
10944 Biochemistry 1993,32, 10944-10949 

Structure and Energetics of a Non-Proline cis-Peptidyl Linkage in a Proline-202 - 
Alanine Carbonic Anhydrase I1 Variant?,$ 

Neil B. Tweedy,! Satish K. Nair,ll Steven A. Paterno,! Carol A. Fierke,',l and David W. Christianson'J 

Biochemistry Department, Box 371 I .  Duke University Medical Center, Durham, North Carolina 27710, and 
Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania I91 04-6323 

Received June 14, 1993; Revised Manuscript Received July 27, 1993' 

ABSTRACT: The crystal structure of a human carbonic anhydrase I1 (CAII) variant, cis-proline-202 - 
alanine (P202A), has been determined at  1.7-%L resolution, indicating that the wild-type geometry, including 
the cis-peptidyl linkage, is retained upon substitution of proline by alanine. The CO1 hydrase activity and 
affinity for sulfonamide inhibitors of P202A CAII are virtually identical to those of wild type. However, 
the substitution of cis-alanine for cis-proline decreases the stability of the folded state by =5 kcal mol-' 
relative to both the unfolded state and an equilibrium intermediate in guanidine hydrochloride-induced 
denaturation. This destabilization can be attributed mainly to the less favorable cisltruns equilibrium of 
Xaa-alanine bonds compared to Xaa-proline bonds in the denatured state although other factors, including 
increased conformational entropy of the denatured state and decreased packing interactions in the native 
state, also contribute to the observed destabilization. The high catalytic activity of P202A CAII illustrates 
that unfavorable local conformations are nonetheless endured to satisfy the precise structural requirements 
of catalysis and ligand binding in the CAII active site. 

The union of site-directed mutagenesis with high-resolution 
X-ray crystallographic methods allows for the detailed 
correlation of protein stability with three-dimensional protein 
structure. For example, recent studies dissect the contributions 
of specific hydrogen bonds (Alber et al., 1987; Fersht et al., 
1985; Grutter et al., 1987), hydrophobic interactions (Mat- 
sumura et al., 1988; Karpusas et al., 1989), helix-dipole 
interactions (Mitchinson & Baldwin, 1986; Nicholson et al., 
1988), and disulfide bridges (Perry & Wetzel, 1984; Sauer 
et al., 1986; Wells & Powers, 1986) to the stability of folded 
proteins. Additional studies illuminate entropic factors 
involving the protein backbone which affect the stability of 
the folded protein (Matthews, B. W., 1987). Amino acids 
which have greater backbone conformational entropy in the 
unfolded state (e.g., glycine) incur a greater energetic cost for 
conformational restriction during the folding process than 
those with bulkier side chains. Thus, incorporation of amino 
acids such as glycine within a polypeptide leads to thermo- 
dynamic destabilization. Consequently, amino acid replace- 
ments of the form Gly - Xaa' increase the thermal stability 
of T4 lysozyme (Matthews et al., 1987) and X repressor (Hecht 
et al., 1986). Similarly, certain amino acid substitutions of 
the form Xaa - Pro increase protein stability, presumably 
by decreasing the conformational entropy of unfolding due to 
the incorporation of the conformationally rigid proline unit. 
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For example, the Ala-82 - Pro substitution in T4 lysozyme 
results in a protein structure of increased stability (Matthews 
et al., 1987). 

In the current study we focus on the structure-stability 
relationships of cis-peptidyl linkages in human carbonic 
anhydrase I1 (CAII). In nativeproteins, planar peptide bonds 
occur predominantly in the trans conformation; cis peptide 
bonds are rare (0.05%) except for cis-Xaa-proline linkages 
(6.5%) (MacArthur & Thornton, 1991; Stewart et al., 1990), 
which may reflect the decreased stability of cis isomers in 
non-proline versus Xaa-Pro peptide bonds (Radzicka et al., 
1988; Drakenberg et al., 1972; Grathwohl & Wiithrich, 1976; 
Adler & Scheraga, 1990). Replacement of a cis-proline 
residue might be expected to produce either a cis-non-proline 
peptide bond or isomerization to a trans conformer with 
accompanying changes in the local backbone geometry. For 
instance, isomerization to a t ram peptide has been observed 
in staphylococcal nucleasevariants (Hodel et al., 1993; Evans 
et al., 1989) while the structure of the peptide linkage in RNase 
A (Schultz & Baldwin, 1992) and thioredoxin (Kelley & 
Richards, 1987) variants is uncertain. In RNase T1, folding 
kinetics are interpreted as consistent with isomerization to a 
trans peptide bond in a cis-Pro-35 - Asn variant (Kiefhaber 
et al., 1990) and retention of the cis peptide bond in a cis- 
Pro-39 - Ala variant (Mayr et al., 1993). Alternative folded 
conformations in which a proline residue occurs as either the 
cis or trans isomer have been observed in both staphylococcal 
nuclease (Evans et al., 1987, 1989) and calbindin D ~ K  wild- 
type proteins (Svensson et al., 1992). However, in this paper 
we describe the first example in which a cis peptide bond is 
definitively shown to be retained in a single amino acid variant, 
cis-proline-202 - alanine (P202A) carbonic anhydrase 11, 
using X-ray crystallography. 

The biological function of human carbonic anhydrase I1 
(CAII) is to catalyze the interconversion of carbon dioxide 
and bicarbonate (Silverman & Lindskog, 1988). The crystal 
structure of this zinc metalloenzyme, refined at 1 -54-A 
resolution (Hhkansson et al., 1992), shows two cis-proline 
residues, Pro-30 and Pro-202, which have been implicated in 
the slow-folding steps of this enzyme (Fransson et al., 1992). 
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Characterization of a Novel cis-Peptide Bond 

The Pro-201-cis-Pro-202 dipeptide is contained in a type VI 
turn [a four-residue motif containing a cis-linked proline at 
the third position; see Richardson (198 l)]  which stabilizes 
the Ser- 197-Cys-206 loop-this loop contains catalytically 
important enzyme residues (Krebs & Fierke, 1993). Here 
we describe the structure and energetics of the P202Avariant, 
which forms a novel Pro-201-cis-Ala-202 peptide linkage. 
The formation of this non-proline cis peptide bond has no 
effect on the catalytic activity of CAII but significantly 
decreases the overall stability of the folded protein. Similar 
Pro-cis-Xaa linkages in refined protein structures (MacArthur 
& Thornton, 1991) includepro-210-cis-Thr-211 in theeglin- 
subtilisin Carlsberg complex (Bode et al., 1987) and Pro- 
2054s-Tyr-206 in the zinc protease carboxypeptidase A ( R e e  
et al., 1983). Hence, thePro-201-cis-Pro-202linkagein wild- 
type CAII and its engineered variant Pro-201-cis-Ala-202 
comprise unique structural motifs for structure-stability and 
structure-activity analyses. 

MATERIALS AND METHODS 

Enzyme Induction and Purification. BL21 (DE3) cells 
containing a plasmid (pCAM-al) encoding P202A CAII were 
grown, and CAII was induced as described (Krebs & Fierke, 
1993). P202A CAII was purified using sulfonamide affinity 
chromatography (Osborne & Tashian, 1975) followed by an 
S-Sepharose fast-flow column chromatography (2.5 cm X 20 
cm) where the enzyme is eluted with a linear ammonium 
sulfate gradient (0-0.5 M) in 20 mM MES, pH 7. The 
concentration of CAII was calculated either from absorbance 
(Tu & Silverman, 1982) or by stoichiometric titration with 
acetazolamide (Fierke et al., 1991). 

Catalysis and Inhibition. Initial rates of C02 hydration 
and H C O j  dehydration were measured in a KinTek stopped- 
flow apparatus at 25 "C by the changing pH-indicator method 
(Khalifah, 197 1) using the following buffer/indicator pairs: 
TAPS/m-cresol purple (pH 9, 578 nm) and MES/chloro- 
phenol red (pH 6.1, 574 nm). The assay contained 50 mM 
buffer, 25 pM dye, and 0.1 mM (ethylenedinitri1o)tetraacetate 
with the ionic strength maintained at 0.1 M with sodium 
sulfate. The kinetic parameters and standard errors were 
determined using the software SYSTAT (Systat, Inc.) by 
fitting the data to the equation: rate = kat[E][S]/(KM + 

Dansylamide dissociation constants were determined by 
measuring an increase in fluorescence (excitation = 280 nm, 
emission = 470 nm) upon binding dansylamide to CAII (Fierke 
et al., 1991). Dissociation constants for acetazolamide were 
determined by measuring a decrease in fluorescence intensity 
at fixed concentrations of enzyme and dansylamide and varying 
concentrations of acetazolamide. Dissociation constants 
(Fierke et al., 1991) and error estimates were determined 
using the SYSTAT curve-fitting program. 

Stability Measurements. CAII was incubated for 24 h at 
room temperature (23 "C) with varying concentrations of 
guanidine hydrochloride (Gdn-HC1) in 100 mM Tris-SO4, 
pH 7.5, and 1 mM dithiothreitol, purged with nitrogen. Gdn- 
HC1-induced unfolding of CAII was followed by determining 
the C02 hydrase activity (Martensson et al., 1993) using a 
pH indicator assay (Brion et al., 1988) maintaining 40 mM 
Gdn-HC1 in the assay. The fraction activity was calculated 
by subtracting the background rate and then dividing by the 
observed activity in the absence of denaturant. Denaturation 
was also monitored by measuring the ratio A292/&0 as a 
function of Gdn-HC1 concentration using a reference cell 
containing the same concentration of denaturant and buffer. 
,4260 is a suitable internal standard since it is unaffected by 
complete denaturation (Edsall et al., 1966). 

[SI). 
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The transition curves for the solvent-induced inactivation 
of CAII were analyzed by assuming a two-state transition, N - I. The fraction activity (aoa) was fit as a function of 
denaturant concentration [D] directly using eq 1 (Pantoliano 
et al., 1991), where KNI = exp{-(AG0NI-mN~[D])/RTJ. (ION 

and bN and aol and bI are they-intercept and slope of the pre- 
and posttransitional baselines, respectively, which describe 
the linear effect of solvent on the chemical potential of the N 
and I forms of these proteins. h and bI are calculated from 
the wild-type and P202A CAII baselines, respectively. 
(However, fitting all the parameters directly does not sig- 
nificantly affect their value or error.) "1 is the slope of the 
linear denaturation plot, -d(AG0~)/d[D], and AG'NI is the 
free energy of unfolding at [D] = 0, or the y-intercept, and 
is equivalent to AGONI commonly measured by the linear 
extrapolation method (Cup0 & Pace, 1983). This equation 
allows a nonlinear least-squares computer fit (SYSTAT, 
Systat, Inc.) to all the data and calculation of realistic errors 
(Santoro & Bolen, 1988). The transition curves for dena- 
turation monitored by absorbance were analyzed on the 
assumption of a three-state model, N - I - U, using eq 2 
(Hurle et al., 1986), where A = A292/,4260 and Z = (AI - 
AN) / (Au-AN) .  The freeenergiesof unfolding arecalculated 
both in the absence of denaturant (AGO) and at the middle 
of the overlapping data in the transitions at 0.75 and 2.3 M 
Gdn-HC1 and AG2.3) (Matthews, C. R., 1987). 

(1) 
+ bIIDI)(KNI) + (aoN + bNIDI)) 

K N I +  
aobs = 

Fapp = - - AN) = 
KNI(Z + &)/(I + KNI + KNIKIu) (2) 

Crystallography. Crystals of P202A CAII were grown in 
1 week at 4 "C by the sitting drop method using Charles 
Supper crystal growth chambers. A 10-pL drop containing 
0.3 mM enzyme, 50 mM Tris-HC1 (pH 8.5 at 4 "C), and 3 
mM NaN3 was added to a 10-pL drop of precipitant buffer 
containing 50 mM Tris-HC1 (pH 8.0 at room temperature), 
3 mM NaN3, and 1.75-2.5 M ammonium sulfate, and the 
resulting 20-pL sitting drop was equilibrated against 1 mL of 
precipitant buffer in the crystallization reservoir. Both 
solutions were saturated with methylmercuric acetate (Ti- 
lander et al., 1965). Crystals were then back-soaked with 2.5 
M ammonium sulfate and 50 mM Tris-HC1 (pH 8.5) in order 
to dialyze out azide. P202A CAII crystallized isomorphously 
with the wild-type enzyme (Alexander et al., 1991) in space 
group P21 and exhibited unit cell parameters similar to those 
of the wild-type enzyme (a = 42.7 A, b = 41.7 A, c = 73.0 
A and p = 104.6"). 

Intensity data to 1.7-%L resolution were collected from a 
single crystal using a Seimens X- 1 OOA multiwire area detector 
mounted on a Rigaku RU-200 X-ray generator. Data 
collection at room temperature was performed by the oscil- 
lation method with the crystal-to-detector distance fixed at 
10cm. Dataframesof0.08" oscillationabout o werecollected 
with exposure times of 60 s/frame. Raw data frames were 
processed using the package of Durbin et al. (1986), and 
intensities were corrected for Lorentz and polarization effects. 
All reflections with I < 24Z) were discarded. Scaling and 
reduction of replicate data and calculation of electron density 
maps were done with the PROTEIN suite of programs 
(Steigemann, 1974). Phases calculated from the refined 
structure of wild type CAII (Alexander et al., 1991), less the 
atoms of residue 202 and active site solvent molecules, were 
applied to structure factors obtained from the corrected 
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Table I: Data Collection and Refinement Statistics for P202A 
CAII 

Tweedy et al. 

~~~~~~~ 

no. of crystals 
no. of measured reflections 
no. of unique reflections 
max resolution (A) 
Rmcrpc' 
no. of water molecules in final cycle of refinement 
no. of reflections used in refinement (6.5-1.70 A) 
R facto+ 
completeness of data (%) 
rms deviation from ideal bond lengths (A) 
rms deviation from ideal bond angles (deg) 
rms deviation from ideal planarity (A) 
rms deviation from ideal chirality (A31 

1 
34796 
19327 
1.70 
0.10 
93 
18232 
0.188 
72 
0.009 
1.3 
0.012 
0.117 

Rmcrgc for replicate reflections: R = Ellhi  - ( z h ) l / E ( z h ) ,  where zhi 
= intensity measured for reflection h in data set i and (4) = average 
intensity for reflection h calculated from replicatedata. Crystallographic 
R factor; R = - IFJl/ElFd, where IFd and IFcJ are the observed and 
calculated structure factors, respectively. 

Table 11: Catalytic Activity and Inhibitor Binding 
wild type Pro-202 - Ala 

COz hydration' kat/KM (pM-I s-') 110 f 10 112 f 4 
kat (CIS-') 1.0 f 0.1 1.3 f 0.1 
K"M"1 (mM) l l f l  1 0 f 2  

HCO3- kat/KM (pM-' s-') 13 f 1 8 f l  

Gw3- (mM) 45 f 9 45f 12 
inhibitor binding' KDNSA (pM) 1.2* O.ld 1.1 f 0.1 

dehydration* kat (ps-l) 0.56 f 0.04 0.36 f 0.05 

KACET (nM) 8.2 0.3d 19 f 1 
a Activity measured as a function of [COz] in 50 mM TAPS, pH 9.0, 

Z =  O.l,withNa2S04,25 OC. Activitymeasuredasafunctionof [HCO,-] 
in 50 mM MES, pH 6.2, Z = 0.1, with Na2S04, 25 OC. KDNSA and 
KACET are the dissociation constants for dansylamide and acetazolamide, 
respectively, determined in 20 mM potassium phosphate, pH 7.4,25 "C. 
dTaken from Krebs et al. (1991). 

intensity data in order to generate difference electron density 
maps using Fourier coefficients 21F0) - )Fcl and lFol - IFcl. All 
model building was done with the software FRODO (Jones, 
1985). Initial inspection of difference electron density maps 
unambiguously revealed that the cis-peptidyl linkage was 
maintained in P202A CAII. The reciprocal space least- 
squares algorithm PROLSQ (Hendrickson, 1985) was used 
torefine the model. Activesite water molecules and the methyl 
group of Ala-202 were added when the crystallographic R 
factor dropped below 0.20. Solvent molecules with thermal 
B factors greater than 50 A2 were deleted from the model. 
Pertinent refinement statistics are recorded in Table I. Atomic 
coordinates have been deposited in the Brookhaven Data Bank 
(reference code 1MUA) (Bernstein et al., 1977). 

RESULTS AND DISCUSSION 

Functional screens of single amino acid variants at the highly 
conserved cis-Pro-202 residue in CAII (Hewett-Emmett & 
Tashian, 1991) suggest that the major effect of these 
substitutions is to increase thermal lability (Krebs & Fierke, 
1993). To further explore the functional properties of one of 
these variants, P202A CAII, we determined the kinetic 
parameters for C02 hydration and HCO3- dehydration as 
well as the dissociation constants for two sulfonamide 
inhibitors, dansylamide and acetazolamide (Table 11). These 
data indicate that the substitution of alanine at position 201 
has little or no effect on either the catalytic efficiency or the 
binding of inhibitors. 

To investigate the stability of the cis-P202A CAII, we 
characterized the Gdn-HC1-induced denaturation of CAII. 
In both wild type and variant, two transitions are observed 
spectroscopically (Figure 1 B), indicating a stable intermediate 
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FIGURE 1: Gdn-HC1 denaturation of wild-type (0) and P202A (A) 
CAIIs assayed by either (A) C02 hydrase activity or (B) the ratio 
of absorbance at  292 nm to 260 nm after CAII [0.01 (A) or 0.2 
mg/mL (B)] was incubated for 24 h at  23 "C in 0.1 M Tris-SOd, 
pH 7.5, 1 mM dithiothreitol, and 0-5 M Gdn-HC1. The solid lines 
represent the nonlinear least-squares fit of the data using eq 1 and 
2 derived for either a two- (A) or three-state (B) model, respectively, 
and the parameters in Table 11. 

state (Martensson et al., 1993; Henkens et al., 1982). 
Unfolding was analyzed (see Materials and Methods) as a 
two-step (three-state) process made up of an N - I transition 
observable by both activity and spectroscopic measurements 
(panels A and B of Figure 1) and an I - U transition which 
can be characterized spectroscopically (Figure 1 B). The 
parameters for these fits, including the transition midpoints 
and free energy for unfolding, are listed in Table 111. 
Substitution of alanine for Pro-202 has little or no effect on 
the relative stability of the I and U states; the concentrations 
of Gdn-HC1 at the transition midpoints are similar, and 
AAGOIU (AG'1u-w~ - AGOIU-P~O~A) and A A G 2 . 3 ~ ~  are 1 f 1 
and 0.2 f 0.1 kcal mol-', respectively. [This latter comparison 
removes the long extrapolation to 0 M Gdn-HC1 ( C u p  & 
Pace, 1983; Matthews, C. R., 1987).] However, themidpint 
concentration of Gdn-HC1 for the first transition (N - I), 
as assayed by both activity and absorbance, is decreased 
significantly (Table 111) for P202A CAII. Therefore, this 
substitution destabilizes the native state relative to the 
intermediate and unfolded states compared to wild type by 
AAGONI = 5.1 f 0.5 or AAG0.75~~= 3.5 f 0.2 kcal mol-'. This 
is consistent with the ==lo3 increase in thermal lability observed 
for variants at position 202 (Krebs & Fierke, 1993). 

A difference electron density map, calculated with phases 
from the final model less all atoms of residues Pro-201, Ala- 
202, and Leu-203, illustrates that the cis-peptidyl linkage is 
maintained between Pro-201 and Ala-202 (Figure 2). The 
overall structure of P202A CAII is very similar to that of the 
wild-type enzyme: the rms deviation in atomic coordinates 
is 0.14 A for C a  atoms (wild-type enzyme coordinates are 
superimposed in Figure 2). The conformations of residues 
flanking residue 202 change very slightly between wild-type 
and P202A CAIIs, and there are only minor local changes in 
the backbone conformation of Ala-202 relative to the wild- 
type enzyme (Table I). The P202A substitution does not 
disrupt the Ser- 197-Cys-206 loop, so we conclude that proline 
is not obligatory for the third residue of a type VI turn. 
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Table 111: Stability Parameters for Gdn-HC1-Induced Unfolding” 

variant AGONI “I &Ib A@.”N~ AGOIU mIu m u  AG2*31d 
wild type 8.4 f 0.4e 8.6 f 0.4“ 0.97 f O.Ole 1.9 f 0.1“ 

8 . 3 f 0 . 9  9.0i0.6 0.92f0.011 1.5f0.11 7 .1 fO.u  3.1f0.2f 2.29fO.OV -0.05i0.09 
P202A 3.3 f O.le 6.6 f 0.3“ 0.50 f O.Ole -1.6 f 0.1‘ 

2.8 f 0.V 5.5 f 0 . 9  0.51 f 0.011 -1.3 f 0.11 6.0 f 0.4f 2.5 f 0.V 2.41 f 0.OV 0.28 f 0.09 

Units are as follows: AG, kcal mol-’; m, kcal mol-’ M-l; Cm, M. P represents the concentration of Gdn-HC1 at the transition midpoint. E At 
0.75 M Gdn-HC1. At 2.3 M Gdn-HC1. e Measured by activity changes. IMeasured by absorbance changes. 

FIGURE 2: Difference electron density map of Pro-202 - Ala CAII calculated with Fourier coefficients (IFol - IF# and phases calculated 
from the final model less the atoms of Pro-201, Ala-202, and Leu-203 and water molecule 354. Refined atomic coordinates (yellow) are 
superimposed on the map (contoured at 2 . 6 ~ ) ;  residues 201 and 202 are indicated, and water 354 appears as a star. Note that the cis-peptidyl 
linkage is maintained between Pro-201 and Ala-202. For reference, the coordinates of the wild-type enzyme are superimposed (red). 

Interestingly, the Ser- 197-Cys-206 loop exhibits notable 
plasticity in certain protein engineering experiments involving 
residues contained in this loop (Alexander et al., 1993; Ippolito 
& Christianson, 1993) as well as residues adjacent to this 
loop (Fierke et al., 1991; Alexander et al., 1991); indeed, the 
compensatory plastic response of this loop to single-point 
mutations in the CAII amino acid sequence can trigger 
structural changes of greater than 1 A in certain loop residues. 
However, this loop is not sufficiently plastic to allow the Pro- 
201-Ala-202 peptide linkage to isomerize to the trans 
confor ma tion. 

Active site solvent structure is quite similar in wild-type 
and P202A CAIIs, and well-defined electron density char- 
acterizes the non-protein zinc ligand and the “deep” water 
molecule at the mouth of the hydrophobic pocket. Both of 
these solvent molecules are catalytically important, so their 
structural invariance accounts for the catalytic similarities 
between wild-type and P202A CAIIs: the deep water molecule 
is believed to be displaced by substrate C02 prior to its 
nucleophilic attack by the zinc-bound hydroxide atom (Lindahl 
et al., 1993). However, the steric void arising from the loss 
of the pyrrolidine ring in P202A CAII allows for a water 
molecule to hydrogen bond to the main chain carbonyl of 
residue 202 with good stereochemistry (water 354 in Figure 
2) * 

In the wild-type enzyme, the backbone torsion angles for 
Pro-202 are 4 = -68O and $ = +6O, which deviate slightly 
from the average values of -86O and +lo ,  respectively, 
tabulated for cis-prolines contained in refined protein struc- 
tures (MacArthur & Thornton, 199 1). The backbone torsion 
angles of Ala-202 in P202A CAII are 9 = -74O and $ = 

+ 1 1 O ;  these values are outside of sterically favorable para- 
meters but nonetheless allowable under circumstances of steric 
strain, as estimated from Ramachandran maps of cis- 
polyalanine (Ramachandran & Venkatachalam, 1968). 
Hence, the folded conformation of active site residue 202 is 
maintained in a strained conformation despite the substitution 
of alanine for proline. Similarly unfavorable torsion angle 
values have been found in 17 other refined protein structures 
containing non-prolyl cis-peptidyl linkages (Stewart et al., 
1990). However, only five of these structures have been 
determined to high resolution (12.0 A with crystallographic 
R values < 0.2): the eglin-subtilisin complex (Bode et al., 
1987), neurotoxin B (Tsernglou et al., 1978), carboxypeptidase 
A (Rees et al., 1983), dihydrofolate reductase (Bolin et al., 
1982), and Staphylococcus aweus PCI @-lactamase (Herzberg, 
1991). Herzberg and Moult (1991) point out that such steric 
strain typically characterizes regions of protein structure 
implicated in function. As illustrated by the engineering of 
Pro-202, torsional strain is tolerated to satisfy the precise 
structural requirements of ligand binding and catalysis at 
protein functional sites. 

In aqueous buffer, native wild-type CAII is stabilized by 
8.4 kcal mol-’ relative to a folding intermediate while the 
stability of the P202A variant is decreased to 3.3 kcal mol-’. 
This -5 kcal mol-l difference in stabilities may arise from 
energetic differences in both the folded and unfolded forms 
of the two variants. To dissect the peptidyl isomerization 
reaction from unfolding, we can express the unfolding process 
as a pair of linked reactions using a thermodynamic cycle (see 
Figure 3). Our spectroscopic techniques (Figure 1) measure 
the folding characteristics of CAII, irrespective of the 
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the folded state. Assuming that AAGz = 0.4 kcal mol-' and, 
therefore, AGZ,Ma 8.6 kcal mol-', the free energy for the 
cisltrans isomerization of the Xaa-Ala bond at  position 202 
in the folding intermediate, AG1,Ala, is estimated at =-5 kcal 
mol-'. Since there is no energetic difference between the 
intermediate and denatured forms upon substitution of Ala 
for Pro-202 (Table 111), we suggest that this value also 
represents the cisltrans equilibrium in the denatured state as 
well. This number may also be a reasonable value for this 
equilibrium in any polypeptide. This would suggest that 0.02% 
non-proline cis peptide bonds should be observed in proteins 
if their distribution reflects stability alone [compared to 0.05% 
tabulated from known structures (MacArthur & Thornton, 
1991; Stewart et al., 1990)l. 

In P202A CAII the cis linkage is preferred over a 
conformational change to tram, suggesting that intramolecular 
interactions between the protein and the Ser- 197-Cys-206 
loop play an important role in stabilizing the cis conformation. 
The observed decreases in stability of the native state caused 
by substitution of alanine for a cis-proline in other proteins 
range from -5 kcal mol-' for the P39A variant of RNase T1 
(Mayr et al., 1993) to 2-3 kcal mol-' for RNase A variants 
(Schultz & Baldwin, 1992), reflecting either a backbone 
conformational change or insertion of a non-proline cis peptide 
bond. Conformational energy calculations for incorporation 
of cis-proline linkages in bovine pancreatic trypsin inhibitor 
suggest that the stability of the cis stereochemistry is highly 
context dependent (Levitt, 198 1). 

The stability of the equilibrium folding intermediate in 
CAII, relative to unfolded protein, is insensitive to the P202A 
substitution, suggesting a trans linkage at position 202 in the 
intermediate. This is consistent with data on the accessibility 
of introduced thiol groups (Martensson et al., 1993), indicating 
that the folding intermediate has native-like secondary 
structure only in the central part of the 8-sheet. The detailed, 
correct geometry necessary for high catalytic activity is 
achieved only in the native state. 

Cisltrans isomerization of proline peptide bonds has been 
implicated as rate-limiting for slow-folding species (7 = 10- 
100 s) in a variety of proteins, including CAII (Brandts et al., 
1975; Kim & Baldwin, 1982; Fransson et al., 1992). While 
little is known about the rate of cisltrans isomerization of 
non-proline peptidyl linkages (Radzicka et al., 1988; Drak- 
enberg et al., 1972), a recent kinetic study of Pro-202 - Asn 
CAII indicates that the rate of refolding (T  c 800 s) is 
unaffected by this substitution (Fransson et al., 1992). 
Assuming a cis peptide in this variant [as suggested by our 
results (Krebs & Fierke, 1993)], the isomerization must be 
at least as fast as the observed refolding rate, thus setting a 
lower limit for the isomerization rate of the Pro-201-Asn-202 
peptide bond in CAII. The extremely slow refolding rates (7 
= 4000 s) for the cis-Pro-39 -Ala variant of RNase T1 may 
reflect the rate constant for trans to cis isomerization of the 
Tyr-38-Ala-39 bond, assuming the cis-peptidyl bond is 
retained in the variant (Mayr et al., 1993; Mayr & Schmidt, 
1993). Complete refolding kinetics of the P202Avariant may 
provide an opportunity to further investigate cisltrans 
isomerization of non-proline peptide bonds. Finally, since 
significant conformational changes often accompany substi- 
tutions at cis-prolines, we emphasize that three-dimensional 
crystal structures are essential for dissecting protein stabi- 
lization and folding pathways using such variants. 
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FIGURE 3: Thermodynamic cycle illustrating the linkage between 
folding and peptidyl isomerization in CAII. N and I are the native 
and intermediate states, respectively, observed in the equilibrium 
denaturation of CAII distinguished with respect to the cisltruns 
conformation of the Xaa-peptide at position 202. In this figure, Kl 
= "s/Ncin & = Icts /Nelr ,  4 = ItrmJIcts? and K 4  = Itr~.PJtrm* 
Each of these constants depends on the amino acid at position 202 
and will be distinguished by subscripts in the text, e.g., KI-. In the 
text these equilibria are discussed in terms of free energy changes 
using a corresponding notation, e.&, A G I , ~ .  

conformation at position 202; therefore, the observed equi- 
librium constant for this reaction can be described by the 
ratio of [Itot]/[Ntot] and expressed in terms of the unfolding 
(Kz)  and isomerization (K1, K3) equilibria as shown in eq 3. 

Kois = (Icis + Itrans)/(Nch + NtranJ 
K*(1 + K3)/(1+ K,) KZ(1 + 4) (3) 

Since the X-ray crystallographic data indicate that the cis 
conformer is predominant in the native state of both wild type 
and P202A, we may postulate that K1 << 1, which simplifies 
eq 3. Therefore, the observed free energy change for unfolding 
can be represented as a combination of the cis/trans isomer- 
ization free energy in the unfolded intermediate state and the 
free energy for folding CAII with the native cis conformer at 
position 202. The free energy for isomerization to a trans 
Xaa-Pro peptide bond from a cis conformer, AG3,pro9 has been 
estimated at -0.5 kcal mol-' in both small peptide models and 
denatured RNase A (Grathwohl & Wuthrich, 1976; Adler & 
Scheraga, 1990). This allows the estimation of the free energy 
for unfolding for wild-type CAII, AG2,fio 9 kcal mol-', from 
theobserved AG for unfolding (using eq 3). However, reliable 
estimates of the cis/trans equilibrium in Xaa-Ala peptide 
bonds are not available. AG z -2.5 kcal mol-' was measured 
for the cisltrans isomerization of the peptide analog N-me- 
thylacetamide (Radzicka etal., 1988;Drakenberget al., 1972), 
setting a lower limit for the AG for isomerization of non- 
proline peptide bonds because of the existence of additional 
unfavorable steric interactions in cis-peptidyl linkages (Brandts 
et al., 1975; Kim & Baldwin, 1982). However, theunfolding 
energy for P202A, AG2,Ala,can be estimated by adjusting the 
wild-type value, A G z , ~ , ~ ,  for changes introduced by the 
substitution of cis-alanine for cis-proline at position 202. The 
difference free energy for unfolding (AAGz = AGWT - AGvaGnt) 
for substitution of trans-proline with alanine, determined for 
eight staphylococcus nuclease and T4 lysozyme variants, 
ranges from -0.1 to 1.0 kcal mol-' with an average of ~ 0 . 4  
kcal mol-' (Green et al., 1992; Chen et al., 1992). Additionally, 
in staphylococcus nuclease these changes in stability correlate 
with the fractional solvent accessibility of the side chain (Green 
et al., 1992). In the case of Pro-202, the side chain is a surface 
residue so the fractional solvent accessibility is moderately 
high (0.55); therefore, the destabilizing effect of substitution 
of alanine for proline at position 202 should be smaller than 
0.4 kcal mol-'. This value reflects entropic differences in the 
unfolded state (Matthews et al., 1987; Yun et al., 1991) as 
well as changes in the packing interactions and solvation of 
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