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ABSTRACT: Two fragments of chymotrypsin inhibitor-2, CI-2(20-59) and CI-2(60-83), derived from 
cyanogen bromide cleavage at Met-59, associate to give a native-like structure. We analyze the kinetics 
and equilibria of association of mutant fragments derived from cleaving mutant proteins at the same 
methionine residue. The changes in free energy of association have been measured both from isothermal 
studies of the binding of fragments and from thermal denaturation of the complexes. In general, there is 
a good correlation between the changes on mutation of the free energy of association of fragments and 
the changes in free energy of folding of the uncleaved parent protein. The notable exceptions are for 
residues in regions of the fragments that form nonnative hydrophobic clusters in the isolated fragments; 
mutation of the hydrophobic residues involved in these clusters decreases the equilibrium constant for 
formation of the noncovalent complex less than it does the equilibrium constant for folding of intact 
protein. The dissociated fragments must be destabilized by mutation of those hydrophobic residues, but 
to a lesser extent than is the complex itself. These clusters are thus less important energetically in the 
denatured state of the intact protein. The second-order rate constants for the major phase of association 
change with mutation, similar results being obtained from fluorescence measurements of the regain of 
tertiary structure and from circular dichroism measurements of the regain of secondary structure. The 
rate constants for association correlate well, in general, with the rate constants of refolding of the respective 
uncleaved proteins. Fragments that have mutations in the regions of nonnative hydrophobic clusters 
associate faster than expected from the correlation. Thus, breaking up the clusters facilitates the rate of 
folding. It is remarkable that the two fragments associate via a transition state that is very similar to that 
for the folding of the intact protein. 

Early events in protein folding may include either the 
formation of secondary structural elements and/or a hydro- 
phobic collapse (Ritsyn, 1973; Karplus & Weaver, 1976; 
Sali & Karplus, 1994; Kim & Baldwin, 1990; Moult & 
Under, 1991; Dill & Shortle, 1991). Protein fragments are 
being used as models for studying these early stages of the 
folding process (Dyson et al., 1992; Sancho et al., 1992; 
Dyson & Wright, 1993, and references therein; Waltho et 
al., 1993; Shortle & Abeygunawardana, 1993; Prat Gay & 
Fersht, 1994, and references therein) because they are more 
amenable than the unfolded states of intact proteins for 
structural characterization and structure in fragments may 
reflect local structural tendencies. Structural studies alone 
are not sufficient to characterize folding pathways: they must 
be linked to kinetic studies to see what features are relevant 
and which are on side paths (Fersht, 1993). Further, the 
response of changes in structure to changes in sequence are 
informative. We have recently characterized the association 
of the two complementary fragments of chymotrypsin 
inhibitor-2 (CI-2), CI-2(20-59) and CI-2(60-83), generated 
by cleaving with cyanogen bromide the native wild-type 
protein at the reactive site bond Met-59-Glu-60, which is 
in a loop (Rat Gay & Fersht, 1994; Prat Gay et al., 1994a). 
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The association process generates a native-like structure 
starting from an “unfolded state”, i.e., the fragments in water. 
The scissile bond is present in most CI-2 mutants generated 
in this laboratory. 

The tertiary structure of CI-2 consists of a four-stranded 
mixed parallel and antiparallel B-sheet packed against an 
a-helix to form the hydrophobic core (McPhalen & James, 
1987). Both the kinetics and equilibrium of folding fit a 
simple two-state mechanism (Jackson & Fersht, 1991). The 
transition state of CI-2 in the folding pathway has been 
characterized by protein engineering (Otzen et al., 1994). A 
molecular dynamics simulation of the unfolding of CI-2 gives 
a description of the transition state that is in excellent 
agreement with the experiments (Li & Daggett, 1994). We 
have shown previously that the kinetics of association of the 
two fragments consists of a second-order step combined with 
a rearrangement of structure, akin to a protein folding process 
(Prat Gay er. al., 1994a). The family of mutant fragments 
generated by cleavage at Met-59 allows systematic comple- 
mentation studies in the same way as a protein engineering 
procedure that was used to analyze the folding of bamase 
(Matouschek et al., 1989; Fersht et al., 1992) and intact CI- 
2. This has enabled a description of the transition state for 
the association (Prat Gay et al., 1994b). It is remarkably 
similar to that for the folding of the intact protein, except 
that the N-terminal region of the single helix is completely 

0 1995 American Chemical Society 



1696 Biochemistry, Vol. 34, No. 5, 1995 

formed in the association reaction, whereas the structure is 
present in a weakened form in the intact protein. 

There is evidence that there is residual structure in the 
cleaved fragments, manifested in the formation of nonnative 
hydrophobic clusters (Prat Gay et al., 199413). In the present 
study, we analyze the association equilibrium and kinetics 
of the mutant fragments of CI-2(20-59) and CI-2(60-83) 
to investigate the mechanism of their association. We also 
characterise the thermal dissociationlunfolding of the com- 
plexes by circular dichroism. We selected mutants in the 
hydrophobic core (LA27, VA38, IV39, IV48, VA70, and 
IV76), the a-helix (SA31, EN33, EA33EA34, 
SA31EA33EA34, KA36, KA37, KG37 and KA43), at 
positions in P-sheets (TA22, IV49, IA49, VT53, and VA53), 
and a small hydrophobic "minicore" (LA51, LV51, and 
FL69). 

EXPERIMENTAL PROCEDURES 

Materials. Cyanogen bromide (CNBr) and trifluoroacetic 
acid (TFA) were purchased from Fluka, Switzerland. So- 
dium dihydrogen orthophosphate and disodium hydrogen 
orthophosphate were analytical grade and acetonitrile was 
HPLC grade, all of them from Fisons, England. All other 
reagents were of highest purity available. Water was 
deionized and purified with an Elgastat system. Expression, 
purification, and description of the wild-type and mutant CI-2 
proteins used in this work have been described (Jackson et 
al., 1993; Otzen et al., 1994). 

Cleavage and Purification of the Fragments. Wild-type 
and mutant CI-2 proteins were dissolved in water and the 
pH taken to 2.3 with HC1. The cleavage and purification 
procedures were as described (Rat Gay & Fersht, 1994). 
Two fragments were obtained from each mutant, CI-2(20- 
59) and CI-2(60-83), described by the residue numbering 
used previously (Prat Gay & Fersht, 1994), the first residue 
being number 20. The molecular mass of each fragment 
was measured by electron spray ionization mass spectrometry 
and found to be in excellent agreement with those calculated 
from the primary sequence. 

Fluorescence. All the methods for fluorescence experi- 
ments, equilibria and kinetics, carried out in this work have 
been described (Prat Gay & Fersht, 1994; Prat Gay et al.,  
1994a). 

Circular Dichroism. CD spectra and kinetic experiments 
were performed as described (Prat Gay & Fersht, 1994; h a t  
Gay et al., 1994a). The thermal scan speed was 50 "Ch, 
and data were collected every 0.2 "C. The data were 
analyzed using Kaleidagraph (Abelbeck software) and fitted 
to a two-state transition, in which the dissociation and 
unfolding processes are occurring simultaneously: Complex 
[(20-59).(60-83)] (folded state)R CI-2(20-59) + CI-2(60- 
83) (unfolded state). 

RESULTS 

Equilibrium Association of Mutant Fragments Measured 
by Fluorescence and Circular Dichroism. CI-2 contains only 
one tryptophan residue (Trp 24), which is responsible for 
the fluorescence emission increase on unfolding the protein 
with a maximum at 356 nm (Jackson & Fersht, 1991). The 
fluorescence of wild-type CI-2(20-59) decreases on mixing 
it with increasing concentrations of CI-2(60-83); the 
fluorescence spectrum of the complex at equimolar concen- 
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FIGURE 1 : (A) Fluorescence spectra of CI-2 complexes and of wild- 
type CI-2 fragment (20-59) in 10 mM phosphate, pH 6.3. (A) IV76 
complex; (0) wild-type complex; (0) KA43 complex; (x )  KG37 
complex; (s) IV39 complex; (e) VA70 complex; (0) SA31/EA33/ 
EA34 complex; (V) LA27 complex; and (0) wild-type CI-2 
fragment (20-59). The scans were recorded at 50 n d m i n  with a 
step resolution of 0.2 nm, using an excitation wavelength of 280 
nm. (B) Circular dichroism spectra of CI-2 complexes and wild- 
type CI-2 fragment (20-59) in 10 mh4 phosphate, pH 6.3. (0) 
Wild-type complex; (x)  KG37 complex; (0) SA31/EA33/EA34 
complex; (V) LA27 complex; and (0) wild-type CI-2 fragment 
(20-59). The scans were recorded at 50 n d m i n  with a step 
resolution of 0.2 nm, using a 0.5 cm path length cuvette. The 
concentration of each sample in both CD and fluorescence was 5 
pM. The experiments were carried out at 25 "C. 

trations of the fragments is identical to that of native 
uncleaved CI-2 (Rat Gay & Fersht, 1994). The far-UV 
circular dichroism spectrum of the [CI-2(20-59).(60-83)] 
complex is also identical to that of native uncleaved CI-2. 
This indicates that the secondary and tertiary structures of 
the fragments judged by their spectra are very similar to those 
of the uncleaved protein (Prat Gay & Fersht, 1994). 

Fluorescence spectra of the mutant fragments of CI-2(20- 
59) are identical to those of wild-type CI-2(20-59) (not 
shown). The fluorescence spectra for several different 
mutant complexes and for the wild-type CI-2(20-59) are 
shown in Figure 1A; both the fluorescence intensity and the 
wavelength maximum decrease on association. The differ- 
ences between the fluorescence spectra and those of wild- 
type complex result only from the incomplete formation of 
the complexes. For this reason, the spectra of the complexes 
that have high dissociation constants are affected strongly 
by the fluorescence of the free fragment CI-2(20-59), being 
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Table 1: Equilibrium Dissociation Constants and Thermal Stability Data of Complexes 
CI-2 mutant KD" 01M) T,,, (K) AHHT, (kcal mol-') A A G b  (kcal mol-') AAG31f (kcal mol-') AAG& (kcal mol-') 

wte 
SA31 
SA31 EA33EA34 
EA33EA34 
EN33 
KA36 
KA37 
KG37 
KA43 
LA27 
VA38 
IV39 
IV48 
IA49 
IV49 
N49  
VA70 
IV76 
TA22 
VA53 
VT53 
LA51 
LV5 1 
FL69 

0.041 f 0.002 
0.270 f 0.006 
0.173 f 0.010 
0.242 f 0.001 
0.099 f 0.017 
0.095 f 0.021 
0.107 f 0.026 
0.673 f 0.190 
0.104 f 0.013 
ND 
0.096 f 0.008 
0.346 f 0.040 
0.064 f 0.020 
0.269 f 0.018 
0.269 f 0.018 
0.044 f 0.002 
0.336 f 0.068 
0.017 f 0.004 
0.071 f 0.004 
0.029 f 0.019 
0.163 f 0.053 
0.364 f 0.008 
0.250 f 0.046 
0.209 f 0.027 

319.6 f 0.4 
311.2 f 3.3 
305.5 f 1.5 
311.2 f 1.2 
315.8 f 0.4 
307.0 f 1.9 
314.4 f 1.1 
308.8 f 1.0 
313.8 f 1.5 
297.1 f 3.6 
314.9 f 0.2 
304.8 f 0.4 
312.4 f 1.3 
ND 
ND 
321 .O f 0.9 
302.8 f 1.6 
320.7 f 0.8 
316.7 f 1.1 
316.8 f 1.1 
311.3 f 1.4 
310.5 f 1.3 
319.1 f 1.1 
305.5 f 3.7 

34.1 f 1.0 
35.4 f 2.7 
53.0 f 4.8 
39.0 f 2.6 
36.1 f 4.7 
27.2 f 4.5 
34.8 f 4.0 
37.6 f 4.0 
24.6 f 3.0 
34.6 f 8.2 
30.0 f 1.5 
26.3 f 0.4 
27.8 f 3.5 
ND 
ND 
50.9 f 6.2 
33.5 f 5.1 
34.6 f 2.9 
ND 
40.5 f 5.0 
34.0 f 4.8 
42.5 f 6.2 
37.3 f 6.3 
27.5 f 8.5 

1.12 f 0.03 
0.86 f 0.05 
1.06 f 0.03 
0.53 f 0.1 1 
0.50 f 0.13 
0.57 f 0.15 
1.66 f 0.17 
0.55 f 0.08 
ND 
0.51 f 0.06 
1.27 f 0.09 
0.27 f 0.19 
1.12 f 0.05 
1.12 f 0.05 
0.05 f 0.04 
1.25 f 0.12 
-0.52 f 0.14 
0.33 f 0.04 
-0.20 f 0.39 
0.82 f 0.19 
1.30 f 0.03 
1.07 f 0.11 
0.97 f 0.08 

0.00 f 0.04 
0.84 f 0.39 
1.92 f 0.31 
0.85 f 0.16 
0.33 f 0.08 
1.22 f 0.21 
0.49 f 0.13 
1.15 f 0.14 
0.61 f 0.12 
2.75 f 0.71 
0.48 f 0.05 
1.43 f 0.06 
0.71 f 0.12 
ND 
ND 
-0.59 f 0.22 
1.86 f 0.27 
-0.11 f O . l l  
ND 
0.16 f 0.15 
0.82 f 0.16 
0.95 f 0.19 
-0.03 f 0.18 
1.38 f 0.44 

0.89 f 0.05 
1.67 f 0.05 
0.76 f 0.06 
0.70 f 0.05 
0.49 f 0.03 

-0.23 f 0.13 
0.97 f 0.08 
0.65 f 0.06 
2.68 f 0.15 
0.48 f 0.06 
1.30 f 0.05 
1.11 f 0.05 
2.12 f 0.06 
2.12 f 0.06 

-0.08 f 0.08 
1.95 f 0.07 

-0.19 f 0.10 
0.85 f 0.05 
0.63 f 0.11 
1.03 f 0.05 
2.37 f 0.05 
0.50 f 0.06 
2.1 1 f 0.06 

a The values are averages of at least two experiments. A A G  is the change in free energy of dissociation, calculated from eq 1. AAG3lz is the 
change in free energy of association obtained from eq 5 for thermal dissociation, calculated for a mean T, value of 312 K. AAG." is the change 
in free energy of folding of the protein on mutation. Data from Jackson et al. (1993) and Otzen et al. (1994) calculated from guanidinium chloride- 
induced unfolding at equilibrium. These values are within experimental error of those determined by differential scanning calorimetry in the 
absence of guanidinium chloride. e Previously obtained value is 0.042 f 0.02 (Prat Gay & Fersht, 1994). 

the sum of the fluorescence of the free fragment and of the 
complex in a native-like structure. 

Far-UV circular dichroism (CD) spectra recorded between 
255 and 185 nm for the CI-2(20-59) mutant fragments and 
their complexes are identical to their equivalents of wild- 
type CI-2(20-59). The fragments have a minimum at 200 
nm, characteristic of a disordered structure, and a shoulder 
at 212 nm which could be indicative of a nonrandom coil 
structure, as described for the wild-type CI-2(20-59) frag- 
ment (Prat Gay & Fersht, 1994). The far-UV CD spectra 
of the complexes show differences from those of the 
fragments (Figure 1B). The minimum at 200 nm is shifted 
to wavelengths between 203-205 nm, and a strong positive 
band appears at 190 nm, which is present in native uncleaved 
CI-2. However, these spectra vary between the mutant 
complexes, the differences being related to the extent of their 
formation (as calculated from their measured dissociation 
constants) and not to different structures, as is the case of 
the fluorescence spectra. 

Determination of Dissociation Constants. The change in 
the fluorescence intensity upon formation of the complex 
(Figure 1A) was used to determine the equilibrium dissocia- 
tion constant, KD, using a fixed concentration of 0.65 pM of 
CI-2(20-59) (the fragment containing the Trp) and varying 
concentrations of CI-2(60-83) (Table 1). 

The change in the free energy of association on mutation 
(AAG) ,  is calculated from equation 1 

Thermal Stability of Wild-Type and Mutant [CI-2(20- 
59).CI-2(60-83)] Complexes. The wild-type complex dis- 
sociates and denatures with increasing temperature (Prat Gay 
& Fersht, 1994). A detailed thermodynamic analysis using 
differential scanning calorimetry (DSC) is not possible since 
the wild-type CI-2 complex has a nonreversible broad 
transition above pH 4 (not shown) and the complex dissoci- 
ates at low pH (ha t  Gay & Fersht, 1994). However, the 
thermal denaturation of the complexes at lower concentra- 
tions could be monitored by far-W CD. The thermal 
denaturation of the wild-type complex is reversible at 5 pM 
of complex in 10 mh4 phosphate buffer pH 6.3 at a 
temperature scan speed of 50 'C/h (Figure 2A). The change 
in ellipticity observed with temperature results from the 
unfolding/dissociation of the complex and not the unfolding 
of residual structure in the free fragments since the thermal 
denaturation of the fragments CI-2(20-59) and CI-2(60- 
83) does not show cooperative transitions (Figure 2B). 

The unfolding data were fitted to theoretical curves for 
simultaneous dissociation and unfolding processes. The 
quantity a is defined as the fraction of the complex that is 
denatured at any temperature for the equilibrium between 
associated complex and free fragments ( W R W  + Y). The 
equilibrium constant, K(T), is defined by 

(2) 

AAG, = -RT In ( K T I e )  We define a = the fraction of dissociation of the complex 
= (O.S[W])/C,. Then 

The values of A A G  parallel AAG.", the change in free 
energy of folding of the intact protein on mutation (Table 
1). This suggests that the association process is directly 
linked to the folding process of the uncleaved protein. 

~~~~ 

-W7 + 21K(n2 + 16CJW 
8C (3) a =  

Using the procedure described by Marky and Breslauer 
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FIGURE 2: Thermal denaturation experiments followed by measure- 
ment of the change in ellipticity at 200 nm. (A) Reversibility of 
the thermal transition of the wild type CI-2 complex; reheating of 
the same sample was carried out after cooling it from 80 "C down 
to 10 "C. (B) Temperature scans of wild-type complex, CI-2(20- 
59) and CI-2(60-83) fragments. All the scans were performed at 
50 OC/h and at a fixed concentration of 5 pM complex. 

(1987) and Steif et al. (1993), we obtain 

K(r)  = exp[[-"(1 - T/T,) + 
AC,(T - T, - ln(T/T,)) - RT1n(2Ct)]/RT] (4) 

where Ct corresponds to the initial concentration of the 
complex (5  pM in these experiments), AC, is the difference 
in the molar heat capacity between the native and denatured 
states, and T, is defined as the temperature at which a = 
0.5. We have assumed that the AC, value for each of the 
complexes studied is similar to that of the uncleaved mutant 
since it cannot be calculated from DSC experiments; this 
value was found to be 720 cal mol-' K-' for the wild-type 
CI-2 and assumed to be constant for all the mutants (Jackson 
et al., 1993). If we use the theoretical approximation of 
multiplying the number of residues in the protein by 12 cal 
mol-' K-' (Edelhoch & Osbome, 1976), the AC, is 768 cal 
mol-' K-I, and this translates to only 0.4% difference in 
T,. For the purpose of this study, it is the change in T,, 
rather than the absolute value of Tm, which is important; T, 
is negligibly altered by small errors in AC,. 

All experiments were performed at a fixed initial concen- 
tration of complex (5  pM) because of the concentration 
dependence of the equilibrium (eqs 3 and 4). A Tm value 
for each complex at this concentration is obtained by fitting 
the CD data of the thermal scans to eqs 3 and 4 (Table 1). 

Calculations of AAG, from Thermal Denaturation Ex- 
periments. The absolute value of A G  for a dissociation 
reaction depends on the choice of standard states. We can 
simplify the problem of calculating A A G  by choosing a 
constant set of reference concentrations and measuring all 
the mutants relative to those. For simplicity, we use the 
values of 2.5 pM complex in equilibrium with 2.5 pM of 
each of the fragments, Le., the concentrations at the T, in 
our experiments. We can extrapolate the value of A G  for 
each mutant to a common temperature T by inserting the 
values of AH at the Tm(AH(Tm)) and the corresponding value 
of AS into the standard equation (AG = AH - TAS) to give 

AG(Q = AH(T,)(l - T/T,) + AC,[(T - T,) - 
TIn(T/Tm)I ( 5 )  

As we have pointed out previously, the errors in the quantities 
AH(T,) and AC, are attenuated by the use of this equation 
(Matouschek et al., 1994). It is easily shown by taking 
partial derivatives that the error in A A G  due to an error of 
dAH(T,) is given by 

dAAG(T),,A, = (1 - T/T,)dAZI(T,) (6) 

that due to an error of dAC, in AC, by 

dAAG(QerAcp = [(T - T,) - T ln(T/T,)]dAC, (7) 

and that due to an error of dT, in T, by 

dAAG(QerAT; = (LW(T,)T/(T,)~ -Acp( 1 - T/T,))dT, 
(8) 

The best temperature to which to extrapolate is the mean 
value observed for T,, here 312 K. By far the largest 
contribution to the observed error in general is C~AAG(T)~~AT~. 
GAAG(T),,A~, for a f20% error in AC, is negligible, being 
generally <0.01 kcal mol-2, and GAAG(T),,AH is <0.05 kcal 
mol-2 for half the examples. The combined total errors are 
listed in Table 1. 

Kinetics of Association of Mutant Fragments. Association 
rate constants were measured first under pseudo-first order 
conditions where [CI-2(60-83)] >> [CI-2(20-59)]. [CI- 
2(60-83)] is used in excess because it does not contain a 
tryptophan residue. The reaction has two distinguishable 
exponential phases; a major one which changes with mutation 
due to the association of fragments and a minor phase that 
is caused by a small proportion of fragment 20-59 being in 
a different conformation, probably because of cis-trans 
isomerization about a peptidyl-prolyl bond (ha t  Gay et al., 
1994a). The kinetics of the major phase fits the binding 
process 

k0,CI-2(60-83) 
CI-2(20-59) 9 [ CI-2( 20-5 9).( 60-83)] 

(9) 
koff 

The standard rate law for eq 9 is 
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of the folding of intact CI-2 (i.e., a kinetic analysis of the 
folding of mutants) showed a highly cooperative global 
folding and a single rate-determining transition state (Otzen 
et al., 1994). The secondary and tertiary structures of wild- 
type [CI-2(20-59>.(60-83)] complex are also formed in 
parallel as shown by CD kinetics (Rat Gay et al., 1994a). 
Similarly, the regain of secondary structure on formation of 
the mutant complexes measured under second-order condi- 
tions from the change of the ellipticity at 200 nm under the 
same conditions as used for the fluorescence equimolar 
experiments. Within experimental error, the rate constants 
from ellipticity change are identical to the regain of tertiary 
structure measured from fluorescence experiments (Table 
2): there is a linear correlation with a slope of 0.97 f 0.06. 
Secondary and tertiary structure are formed in parallel for 
all 22 mutants. 

Kinetics of Association of the Complex and Refolding of 
the Intact Protein. All the parent mutants of the fragments 
presented in this work have been characterized kinetically 
and thermodynamically (Jackson et al., 1993; elMasry & 
Fersht, 1994; Otzen et al., 1994). A plot of In k,, versus In 
kf (where kf is the first-order rate constant for folding) is 
linear with slope of 1.1 f 0.2 (Figure 3). Although the 
correlation is generally good, there are a few notable 
deviations: the fragments of SA3 1EA3EA34 and SA3 1 
associate more slowly than expected from the rate constants 
for folding of their uncleaved parents, and the fragments of 
FL69, LA51, and VT53 associate more rapidly. 

DISCUSSION 
The association of fragments was studied both by isother- 

mal equilibrium procedures and thermal denaturation. Al- 
though the standard errors calculated for A A G  from the 
measurements of KD are the lower, there are probably hidden 
systematic errors when dealing with the low concentrations 
of reagents that are required for these experiments. The 

k ,  = koff + ko,[CI-2(60-83)] 

where kl is the observed first-order rate constant for formation 
of complex, %, is the second-order rate constant, derived 
from the linear plot of kl versus [CI-2(60-83)], and k,ff is 
the dissociation rate constant. The value of koff is very low 
compared with the measured values of kl under accessible 
conditions and so is derived poor accuracy from the long 
extraoplation. The value of k,, is readily derived, however. 
It clearly changes with mutation (Table 2) and reflects, 
therefore, the main folding event. The slow phases of the 
mutant complexes are first-order as described for the wild 
type and do not change with mutation confirming the 
proposed mechanism of associatiodfolding, i.e., the slow 
phase is not a main folding event, presumably a proline 
isomerization (Prat Gay el al., 1994a). An average value of 
0.010 f 0.001 s-l is obtained for the first-order rate constant, 
kl (Table 2). A few control experiments were performed to 
show that the fragments associate with the same rate 
constants when mixed together from solutions in guanidinium 
chloride. 

The association rate constants may also be determined 
under second-order conditions (Rat Gay et al., 1994a). The 
values of k,, obtained from mixing 5 pM of each fragment 
are identical to those determined from pseudo-first-order 
experiments (Table 2). Both pseudo-first- and second-order 
experiments give identical values. 

The rate constants vary considerably. The significantly 
high rate constant for KA43 from both fluorescence and CD 
(see below) is also observed for refolding of the uncleaved 
mutant (Otzen et al., 1994). It may result from Ala43 
making a favorable interaction in the transition state, since 
mutation to glycine at the same position slows down the 
refolding of the intact protein (Otzen et al., 1994). 

Fluorescence versus Ellipticity Change in Fragment As- 
sociatiodFolding Kinetics. A protein engineering analysis 

Table 2: Rate Constants of the Association of Mutant Fragments Obtained from Fluorescence and Circular Dichroism Experiments 

pseudo-first-order second order 
fluorescence fluorescence circular dichroism 

mutant kon(s-' M-I) kl ( ~ - l ) o  kon(s-l M-I) ko.(s-' M-I) 
wtb 
SA31 
SA3 1EA33EA34 
EA33EA34 
EN33 
KA36 
KA37 
KG37 
KA43 
LA27 
VA38 
IV39 
IV48 
IA49 
IV49 
VA70 
IV76 
TA22 
VA53 
VT53 
LA5 1 
LV5 1 
FL69 

3900 f 480 
910 f 40 
510 f 70 
1390 f 80 
1800 f 210 
3550 f 230 
3400 f 90 
1320 f 160 
7300 f 350 
ND 
4400 f 730 
1590 f 100 
2770 f 180 
1610 f 200 
3320 f 500 
1640 f 220 
3590 f 280 
3790 f 530 
3820 f 480 
4130 f 580 
2820 f 470 
4060 f 740 
2430 f 340 

0.011 f 0.001 
0.010 f 0.001 
0.008 f 0.001 
0.009 i 0.001 
0.009 f 0.001 
0.010 f 0.001 
0.010 i 0.001 
0.009 f 0.001 
0.012 f 0.001 
ND 
0.012 f 0.002 
0.01 1 f 0.001 
0.01 1 f 0.002 
0.010 f 0.001 
0.011 f 0.001 
0.006 f 0.001 
0.009 f 0.001 
0.009 f 0.001 
0.010 i 0.001 
0.011 f 0.001 
0.012 f 0.001 
0.011 f 0.002 
0.009 f 0.001 

3980 f 180 
1140 f 10 
7 0 0 f  10 

1110 f 10 
1680 f 20 
5040 f 110 
3720 f 60 
1240 f 10 

12010 f 310 
2320 f 100 
4170 f 80 
1460 f 30 
2870 f 60 
3100 f 60 
3580 f 40 
2490 f 50 
2790 f 40 
3670 f 110 
4610 f 70 
5870 f 90 
3880 f 80 
5360 f 110 
2900 f 60 

3600 f 210 
1150 f 100 
630 f 80 
1010 f 70 
1430 f 10 
3890 f 390 
3900 f 200 
1320 f 90 
7750 f 1940 
2620 f 470 
3870 f 260 
1390 f 100 
3290 f 450 
ND 
2400 f 290 
2330 f 220 
2720 f 170 
ND 
3940 f 390 
3130 f 380 
3130 f 420 
4050 f 540 
2850 f 400 

a Average value: 0.010 k 0.001. * Previous values obtained were 3700 f 300 and 0.01 1 f 0.001 for k,, and k l ,  respectively (Prat Gay er al., 
1994). 
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2.5 3 3.5 4 4.5 

In(k,) CI-2 

FIGURE 3: Plot of In k,,, (rate constant for association of fragments) 
against In kf (rate constant for folding of the uncleaved parent CI- 
2). 

somewhat higher errors for AAGT, from T, determinations 
are likely to be random, and so these values are less precise 
but possibly more accurate. Nevertheless, there is good 
agreement between the values of A A G  at 25 "C and AAGT,,,. 
Mutations that affect the stability of the intact protein also 
affect the dissociation constant of the complex of fragments, 
clearly seen on comparing the values of A A G ,  calculated 
from KD, with those of AAG-u, the changes in free energy 
of folding of uncleaved parent on the same mutation. Most 
mutations are destabilizing (higher KD),  a few show little or 
no effect, and one, IV76, is significantly stabilizing. This 
increase in stability is also observed in the uncleaved parent 
mutant (Jackson et al., 1993a). The residue Ile76 is located 
in a loosely packed region of the hydrophobic core; the 
crystal structure of the uncleaved mutant IV76 exhibits small 
structural rearrangements in this region (Jackson et al., 
1993a). 

Differential Effects of Mutation on the Stabilities of Intact 
CI-2 and the Noncovalent Complex. Free energies of folding 
or association are the differences in energies between the 
folded and unfolded states or the associated and dissociated 
states, respectively. The nominally unfolded states formed 
by dissociation of the complexes and by the guanidinium 
chloride denaturation of the parent uncleaved mutants are 
not strictly identical, being free fragments in water at 25" C 
for the determination of KD and possibly less structured, more 
unfolded, uncleaved protein in denaturant. There could also 
be differences between the dissociated fragments at 25 "C 
and those at higher temperatures produced in the analysis 
of the thermal denaturation experiments. An excellent 
agreement has been found, however, between AAC;F-" for 
mutations in the hydrophobic core (Jackson et al., 1993a) 
and for uncharged groups in the helix (elMasry & Fersht, 
1994) of intact CI-2 measured by guanidinium chloride 
denaturation and differential scanning calorimetry in the 
absence of denaturant so that the denatured state of the 
protein does not change radically with conditions. There 
are some discrepancies between the value of AAGT, (or 
A A G )  and AAC;F-u, and they are probably real and 
informative. 

A chart of AAG-u - A A G  (Figure 4, where A A G  is 
the average value of the thermal and isothermal data) reveals 
some systematic differences. It is not known a priori whether 

IV76 
VA70 
FL69 
VT53 
VA53 
LV51 
LA51 
IV49 
IA49 

+ IV48 
(II KA43 

IV39 
VA38 
KG37 
KA37 
KA36 

EA33EA34 
SA31 EA33EA34 

EN33 
SA31 
LA27 
TA22 

c 
c 

-1 -0.5 0 0.5 1 1.5 

MG,, - MG, (kcal mol-') 

FIGURE 4: Bar chart of the differences between the change on 
mutation of the free energy of folding of the parent mutant (AAG- 
u) and the free energy of association of the mutant fragments 
(AACD). 

the differences result from effects on the folded or unfolded 
(or dissociated) states. The structure of the folded complex 
has now been solved in this laboratory by NMR (B. Davis, 
unpublished) and X-ray crystallography (A. Buckle, unpub- 
lished) and is fully native in the regions mutated here so the 
differences presumably result from effects on the dissociated 
fragments. Further, we have presented evidence from NMR 
studies on the isolated fragments that these contain clusters 
of hydrophobic residues (Prat Gay et al., 1994b; B. Davis, 
G. de Prat Gay, and A. R. Fersht, unpublished). Fragment 
(20-59) has nonnative hydrophobic clusters around residues 
22-24 and 48-57 (clusters 1 and 2) and fragment (60- 
83), and a cluster between residues 61 and 70, around the 
burial of Phe69 (cluster 3). The most significant deviations 
where mutations destabilize the complex of the fragments 
less than the intact protein (greater than 0.3-0.4 kcal mol-') 
occur in clusters 2 and 1 in CI-2(20-59) and cluster 3 in 
CI-2(60-83). These correspond to residues Thr22 @-strand 
l), LeuSl@-strand 3), and Phe69 @strand 4). The most 
reasonable explanation is that these clusters are present in 
the fragments in water but not as much in the denatured state 
of the intact protein, and mutation destabilizes the fragments 
as well as the complex, but to a lesser extent. 

Mutation of residues Lys36 and Lys37, which are part of 
the a-helix, destabilizes the complexes more than it does 
the uncleaved protein. Charged side chains are expected, 
however, to be affected by the ionic strength of guanidinium 
chloride, and so it is not expected that the energies should 
be the same in the denaturant and in water. 

Differential Effects of Mutation on the Kinetics of Folding 
of Intact CI-2 and the Association of Fragments. A 
comparison of the structures of the transition state for folding 
and association by @-value analysis has been made elsewhere 
(Prat Gay et al., 1994b). In general, they are very similar 
except that the N-terminal region of the helix (residues 3 1 - 
34) is completely formed in the transition state for association 
whereas it is largely formed in that for folding. For example, 
the triple mutation SA3 1EA33EA34 destabilizes the transi- 
tion state of association by the same energy as the folded 
complex. Here, we are concerned with some of the differ- 
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ences. The structures of transition states can be studied only 
by kinetics. The kinetics depends on the energy difference 
between the transition and ground states. A plot of In k,, 
(rate constant for association) against In kf (rate constant for 
folding of uncleaved parent mutant) shows a strong correla- 
tion (Figure 3) with slope 1.1 f 0.2, but with a few 
deviations. The most notable deviations are for the mutants 
involving Ser3 1, whose rate of association is below the 
regression line. Ser3 1 is the N-cap of the helix and its -OH 
group stabilizes the N-terminal region. The equilibrium free 
energies of destabilization on mutation of Ser31 - Ala are 
the same, within error, for the noncovalent complexes and 
the intact proteins. The slower rate of refolding reflects the 
complete formation of the helix in the transition state for 
association compared with the incomplete formation in that 
for folding. The transition state for association is thus more 
sensitive to destabilization. Mutants of Leu51, Va153, and 
Phe69 have the largest positive deviations from the regression 
line; that is, the kinetics of association is less affected by 
mutation than is that for folding. These residues are ones 
that have been implicated in forming non-native structures 
(hydrophobic clusters) in the fragments and show large 
deviations between AAGF-u and A A G  (Figure 4). The most 
likely explanation is that as the side chains of Leu51, Val53, 
and Phe69 stabilize the ground states of the fragments, 
mutation of them destabilizes the ground states and so lowers 
the activation energy for association. Another possible 
explanation, for which there is no supporting evidence, is 
that these mutations cause more favorable interactions in the 
transition state of the complex because of its looser structure 
compared with the transition state for folding of the intact 
protein. 

The differences between the folding of intact protein and 
the association of fragments do not result from the effects 
of guanidinium chloride. The rate constants for refolding 
of intact protein are the same when measured in the absence 
of guanidinium chloride (for refolding from the the acid- 
denatured state) and for the guanidinium chloride denatured 
state when extrapolated to the absence of denaturant. 
Further, the same rate rate constants are found for the 
association of fragments when diluted from guanidinium 
chloride solution and when mixed together in simple aqueous 
solution. The strong correlation between In IC,, and In kf for 
most of the mutants shows that the structures of the transition 
states of association and folding are in general very similar. 
The effects of mutation on the residues that form hydrophobic 
clusters, both on the equilibria and kinetics, suggest that these 
clusters are less important in the denatured state in guani- 
dinium chloride or at higher temperatures in equilibrium 
studies or in the denatured state of the intact protein from 
which folding is initiated in kinetic studies in water. 

It is noteworthy that two quite different starting points lead 
to formation of native (or native-like) structure through a 
similar transition state; either starting from two separate 
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fragments of the protein that have nonnative structure or from 
intact denatured protein. 
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