheet that is con- 
nected by the C2-C10 bridge,  cannot  be  ruled  out. 

NMR spectra of C2SIClON-RNase  TI 

The  fingerprint regions (C,H-NH  crosspeaks) of  the  TOCSY 
spectra of  C2S/ClON-RNase  T1  and  the wild-type protein  are 
compared in Figure 3. Previous  assignments  for  the wild-type 
protein were made  at  pH 5 . 5 ,  40 "C  (Hoffmann & Riiterjans, 
1988). Under these conditions  the  C%S/ClON  variant is partially 
unfolded,  and  therefore  the  resonances  of  both  proteins were 
assigned at  pH  5.0,25  "C, by a combination  of  Clean-TOCSY, 
DQF-COSY,  and NOESY spectra  in 'H20  and  'H20.  A  de- 
tailed list of the  assignments is found  in  Mayr (1993). A visual 
inspection of Figure  3A  and 3B shows  that  most  C,H-NH 
crosspeaks  are  unaffected by the  C2S/ClON  substitution.  The 
differences in the  chemical  shifts  of  the  C,H  and  the  NH res- 
onances between the CZS/ClON variant  and  the wild-type pro- 
tein are  plotted  in  Figure 4A and B as a function of the  amino 
acid  sequence.  This  comparison  shows  that  the  differences  are 
largely confined  to  the  amino-terminal  chain region where  the 
2 mutations  are  located (see Kinemage  3). The  chemical  shifts 
(6) of  the  C,H  and  NH  resonances  depend  on  both  the  nature 
of  the  amino  acid  and  on  the  electromagnetic  environment  of 
the  peptide  bond  (Wiithrich, 1986; Wishart et al., 1991). The 
comparisons in  Figure 4A  and B therefore  indicate  that  apart 
from local changes  around  the site of  mutation,  the  backbone 
conformation of RNase T1 is not significantly  altered by break- 
ing the C2-C10 disulfide  bond. 

Further  analysis of the  NOESY  spectrum of the  C2S/ClON 
variant  shows  an extended  region  of dNN connectivities for res- 
idues 13-29, corresponding to  the single a-helix in the wild-type 
protein.  This  a-helix  (cf. Fig. 1A) is apparently  not  affected by 
the  removal  of  the C2-C10 disulfide  bond.  In  addition, we de- 
termined by NMR  spectroscopy  the  conformations  of  the  pep- 
tide  bonds preceding Pro 39  and  Pro 5 5 ,  which are cis in the 
wild-type protein  (Hoffmann & Riiterjans, 1988; Martinez- 
Oyanedel  et al., 1991). In  the C2S/ClON variant,  strong NOESY 
crosspeaks  could  be  found  both  between  C,H(54)  and 
C,H(55),  and between NH(54)  and C,H(55), which indicate a 
cis conformation of the Ser 54-Pro 55 peptide bond.  In  the vari- 
ant, a strong  NOESY  crosspeak  could  also  be  detected  for 
C,H(38)  and  NH(40), which  was  used as evidence for a cis 
peptide  bond  at  Tyr  %-Pro  39 in the wild-type protein  (Hoff- 
mann & Riiterjans, 1988). We therefore  conclude  that in spite 
of  the  strong destabilization of  the  protein by removing the C2- 
C10  disulfide  bond (see below), the isomeric states  of  the  pep- 
tide  bonds  preceding  Pro  39  and  Pro 55 are  not  changed. 
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Fig. 3. Contour plot of the  fingerprint regions (C,H-NH) of the 
TOCSY spectra for (A) wild-type  RNase T1 and (B) the CZSKION vari- 
ant. The spectra were obtained at a protein concentration of 3 mM and 
solvent conditions of 0.02 M NaOx, pH 5.0,25 "C. The parameters used 
for acquisition of the spectra are described in the Materials and meth- 
ods section. The crosspeaks for  the individual amino acids are labeled 
with the  corresponding sequence position. 

GdmCl-induced unfolding transitions 

Breaking of the C2-ClO disulfide bond markedly destabilizes 
RNase T1. GdmC1-induced unfolding  transition curves of the 
C2WClON variant and  the wild-type protein were measured 
at  pH 5.0, 25 "C, by  using different spectroscopic methods 
(Fig. 5A). Changes in secondary structure during unfolding were 
monitored by CD at 222 nm, changes in tertiary structure by ab- 
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Fig. 4. Plots of the chemical shift difference versus amino acid  sequence 
for wild-type RNase TI minus the C2S/ClON variant for (A) the C,H- 
protons and {B) the  NH-protons.  The assignments and the same con- 
ditions  as in Figure 3 were used. In those cases where the assignment 
for either of the  2 proteins was missing, no difference value could be 
plotted. 

sorbance at 287  nm and by fluorescence at 320 nm.  After nor- 
malization, the 3 transition curves coincide (Fig. 5A), indicating 
that the C2WClON mutation did not change the 2-state char- 
acter of the unfolding transition of RNase T1 (Kiefhaber et al., 
1990d; Hu et al., 1992). The midpoint is decreased from 3.64 M 
(wild type) to 2.60 M (C2WClON variant). A linear dependence 
of the free energy of denaturation (AG,) on GdmCl is ob- 
served, and similar slopes ( r n  = dAG,/d[GdmCl]) are obtained 
for  the wild-type protein and  the CZS/ClON variant (Fig. 5B). 
Apparently, the cooperativity of unfolding was not  affected 
by the C2WClON mutation. The rn-value is a measure for  the 
difference in interaction of the  denaturant with the native and 
the  denatured  state (Tanford, 1968; Pace, 1986). The value of 
A G p O  obtained by linear extrapolation to 0 M GdmCl (Table 2) 
is  reduced  by 11 .O kJ/mol from 41.8 kJ/mol (wild-type protein) 
to 30.8 kJ/mol (C2WClON variant). Pace et al. (1988) reported 
for (2-10)-RCM-RNase T1  a slightly larger difference in AGZ2O 
of 14.2 kJ/mol at  pH 5.0, 12.5 "C. GdmC1-induced unfolding 
transitions of the C2WClON variant were measured also at 
10 "C and  at  pH 8.0. The results, summarized in Table  2, indi- 
cate that  an average rn-value of 11.2 k I .O kJ/(rnol. M) is ob- 
served under all conditions for the mutated and for the wild-type 
protein.  The estimates for  the decrease in AGEzo ranged from 
7.3 to 11 .O kJ/mol. The linear extrapolation procedure leads to 
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Fig. 5. Two-state analysis  of the GdmC1-induced unfolding transitions. 
A: Fraction of unfolded protein. B: Linear extrapolation of the Gibbs 
free energy to determine the stability of the protein at 0 M GdmCI. The 
fraction of unfolded  protein is derived from  the experimental data by 
assuming a 2-state transition of unfolding. The values for the Gibbs free 
energy in the presence of GdmCl (AGD) were calculated from the  cor- 
responding equilibrium constants (KO)  in the  transition region. Circu- 
lar dichroism at 222  nm (a), absorbance at 287  nm (A), and fluorescence 
at 320 nm (0) were  used to monitor unfolding at a protein concentra- 
tion of 9 pM. The solid line represents the curve fit of the data for the 
C2S/CION variant;  the dashed line represents the curve fit of the data 

pH 5.0,25 "C. The midpoints are 2.60 M GdmCl for the CZWClON  vari- 
for  the wild-type protein. The solvent conditions were 0.1  M  NaAc, 

ant and 3.64 M GdmCl for the wild-type protein. Data for the wild-type 
protein are  from Mayr et al. (1993b). 
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overestimates  of A G p O  because RNase  T1 is slightly stabilized 
by  ion  binding  (Mayr & Schmid,  1993~).  This  should,  however, 
cancel  when  differences  in AG;z0 are  considered,  as  in  the 
present  case. 

Thermal denaturation of C2S/ClON-RNaseTI 

The  destabilizing  effect  of  the  C2WClON  mutation is also  re- 
flected in the  thermal transition curves measured at different pH 
values.  At  pH 5.0, the  midpoint of the  transition (T,) of the 
C2S/ClON  variant is reduced by 7.1 "C relative to  the wild-type 
protein (Fig. 6A), which  agrees well with  the  decrease in T, of 
6.0  "C  reported by Pace et  al. (1988) for (2-lO)-RCM-RNase T1 
under similar conditions.  Thermal  unfolding  transitions of the 
wild-type protein  and  the C2S/ClON variant were measured be- 
tween pH 2 and  pH  8.  The  pH  profiles  of  the T, values  were 
very similar for wild-type RNase T1  and  for  the C2S/ClON vari- 
ant, with maxima  near p H  5 (Fig. 6B). The T, values of  the 
C2S/ClON  variant  are,  however,  decreased by 6.4-8.1 "C 
throughout  the  entire p H  range. 

The  thermal  unfolding  transitions in Figure  6A  can  also  be 
used to  estimate  the  difference in Gibbs  free energy of  denatur- 
ation (AAGZ'O) between the  C2S/ClON  variant  and  the wild- 
type  protein. Since the  change in heat  capacity  upon  unfolding 
(AcP) is not  known  for  the  C2WClON  variant,  the stabilities of 
the 2 forms  of  RNase T1 are  compared  at 56.5 "C, which is be- 
tween the T, values  of the wild-type and  the  C2WClON  pro- 
teins  (cf.  Fig. 6A).  Thus,  extrapolation  can be avoided  and a 
value  of AAGE2O of 9.7  kJ/mol is obtained.  Taken  together, 
these  results indicate  that  the  C2S/ClON  variant  of  RNase T1 
is about 10 kJ/mol less stable  than  the wild-type protein. 

Unfolding and refolding kinetics 

Unfolding  and refolding  of C2WClON-RNase  T1  are reversible 
processes. Representative kinetics, as followed by the  change in 
Trp fluorescence at 320 nm,  are  shown in  Figure 7A  and B. Un- 
folding induced by 6.0 M GdmCl (Fig. 7A) is a single first-order 
reaction,  and its amplitude  accounts  for  the entire change in flu- 
orescence as expected from  the equilibrium unfolding transition 
(cf.  Fig. 5A).  Unfolding of the  C2WClON  variant is about 

Table 2. Thermodynamic parameters for  the GdmCI-induced unfolding transitions 
of wild-type RNase  TI and the C2S/CION varianta 

~ 
-~ 

Wild type CZS/ClON 

[GdmC1]l/2 AG$' m-value [GdmC1]l/2 AGEZ' m-value AAG;~' 
Conditions (MI (kJ/mol)  (kJ/mol* M) (MI (kJ/mol)  (kJ/mol* M) (kJ/mol) 

pH 5, 10°C 3.94 41.1 - 10.4 3.24 33.8 - 10.4 7.3 
pH 5, 25 "C 3.64 41.8 -11.5 2.60 30.8 -11.6 11.0 

pH  8,  10°C 3.21 35.3 -11.0 2.28 27.8 -12.2 7.5 
pH 8, 25 "C 2.40 24.7 -10.3 1.43  15.6 -10.9 9.1 

a Unfolding transitions were measured by fluorescence at 320  nm  (IO-nm bandwidth) after excitation at 268  nm (1.5-nm band- 
width) in 1 X 1-cm  cells. AGEzo and the rn-values  were derived from a 2-state analysis of the transitions by the method of San- 
toro  and Bolen  (1988). The protein  concentration was  10 pM, and 0.1 M  NaAc, pH 5.0, and 0.1 M  Tris, pH 8.0, were  used as 
buffers. Unfolding transitions at  pH 5.0, 25 "C, were additionally measured by absorbance at 287  nm and by circular dichro- 
ism at 222 nm. They coincide with the fluorescence-detected transitions (Fig. 5). 
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Fig. 6. A: Thermal  unfolding  transitions  of  C2WClON  and  wild-type 
RNase  T1.  The  unfolding  transitions in 0.1 M NaAc,  pH 5.0, were mon- 
itored  by  the  decrease  in  absorbance  at 287 nm (2-nm  bandwidth)  at  a 
rate of 0.3  "C/min  (10  data  points  per  degree).  A  linear  extrapolation 
of the  baselines  in  the  pre-  and  posttransitional  regions was used to  de- 
termine  the  fraction  of  unfolded  protein  within  the  transition  region by 
assuming a 2-state  mechanism  for  unfolding.  The  protein  concentration 
was 18 pM  and  the  pathlength  was 10 mm.  The  reversibility of unfold- 
ing was tested by subsequent cooling. B: pH-dependence of the  midpoint 
of thermal  denaturation, T,, for wild-type  RNase  T1 (0) and  the 
C2WClON  variant (0). Thermal  transitions  as  shown in Figure  6A  at 
different pH values  were  used to  determine T,. The  buffers  used  are 
listed  in  the  Materials  and  methods. 

4-fold faster than  unfolding of the wild-type protein under the 
same conditions. 

The refolding kinetics in 0.15 M  GdmCI, pH 5.0, 25 "C, of 
the variant and  the wild-type protein are very similar (Fig. 7B). 
In both cases slow refolding can be approximated by the sum 
of 2 exponential reactions. During  the  dead time of the experi- 
ment (less than 3 s) about 10% of the  total  amplitude in refold- 
ing is regained for the CZS/ClON variant and  about 21% for 
the wild-type protein. This rapid reaction reflects the fast refold- 
ing of the UF-species (about 2-4% of all molecules) and  the 
formation of intermediates within several milliseconds (Kief- 
haber et al., 1990b, 1990c, 1992~). The  2 slow phases in the 
folding of the C2S/ClON variant correspond closely to the "in- 
termediate" and "very slow" phases in the folding of wild-type 
RNase TI. Both the rates and the amplitudes are similar for the 
2 forms of RNase T1. These reactions are limited in rate by the 
isomerizations of the cis prolines 39 and 55 (Kiefhaber et al., 
1990a, 1990b; Mayr & Schmid, 1993b; Mayr et al., 1993b). 
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Fig. 7. Kinetics of (A)  unfolding  and (B) refolding of C2WClON-RNase 
TI  (0) and wild-type RNase  T1  (---)at  pH  5.0,25  "C.  The kinetics were 
monitored by fluorescence at 320  nm (IO-nm bandwidth)  after  excita- 
tion  at 268 nm (1.5-nm bandwidth) in 1 X 1-cm cells. The unfolding  con- 
ditions were 6.0  M  GdmCI, 0.1 M  NaAc;  the  refolding  conditions were 
1 pM protein  in 0.15 M GdmC1, 0.1  M  NaAc.  The  fluorescence  of  the 
denatured  and  the  native  state  was  set  as 0% and 100'70, respectively, 
and  the  number  of  shown  data  points  reduced  for  clarity.  Unfolding of 
C2WClON-RNase  TI  can  be  described by a  single  exponential ( A  = 
100%, r = 25.1 s),  refolding  by  the  sum  of  2  exponentials ( A  I = 45%. 
7, = 610 s; A z  = 43%, r2 = 80 s), as  indicated by the  continuous  lines. 

Very similar kinetics are also obtained when the refolding of 
the C2WClON variant and the wild-type protein are probed by 
enzymatic activity (Fig. 8). In both cases  10-15%  of the activity 
is regained in a  rapid  reaction.  This early activity is due in part 
to the UF "+ N reaction (about  2-4%) and in part to the rapid 
formation of partially active intermediates (Kiefhaber et al., 
1990b). Further reactivation parallels the fluorescence detected 
refolding with  similar amplitudes and rate constants (cf.  Table  3). 

A distinctive feature of the folding mechanism of wild-type 
RNase T1 is the formation of native molecules on 2 major fold- 
ing routes (Kiefhaber et al., 1990a;  Mayr  et al., 1993a): a sequen- 
tial  reaction, in which the isomerization of Pro 39  is followed 
by the isomerization of Pro 5 5 ,  and  a very  slow reaction, in 
which the  order of the prolyl isomerizations is reversed. This re- 
action is  very slow, because it involves the hindered trans to cis 
isomerization of Pro 39  in a largely folded intermediate (Kief- 
haber et al., 1992a). This mechanism is not changed by the 
breaking of the C2-C10 disulfide bond in the 2CS/ClON vari- 
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Fig. 8 .  Regain of enzymatic activity during refolding of C2S/CION- 
RNase T1 (0) and wild-type RNase T1 (0) at pH 8.0, 10 "C. Enzymatic 
activity was measured by the cleavage of the dinucleotide GpC  as de- 
scribed in the Materials and methods. The activity  assay contained a 400- 
fold molar excess of trypsin to prevent further refolding of unfolded or 
partially folded molecules during the assay. The final activity was nearly 
identical in both cases and was  set as 100%. Reactivation of C2SICION 
RNase T1 can be described by the sum of 2 exponentials ( A ,  = 62%, 
7l  = 2,500 s; A,  = 26%, 7 2  = 730 s) as shown by the  continuous line. 

ant.  When  the  formation  of  native molecules during  refolding 
is followed by unfolding assays (Fig. 9A) a time  course is ob- 
tained  for  the  folding  of  this  variant  that closely parallels  the 
kinetics of  the wild-type protein  (taken  from  Kiefhaber  et  al., 
1990a, 1990b). In  both cases the  data  are well described by the 
folding  mechanism of wild-type RNase TI. About 2% native 
molecules are  formed in the  fast  refolding  reaction  within  the 
dead  time  of  this  experiment (30 s; Fig. 9B), which  agrees rea- 
sonably well with  about 3.5% fast-folding species (U,) ob- 
served for  the wild-type protein (Kiefhaber et al., 1990a, 1990b). 

The kinetics of  refolding were measured  under  various  con- 
ditions  and by using different  probes  of  structure  formation. 
The  results  are  summarized in Table 3 .  The  time  constants of 
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Fig. 9. Formation of native molecules during refolding of C2WCION 
RNase T1 (0) and wild-type RNase TI (0) at pH 8.0, I O  "C. The per- 
centage of native molecules present after various times of refolding was 
determined by the amplitudes of  individual unfolding assays  as  described 
in the Materials and methods.  The refolding conditions were 0.15 M 
GdmCl and 0.1 M  Tris, pH 8.0; the unfolding conditions were 5.65 M 
GdmC1, 0.1 M Tris, pH 8.0. The protein concentration in the  refold- 
ing step was 10pM. The early time region of panel A is shown in panel 
B, to indicate the presence of about 2-470 fast-folding UF species. 

Table 3.  Refolding kinetics of wild-type RNase TI and the C2S/CION variant under various conditions" 

Wild type C2S/CION 

Refolding conditions Probe 71 (s) 7 2  (s) AI A2 71 (SI 72 (SI AI A2 

pH 5.0, 25  "C FI 870  67 0.45 0.34 610  80 0.45 0.43 
pH 5.0, 25  "C Abs 820  67 0.34  0.33 600 78 0.47 0.39 
pH 5.0,  10°C FI 7,900 350 0.48  0.16 7,600 5 20 0.43  0.38 
pH 5.0, 10°C Abs 8,400 350 0.38  0.13 6,800 5 60 0.42 0.39 

~~~~~ ." .. . ~- 

pH 8.0, 25 "C F1 270 64 0.41 0.43 460 
pH 8.0, 25 "C Abs 3 10 77 0.48 0.45 440 

0.97 
0.94 

pH 8.0,  10°C FI 2,170 370 0.46 0.26 1,600 390 0.45 0.41 
pH 8.0, 10 "C Abs 3 450 0.36 0.22 1,860 440 0.47 0.34 
pH 8.0, 10°C Act 2,500 300 0.68 0.22 2,500 730 0.62 0.26 

- 

a The refolding conditions were 0.15 M GdmCl and 0.1 M NaAc, pH 5.0, or 0.1 M Tris, pH 8.0. The protein concentrations 
for refolding were 1 pM for fluorescence (FI), 7 pM for  absorbance (Abs), and 0.15 pM for  the regain of enzymatic activity 
(Act). The amplitudes ( A , ,  A*) are given as  fractions of the  total difference between the native and the  denatured  protein  as 
expected from the corresponding equilibrium unfolding transitions. For C2WClON RNase T1, phases 1 and 2 merge at pH 8.0, 
25 "C, and single values for 7 and A are given. 

~- 
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both  the very slow (7,) and  the  intermediate  phase ( T ~ )  were 
found  to be very similar for the C2S/ClON  variant and  the wild- 
type  protein  under  conditions  where  the  folded  state  shows a 
high conformational  stability  (at  pH 5.0 and  at  pH 8.0, 10 "C). 
Consistently,  however, the very slow reaction was slightly faster 
in the  folding  of  the  variant  protein.  This  reaction is limited  in 
rate by the trans to cis isomerization  of Pro 39. The  amplitudes 
of the  slow  folding  reactions  are  generally  larger  for  the 
CZS/ClON variant  than  for  the wild-type protein.  This indicates 
that  the signal changes in  the  dead  time  are smaller,  presumably 
because the  rapidly  formed  intermediates  are less well ordered 
or less stable when the  protein is destabilized by breaking  the 
C2-C10 disulfide bond.  At  pH 8.0 and 25 "C,  the 2 slow refold- 
ing phases  of  the  variant  protein  merge, since the  transition re- 
gion is approached  already  under these conditions. A  similar 
merging of  the slow phases is observed  for  the wild-type pro- 
tein as well, albeit  at higher concentrations of  GdmC1. 

Dependence on GdmCl concentration 
of the folding kinetics 

The  unfolding  and  refolding kinetics of  C2WClON-RNase  T1 
were measured  as a function of the  concentration  of  GdmCl 
(Fig. 10) and  compared with the folding kinetics of the wild-type 
protein  (Kiefhaber & Schmid, 1992). Figure 1OA shows  the ini- 
tial  and  the  final  fluorescence values observed in the  individual 
kinetic  experiments. The  final values closely follow the equilib- 
rium  unfolding  transition (cf. Fig. 5A),  indicating that,  as  for the 
wild-type protein,  the  unfolding  and  refolding  reactions  of 
C2S/C 10N-RNase T1  are reversible in the entire  range  of GdmCl 
concentrations. At low residual concentrations  of  GdmCl(O.15- 
1 .O M GdmCl),  the  total  change  in  fluorescence intensity dur- 
ing  slow  refolding is less than  expected,  indicating  that 
intermediates  are  formed  rapidly within the  dead  time of 3 s 
(Kiefhaber et al.,  1990b,  1990~).  The  stability of  these interme- 
diates is apparently lower in the case  of the  C2WClON  variant, 
because such a "missing amplitude" is observed only below 1 M 
GdmCl (Fig. 10A). In the folding  of the wild-type protein it per- 
sists up  to  about 2 M GdmCl  (Kiefhaber & Schmid, 1992). 

The  time  constants of unfolding  and refolding  of  C2S/ClON- 
RNase  T1  are  shown  as a function of the  GdmCl  concentration 
in  Figure 10B together with the respective data  for  the wild-type 
protein  (taken  from  Kiefhaber & Schmid, 1992). The  refolding 
kinetics of the  C2WClON  variant  are  biphasic  from 0 M to  
1.5 M GdmC1. In  this  concentration  range  the relative ampli- 
tude of the  faster  phase decreases continuously  in  favor of the 
relative amplitude  of  the very slow phase  and reaches  zero near 
1.5 M GdmCl (Fig. 1OC). Above 1.5 M GdmC1, refolding  as well 
as  unfolding  are virtually single first-order  reactions, which ac- 
count  for  the  entire  change in fluorescence (Fig.  10A). This is 
expected from  theoretical  models  for  folding in the  absence  of 
partially  folded  intermediates  (Kiefhaber  et  al., 1992b). 

The  comparison  of  the  GdmCl  profiles  for  the very slow 
phases  of  both  variants of RNase T1 reveals some  interesting 
similarities  but  also  differences.  The  time  constants of refold- 
ing are  virtually  identical in the presence of 0.15 M GdmCl (cf. 
also  Table 3). This similarity does, however, not extend to higher 
concentrations  of  denaturant.  Between  0.15 M and  1.0 M 
GdmC1, refolding of the  wild-type  protein becomes  slightly 
slower,  but  the  refolding of the  C2S/ClON  variant becomes 
faster.  These trends  are  then  inverted, until  identical kinetics are 
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Fig. 10. Dependence on GdmCl concentration of the folding kinetics. 
A: GdmCI-induced unfolding transition of C2S/CION RNase TI.  The 
fluorescence values observed at t ,  of the refolding (0) and unfolding 
(M) reactions were  used to determine the folding transition.  Addition- 
ally, the initial values for  the slow refolding (0) and unfolding (0) ki- 
netics are shown. B: GdrnCI-dependent refolding and unfolding kinetics 
of C2S/CION  RNase T l ( 0 ,  M, A) and wild-type  RNase TI (0, 0 ,  A). 
Slow refolding is biphasic below 1 .O M GdmCl for the C2WCION vari- 
ant and below  2.0 M for the wild-type protein,  as indicated by (0, A) 
and (0, A). Unfolding is monophasic for  both proteins, as indicated 
by (M, 0). C: Refolding amplitudes of  CZS/ClON RNase TI and wild- 
type RNase TI for the slower (0, 0) and the faster phases (A, A) in 
refolding. The kinetics of unfolding and refolding were measured in 
0.1 M NaAc, pH 5.0, 25 "C, by the change in fluorescence at 320 nm. 
Data  for  the wild-type protein are taken from Kiefhaber and Schmid 
( 1992). 

again  observed near 1.5 M GdmC1. From 1.5 M to 3 M GdmC1, 
folding  of the wild-type protein is faster than folding  of the vari- 
ant.  These seemingly complex  differences  can readily be ex- 
plained by assuming  that  the  entire  profile for the very slow 
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folding reaction of the variant is shifted by approximately 1 .OM 
to lower GdmCl  concentrations.  A  shift by 1 M  GdmCl would 
lead to an  almost perfect superposition of the 2 profiles in  Fig- 
ure 10B and also for  the corresponding amplitudes in Figure IOC. 
Possible molecular explanations for this shift will  be considered 
in the Discussion. An interpretation of the differences in the time 
constants of the faster phases  is not warranted, because their am- 
plitudes decrease strongly with increasing concentration of 
GdmC1. 

Efficiency of prolyl isomerase (PPI) 

All slow steps in the refolding of wild-type RNase T1 with in- 
tact disulfides involve isomerizations of prolyl peptide bonds and 
are accelerated by PPI (Fischer et al., 1989). The individual slow 
reactions are catalyzed with different efficiencies (Schonbrun- 
ner et al., 1991). The processes that constitute  the  intermediate 
phase are well catalyzed, whereas trans to cis isomerization of 
Pro 39 in the very slow reaction is only marginally accelerated. 

The slow refolding reactions of the C2S/ClON variant are 
also catalyzed by PPI,  as shown by the comparison of the ki- 
netics in the absence and in the presence of 1,000 PU/mL PPI 
(Fig. 11).  In the presence of PPI the  intermediate phase of re- 
folding can be  resolved into 2 processes that differ in the extent 
of catalysis (Fig. 12A). This was observed previously for the 
wild-type protein as well (Schonbrunner et al., 1991). The rates 
of these 2 folding reactions depend in identical manner on  PPI 
concentration for C2S/ClON-RNase T1 and the wild-type pro- 
tein (Fig. 12A). A  different behavior was, however, found  for 
the trans to cis isomerization of Pro 39 in the very  slow phase. 
This major folding reaction is not well catalyzed in the folding 
of the wild-type protein, because rapid  formation of ordered 
structure in a folding intermediate renders this bond almost in- 
accessible for  PPI. When the C2-C10 disulfide bond is broken, 
this refolding reaction is much better catalyzed by PPI (Fig. 12B). 
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Fig. 11. Refolding of C2S/ClON RNase TI in the absence and in the 
presence of prolyl isomerase at pH 8.0, 10 "C. Refolding was monitored 
after excitation at 268 nm (1.5-nm bandwidth) by fluorescence at 320 nm 
(IO-nm bandwidth) in 1 x 1-cm cells. The refolding conditions were 
1 p M  protein in 0.15 M GdmCI, 0.1 M Tris, pH 8.0, 10 "C. The fluo- 
rescence of  the denatured and  the native states was  set as 0% and 100%,  
respectively. A kinetic analysis of the data  as the sum exponentials re- 
sulted in A ,  = 45'70, r ,  = 1,603 s; A2 = 41070, r2 = 389 s; A3 = g%, 
r3 = 9.1 s in the absence of PPI (O), and in A I  = 33%, 71 = 200 s; 
A2 = 61%, r2 = 16 s in the presence of 1,OOO PU/mL  PPI (0). 
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Fig. 12. Rate constants of the slow steps in folding of wild-type and of 
CZWClON RNase T1 as a function of the concentration of PPI. A: Ef- 
fect of PPI on  the rate constants of  slow folding. Refolding at 10 "C was 
measured in 0.15 M GdmCl and 0.1 M Tris, pH 8.0, 10 "C,  as in Fig- 
ure 11 by the increase in fluorescence at 320 nm. Experimental data for 
refolding were analyzed as  the sum of 3 exponentials. The very  slow 
phases  of refolding are represented by circles (0, O), the medium  phases 
by squares (0, m), and the faster phases by triangles (A, A). Open sym- 
bols refer to the wild-type and closed symbols to the CZS/ClON pro- 
tein, respectively. B: Replot of the data  for the slowest phase to 
document  the difference in catalysis by PPI. 

This is probably not a direct effect of the  mutation. Rather,  it 
is mediated by the general destabilization caused by the 
CZS/ClON mutation, which, in turn, also destabilizes partially 
folded intermediates. 

Discussion 

The folded structure of RNase T1 is  largely maintained after the 
breaking of the C2-C10 disulfide bond in the CZS/ClON vari- 
ant. As judged by CD  and by 2D-NMR, the backbone  confor- 
mation is almost unaffected, and significant differences between 
the wild type and  the C2WClON variant were found only in the 
amino-terminal  chain  region, where the cysteine residues 2 and 
10 are located. Nativelike conformations were also  found for 
variants of bovine pancreatic trypsin inhibitor and of  lysozyme 
that lacked single disulfide bonds (Stassinopoulou et al., 1984; 
States et al., 1987; Eigenbrot et al., 1990; van Mierlo et al., 
1991). A functional active site is indicated by the high catalytic 
activity of the C2S/CION variant.  A similarly high activity was 
also  found for  the single disulfide variant (2-lO)-RCM-RNase 
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T I ,  which was  produced by selective reduction  and  carboxy- 
methylation  of  the C2-C10 bond  (Pace  et  al., 1988). 

In contrast to these minor changes in structure,  the C2S/ClON 
mutation  has a moderate destabilizing  effect on  RNase TI ,   and 
the  Gibbs  free  energy  of  denaturation is decreased by about 
11 kJ/mol.  Pace et al. (1988) modified  previous  formalisms 
(Schellman, 1955; Poland & Scheraga, 1965) and  proposed  an 
equation  to  calculate  the  decrease  in  entropy  caused by cova- 
lent crosslinks in unfolded  protein  chains. By using  their for- 
mula  (Equation 4  in Pace et al., 1988) we would expect a loss 
in Gibbs  free energy of 10.3 kJ/mol  after  opening  the C2-C10 
crosslink at 25 “C, in fair  agreement  with  the  experimental val- 
ues (cf. Table 2). This  good coincidence should, however, be re- 
garded  as  fortuitous,  since  the  effects  on  the  folded  state  of 
breaking  the  covalent  crosslink  and  of replacing  cysteine resi- 
dues 2 and 10 by a serine  and  an  asparagine, respectively, are 
not  accounted  for in the  above  treatment.  Tidor  and  Karplus 
(1993) suggested that  the  breaking  of a disulfide  should  stabi- 
lize proteins by increasing the  entropy of  the  folded state, in par- 
ticular when the  disulfide is exposed as  the C2-CIO bond of 
RNase TI ,  because a  disulfide bond immobilizes potentially flex- 
ible  regions of  the  protein. 

Breaking  of  the C2-C10 disulfide  does  not  change  the  fold- 
ing mechanism of RNase TI. The  folding  reactions  of  the 
C2S/CION  variant  are well explained by the kinetic model  of 
the wild-type protein, with slow reactions that  are limited in rate 
by the trans to  cis isomerizations of Pro 39  and  Pro 5 5 .  Small 
changes were observed  for  the very slow trans to cis isomeriza- 
tion of Pro 39. Pro  39 is inaccessible to solvent in native RNase 
T1  and presumably also in a folding  intermediate  that is formed 
rapidly  under  strongly  native  conditions  and  retards  Pro  39 
isomerization.  When  the C2-C10 bond is broken, trans to  cis 
isomerization of Pro 39 is slightly accelerated  and 4  times  bet- 
ter  catalyzed by prolyl  isomerase. We d o  not  think  that  the 
breaking  of  the C2-CIO disulfide  bond  has a direct  long-range 
effect on the  isomerization  of  Pro 39 and its catalysis  during 
folding.  Rather,  the  disruption of this crosslink  leads to  a gen- 
eral  destabilization  of  folding  intermediates in a similar  man- 
ner as it destabilizes the native protein.  Thus,  the stability of  the 
early  intermediates is decreased,  the  structural  barrier  to isom- 
erization  of  Pro 39 is slightly reduced,  and  the accessibility  of 
the  Tyr  38-Pro 39 bond  for  prolyl  isomerase is improved.  The 
differences  in the  GdmCl profiles of the slow refolding  reactions 
in  Figure 10 are  also well explained by the  destabilizing  effect 
of  the  C2S/CION  mutation.  The profiles for  the  time  constants 
and  the  amplitudes  are  almost  indistinguishable, when  they are 
compared  at  equal  distance  from  the respective transition  mid- 
point, which is at 3.64 M GdmCl  for  the  wild-type  protein  and 
at 2.60  M GdmCl  for  the  C2S/CION  variant.  In  other  words, 
identical  kinetics are  observed, when folding is compared  under 
conditions of equal stability of the folded proteins  and, presum- 
ably,  equal  stability of partially  folded  intermediates.  Appar- 
ently,  breaking  of  the C2-CIO bond  has  the  same  effect  on  the 
stability and  on  the  folding kinetics  of RNase T I  as  adding 1  M 
GdmCl  to  the wild-type protein. 

In  earlier  work in this  field,  additional  crosslinks were intro- 
duced into lysozyme and RNase  A by chemical modification and 
the  stability  and  the  folding kinetics of these derivatives were 
determined.  In  both cases the stabilities of  the  proteins were in- 
creased by the  extra crosslinks. An increase  in the  rate of  refold- 
ing  was observed  for lysozyme, but a decrease in the  rate  of 

unfolding  for  RNase A (Lin et al., 1984, 1985; Segawa & Sugi- 
hara, 1984; Segawa & Kume, 1986). It  should  be  noted in  these 
comparisons  that prolyl isomerizations  are involved  in the  fold- 
ing of  RNase A and  RNase T I ,  but  not  of lysozyme. 

In several models,  folding is viewed as  an  ordered process in 
which tertiary  structure  formation is  preceded by the  formation 
of secondary structure (Kim & Baldwin, 1990; Matthews, 1993), 
or where the high resolving power of  the tertiary  interactions se- 
lects and stabilizes ordered local structure (Go, 1983). The tem- 
poral  order  and  correct  interrelationship between  these folding 
events is a central aspect  in all these attempts  to  model  the  fold- 
ing pathway.  Our results indicate  that  for  the  folding of  RNase 
TI  it is unimportant  whether  the  interaction between  cysteine 
residues  2 and 10 is covalently fixed throughout  folding or not 
present at  all. 

In  summary,  breaking  the C2-C10 disulfide  bond  has  only a 
minor  effect on  the  structure of RNase T I ,  but leads to a ma- 
jor loss of  stability.  The  folding kinetics  reflect this  destabili- 
zation:  folding  of  the wild-type protein  and  the  C2S/CION 
variant becomes identical when compared  under  conditions of 
equal  stability. We conclude that  the presence of  a  stable  tertiary 
contact between Cys 2 and Cys I O  throughout  the  folding  pro- 
cess does  not  change  the  mechanism of slow refolding. 

Materials and methods 

Materials 

Enzymes for cloning were from  Gibco BRL  (Berlin, Germany), 
nucleotides and enzyme substrates  from Sigma (St.  Louis, Mis- 
souri).  Oligonucleotides were purchased  from  TIB  Molbiol 
(Berlin,  Germany),  GdmCl  (ultrapure)  from S c h w a d M a n n  
(Orangeburg, New York), yeast RNA  from Boehringer Mann- 
heim (Mannheim,  Germany),  and guanylyl(3’-5’)cytidine from 
Pharma  Waldhof  (Dusseldorf,  Germany). All other chemicals 
(analytical  grade) were from Merck (Darmstadt,  Germany). Re- 
combinant  human  prolyl  isomerase (cyclophilin A) was a  kind 
gift  of Sandoz  AG (Basel,  Switzerland). PPI activities are given 
as  peptide acceleration  units  per milliliter (PU/rnL), as  defined 
by Mucke  and  Schmid (1992). The PPI used had  an activity  of 
approximately 8 x IO5 PU/pmol. 

Site-directed mutagenesis and protein purification 

Mutagenesis of an Escherichia coli strain DH5a harboring  the 
plasmid  pA2Tl with the  corresponding  gene  for  RNase TI was 
done by using the  polymerase  chain  reaction  as  described  pre- 
viously (Landt et al., 1990). The  mutagenesis  primer was 5‘-A 

(base  substitutions  for Ser  2 and  Asn 10 are  underlined).  Wild- 
type  RNase TI  and  the  C2S/ClON  variant were both  purified 
as  described  (Mayr & Schmid, 1993a). The  amino  acid  substi- 
tutions in purified  CZS/CION-RNase TI were confirmed by se- 
quencing  of  the  first 12 N-terminal  amino  acids. 

E T  GTT  AGA  ACC  GCA  AGT  GTA  GTC  CGA  TGC-3’ 

Spectroscopic characterization 

Concentrations of wild-type RNase TI  and  the C2S/CION  vari- 
ant were determined  spectrophotometrically by using an  absorp- 
tion of  1.9 a t  278 nm  for a 1-mg/mL  solution  (Takahashi et al., 
1970). For optical  measurements, a Jasco 5600 spectropolarim- 
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eter, a Kontron  Uvikon 860 spectrophotometer,  and a Hitachi 
F-4010 fluorimeter with integrated  magnetic  stirrers were used. 
All  spectrometers had  thermostatable cell holders or  thermostat- 
able cells. 

CD spectra were measured at protein concentrations of 180pM 
in 0. I-mm cells (far-UV CD)  and  of 22 pM  in IO-mm cells (near- 
UV  CD).  The  bandwidth was  1 nm,  and  spectra were accumu- 
lated 12 times  in  the  far-UV region and 16 times in the  near-UV 
region. 

Steady-state kinetics 

The activity  assays were performed with a Shimadzu 160A spec- 
trophotometer in IO-mm or 2-mm cells thermostated  at 25 "C. 
To measure  RNA  hydrolysis  (Oshima  et al., 1976), a solution 
of yeast RNA (4.1 mg/mL  in 150 mM  Tris,  pH  7.5, 2 mM 
EDTA) was preincubated  in the  spectrophotometer cell for 2  min 
to  check  for  the  absence  of  autolysis.  Then 2-10 pL  of  enzyme 
solution were added  to  start  the  reaction.  The  final  concentra- 
tion of RNase was  between 50 nM  and 4 pM.  The hydrolysis re- 
action was monitored by the increase  in absorbance  at 298.5 nm 
for 3-10 min,  and  the initial slope (AA,,,.,/[min.mg]) was de- 
termined.  The cleavage of  GpC was  followed by the increase  in 
absorbance  at 280 nm.  The  concentration  of  GpC was deter- 
mined by using an  absorption  coefficient  of 12,600 M" cm" 
at  280 nm,  and  the  amount  of cleaved GpC  was  calculated by 
using a difference  absorption  coefficient  of  2,200 M" cm" 
(Zabinski & Walz, 1976). The  assay was carried  out  as follows: 
The  GpC  substrate  was dissolved at  different  concentrations 
from 5 to 500 mM in 100 mM  MES,  pH  6.0, 100 mM  NaCI, 
2 mM  EDTA.  The  reaction was started by adding 1 pL  enzyme 
solution  to give  a final  concentration  of 3 nM.  Initial velocities 
were determined  as  triplicates  for  at least  13 different  substrate 
concentrations, recording the  absorbance increase  as  AOD/min 
at  280 nm.  The kinetic parameters were calculated with the help 
of  the  program  Enzfitter  (BIOSOFT  Software,  Cambridge, UK). 

NMR spectroscopy 

All 2D  IH-NMR  spectra were obtained  on a Bruker  AMX-600 
spectrometer  at 25 "C  with  spectral  widths of 7,215  Hz in both 
dimensions.  The  software  package  N-dee  (BIOSTRUCTURE 
Software,  Strasbourg,  France)  was used to  transform  and  ana- 
lyze the  spectra. 

The  samples  for  2D  'H-NMR  spectroscopy were prepared in 
the  following way: Desalted  and lyophilized protein was  dis- 
solved in 1 mL 10 mM  NaOx,  adjusted  to  pH 5.0, and  then ly- 
ophilized  again.  For  experiments in 'H20 solution,  samples 
were then dissolved  in 500 pL  of   1H20/2H20 (9:1, v/v) at a 
protein  concentration  of 3 mM. For experiments  in 2 H 2 0  so- 
lution,  the  samples were  dissolved for 24 h in 2 H 2 0  (99.98%) 
at 25 "C,  lyophilized,  and  again dissolved  in 'H20 (99.996%) 
at a protein  concentration of  3 mM. 

The  DQF-COSY  spectra  (Marion & Wuthrich, 1983; Rance 
et  al., 1983) were  collected as 4,096 X 700 data  points.  Clean- 
TOCSY spectra (Braunschweiler & Ernst, 1983; Griesinger et al., 
1988) with 65-ms  mixing periods were accomplished  using  an 
MLEV-17  pulse (Bax & Davies, 1985) and  4,096 x 512 data 
points.  NOESY  spectra  (Kumar et al., 1980; Macura & Ernst, 
1980) were  collected with 150-250-ms mixing times  as  4,096 x 
512 data  points.  The  COSY  spectra were  processed  in both 

dimensions by a ~ / 1 2  shifted  sine bell, NOESY  and  TOCSY 
spectra  by a a / 6  shifted  squared  sine bell. After zero-filling to  
4,096 X 2,048 data  points,  the  digital  resolution was  1.76 Hz/ 
point in the w2-direction and 3.52 Hzlpoint  in  wl-direction. A 
baseline correction  was  performed  for  all  spectra using a 5th- 
order  polynomial.  The chemical shift was calibrated using  DSS 
(4,4-dimethyl-4-silapentane-5-sulfonate) as a reference. 

GdmCI-induced denaturation 

Native  protein was incubated in  0.1  M NaAc, p H  5.0, in the 
presence of  various  concentrations  of  GdmCl  until  the  fold- 
inglunfolding  equilibrium was attained (12-48 h,  depending  on 
temperature).  The  extent  of  unfolding was determined  for  each 
solution by measuring  the  fluorescence at  320 nm  (after excita- 
tion  at 268 nm),  absorbance  at 287 nm,  and  CD  at 222 nm.  Ab- 
sorbance  and  fluorescence were measured  in IO-mm cells with 
thermostatable cell holders; CD was measured in thermostatable 
5-mm cells. The  protein  concentration was  9 pM. A nonlinear 
least-squares fit of  the experimental data by the  method of San- 
tor0  and Bolen (1988) was  used to  obtain  the  m-values  and 
AGEZo  for  each  unfolding  transition.  The  GdmCl  concentra- 
tions of the samples were determined by measuring  their  refrac- 
tive  index (Pace, 1986). 

Thermal denaturation and stability curves 

Thermal  denaturation curves  were followed by the  decrease in 
absorbance  at 287 nm in  a Gilford  response I1 spectrophotom- 
eter  equipped with  a 6-position  thermostatable  cuvette  holder 
and  an integrated temperature  programmer  at a protein concen- 
tration  of 18 pM. A resolution  of 10 data  points per degree, 
a heating  rate  of  0.3 " C h i n ,  and a pathlength  of 10 mm were 
used.  Unfolding was  reversible to  298%  as  judged by the  co- 
incidence of  heating  and  subsequent  cooling  transitions in ex- 
periments where unfolding was arrested 12 "C  above  the T, 
values for  about 10 min.  Prolonged  incubation  of  the  C2S/ 
ClON variant  at higher temperature caused slow irreversible ag- 
gregation.  The values of T, (midpoint  of  thermal  transition) 
were obtained  as  described previously (Mayr et al., 1993b) by 
a nonlinear least-squares  fit of  the  experimental  data. To deter- 
mine  the  pH  dependence of the  stability,  the following buffers 
were  used at a concentration  of 0.1 M: glycine/HCI, pH 2 and 
3;  NaAc,  pH 4 and 5 ;  sodium  cacodylate/HCl,  pH 6 and  7; 
PIPES,  pH  8.0. 

Unfolding and refolding kinetics 

Unfolding  and  refolding of C2S/ClON-RNase  T1 was initiated 
by a  40-fold dilution of the  protein (in 0.01 M NaAc, pH 5.0, or 
in  6.0  M GdmC1,O.Ol M NaAc, pH 5.0) with solutions of  vary- 
ing concentrations  of  GdmCl  to give 0.15-6.0 M GdmCl  in 0.1 M 
NaAc,  pH 5.0. Experiments a t   pH 8.0 were carried  out in the 
presence of 0.1 M Tris  buffer.  Complete mixing  was  achieved 
within  about 3 s by rapid  stirring.  The kinetics of  unfolding or 
refolding were followed by the changes  in fluorescence at 320 nm 
(IO-nm bandwidth)  after  excitation  at 268 nm (1.5-nm band- 
width) or by the  changes  in  absorbance at  287 nm  (2-nm  band- 
width).  Final  protein  concentrations were 1 pM in  fluorescence 
and 7 pM  in  absorbance.  The kinetics were analyzed as  the  sum 
of  exponential  reactions by using the  programs Kinfit (OLIS 
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Software, Bogart,  Georgia) and  Grafit  (ERITHACUS  Software, 
Staines, UK). The kinetic amplitudes were  given as  fractions of 
the signal changes  observed  in the corresponding  equilibrium un- 
folding  transitions under  the  same conditions. The concentrations 
of  GdmCl were determined  after  the  experiments by measuring 
the  refractive  index  (Pace, 1986). 

Reactivation  measurements 

Denatured  protein in 6.0 M GdmC1,O.Ol M NaAc,  pH 5.0, was 
diluted 40-fold to  give refolding  conditions  of 0.15 pM  C2S/ 
ClON-RNase  T1 in 0.15 M GdmC1,O.l M Tris, pH 8.0, 10 "C. 
After  various  times ( t i )  of refolding,  aliquots were drawn  and 
diluted 30-fold into a GpC  solution (in 10 mM  Tris, 2 mM 
EDTA, pH 7.5) at 10 "C.  The  GpC solution  contained  a 400-fold 
molar excess of  trypsin to  prevent  further  folding of unfolded 
or partially  folded  protein molecules during  the  assay.  Native 
C2S/ClON-RNase  T1  and  the wild-type protein  are insensitive 
to  trypsin  under  these  conditions  (Mayr & Schmid,  unpubl. 
data).  The  concentration  of  GpC in the assay  was 40 pM.  The 
increase in absorbance  at 257 nm caused by the cleavage of GpC 
by CZS/ClON-RNase  T1 was recorded  for 5 min.  The  value  of 
AA257/min was  used as a measure of the  enzymatic activity 
present  after  various  times  of  refolding ( t i ) .  The activity ob- 
served after  complete  refolding was set as I .O. 

Formation of native  molecules during refolding 

The  formation of native molecules  was determined by unfold- 
ing assays as  described  in  detail by Mayr  and  Schmid (1993b). 
Denatured  C2S/ClON-RNase  T1 (450 pM) in 4.5 M  GdmC1, 
0.01  M NaAc, p H  5.0, was diluted 30-fold  with  0.1  M Tris, 
pH 8.0, 10 "C,  to  initiate  refolding.  After  various  times (ri) of 
refolding,  samples were withdrawn  and  diluted 15-fold into a 
fluorimeter cell to give final  unfolding  conditions of 5.65 M 
GdmC1,  0.1  M Tris,  pH 8.0, a t  10 "C. The  resulting  unfolding 
kinetics were measured by the decrease in fluorescence at 320 nm 
after  excitation at  268 nm.  The  amplitudes of the  unfolding re- 
actions ( A , )  are a measure  of  the  number  of  native molecules 
present after  various  times ( t i )  of refolding.  Part of the  protein 
was  allowed to  refold  completely.  The respective unfolding as- 
say  (at t = t , )  yields the  maximal  amplitude (A , ) ,  which is 
proportional  to  the  maximal  number of native molecules that 
could be formed.  The  ratio of Ai/A, gives the  fraction of na- 
tive molecules formed  after t i .  Folding  intermediates do  not in- 
terfere, because under  the assay conditions  they  unfold within 
the  dead  time of manual mixing. The  protein  concentration was 
15 pM  in  the  refolding  step  and 1 pM  in  the  unfolding  assay. 
A least-squares  fit  of  the  data  from  unfolding assays to  the ki- 
netic  model  for slow steps in refolding of RNase  T1 was carried 
out  by using the  program  Kaleidagraph  (SYNERGY  Software, 
Reading,  PA,  USA). 
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