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Abstract 

The guanidine hydrochloride concentration dependence of the folding and unfolding rate constants of a derivative of 
a-lactalbumin, in which the 6-120 disulfide bond is selectively reduced and S-carboxymethylated, was measured and 
compared with that of disulfide-intact a-lactalbumin.  The concentration dependence of the folding and unfolding rate 
constants was analyzed on the basis of the two alternative models, the intermediate-controlled folding model and the 
multiple-pathway folding model, that we  had proposed previously. All of the data supported the multiple-pathway 
folding model. Therefore, the molten globule state that accumulates at an early stage of folding of a-lactalbumin is not 
an obligatory intermediate. The cleavage of the 6-120 disulfide bond resulted in acceleration of unfolding without 
changing the refolding rate, indicating that the loop closed by the 6-120 disulfide bond is unfolded in the transition state. 
It  is theoretically shown that the chain entropy gain on removing the cross-link from a random coil chain with helical 
stretches can be comparable to that from an entirely random chain. Therefore, the present result is not inconsistent with 
the known structure in the molten globule intermediate. Based on this result and other knowledge obtained so far, the 
structure in the transition state of the folding reaction of a-lactalbumin is discussed. 
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Characterization of the transition state of a folding reaction is an 
essential step in understanding the mechanism of protein folding. 
Information about the transition state can be obtained only from 
the rate constant of the reaction, and any techniques to investigate 
the protein structure, such as X-ray crystallography, NMR, and 
CD, are not applicable to structural characterization of the transi- 
tion state. Protein engineering techniques have been successfully 
applied to probe the structure in the transition state of folding of 
barnase, chymotrypsin inhibitor 2 (Fersht, 1995), T4 lysozyme 
(Chen et al., 1992), staphylococcal nuclease (Kalnin & Kuwajima, 
1995), Arc repressor (Milla et al., 1995), and CheY  (Lopez- 
Hernandez & Serrano, 1996). Although most mutations have been 
designed to examine if the particular interaction between side chains 
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Abbreviarions: NMR, nuclear magnetic resonance; CD, circular dichro- 
ism; BLA, bovine a-lactalbumin, 2CM-3SS-BLA, a derivative of bovine 
a-lactalbumin, in which the 6-120 disulfide bond is selectively reduced 
and  S-carboxymethylated;  4CM-2SS-BLA, a derivative of bovine 
a-lactalbumin, in which the 6-120 and 28-1 11 disulfide bonds are selec- 
tively reduced and S-carboxymethylated; HEWL, hen egg white lysozyme; 
GdnHCI, guanidine hydrochloride. 

that is present in the final native structure is present in the transi- 
tion state, the engineered disulfide bond is unique in providing 
another type of information on the transition state; that is, it can 
report whether the backbone in a loop region connected by the 
disulfide bond is relaxed or fixed in the transition state (Strausberg 
et al., 1993; Clarke & Fersht, 1993). Of course, the native disulfide 
bond can be  used as a probe when it can be removed without 
disrupting the native structure (Goto & Hamaguchi, 1982; Eyles 
et al., 1994; Denton et al., 1994). 

a-Lactalbumin  is  a small globular protein of which the folding 
mechanism, especially the molten globule intermediate, has been 
investigated extensively (Kuwajima, 1989, 1996). It has four di- 
sulfide bonds,  Cys6-Cysl20,  Cys28-Cysl11, Cys61-Cys77, and 
Cys73-Cys91, one of which (Cys6-Cysl20) is reduced with ex- 
treme rapidity (Kuwajima et al., 1990; Gohda et al., 1995). Pre- 
viously, we have prepared a derivative of bovine a-lactalbumin, in 
which the 6-120 disulfide bond is  selectively  reduced  and 
S-carboxymethylated (2CM-3SS-BLA), and have shown that 2CM- 
3SS-BLA maintains the native-like structure (Kuwajima et al., 
1990; Ikeguchi et al., 1992). Contributions of the 6-120 disulfide 
to the stability of the native (N)  and molten globule (A) states have 
been estimated by comparing the guanidine  hydrochloride 
(GdnHC1)-induced unfolding  between  disulfide-intact  bovine 
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a-lactalbumin  (BLA) and 2CM-3SS-BLA (Ikeguchi et  al., 1992). 
The stabilization of the N state relative to the unfolded (U) state by 
the 6-120 disulfide has been explained by a combined effect of the 
destabilization of the U state due to the chain entropy loss and the 
destabilization of the N state due to a strain imposed on the 6-120 
disulfide (Kuwajima  et al., 1990; Ikeguchi et al., 1992). This con- 
clusion has been supported by a recent calorimetric study (Hendrix 
et al., 1996). In the present study, we have investigated the tran- 
sition state in the folding reaction of BLA by comparing the folding- 
unfolding kinetics of 2CM-3SS-BLA with that of intact BLA.  The 
folding-unfolding kinetics of the two proteins were analyzed on 
the basis of two alternative models of the BLA folding, ( I )  a 
three-state model with the molten globule state as an obligatory 
folding intermediate (intermediate-controlled folding model) and 
(2) an apparently two-state model that involves noncooperative 
folding from the fully unfolded state to the molten globule state 
(multiple-pathway folding model). We show that the kinetic data 
for the two forms of BLA are better represented by the second 
model, suggesting that the molten globule state of BLA may  not 
necessarily be an obligatory intermediate for the folding of this 
protein. The structural characteristics of this protein in the transi- 
tion state of folding will  be discussed. 

Results  and discussion 

Two alternative models of the BLA folding 

It has been known that the molten globule intermediate accumu- 
lates at an early stage of the folding of both BLA and 2CM-3SS- 
BLA and that the subsequent folding process is explained by the 
two-state process without any other stable intermediates, except 
for  a minor slow folding phase observed in the presence of Ca2+ 
(Kuwajima  et al., 1985, 1989; Ikeguchi et al., 1986, 1992; Balbach 
et al., 1995, 1996; Arai & Kuwajima, 1996). In this study, we 
ignore this minor slow phase, because its amplitude is only 10%  of 
the total observable change during the folding and it is ascribable 
to a slow isomerization process in the unfolded state (Kuwajima 
et al., 1989). In our previous studies, the accumulation of the 
molten globule state of disulfide-intact BLA has been interpreted 
in terms of the two alternative models (Ikeguchi et al., 1986; 
Kuwajima et al., 1989). In the first model, the A state is assumed 
to  be an obligatory  intermediate on the pathway of folding 
(model I ) :  

where KAu is the equilibrium constant of the A 2 U transition, and 
k+ and k- are the rate constants  for folding and unfolding, respec- 
tively. In this model, the A state is  a thermodynamic state and the 
A 2 U transition as well as the N 2 A transition is a cooperative 
two-state transition, so that the observed rate (kapp) is expressed by 
the following equation: 

1 
k,, = ~ 

KAU + 1 
k +  + k  

Previously, we called this model the intermediate-controlled fold- 
ing model (Ikeguchi et al., 1986). 

In the alternative model (model 2), the A 2 U transition is 
represented as a noncooperative gradual transition in which vari- 
ous microstates are distributed as 

where Do  is the most unfolded microstate that has the structural 
characteristics of the U state, D, is the most folded one that has the 
characteristics of the A state, and kf and k, are the rate constants in 
the folding and unfolding directions, respectively. In this model, 
Djs are microstates that belong to a single thermodynamic state 
D: and there is no free energy barrier between Di and Di+ ,. In this 
model, the observed folding-unfolding rate constant is related to kf 
and k,  as 

k,,, = k f  + k ,  

which is based on the apparently two-state mechanism. This model 
was originally proposed by Nozaka et al. (1978) and was previ- 
ously called the multiple-pathway folding model (Ikeguchi et al., 
1986). This model is also consistent with a recent energy landscape 
theory (Bryngelson et al., 1995; Dill & Chan, 1997). 

Is the molten globule state obligatory for  BLA  folding? 

In Figure 1, the GdnHCl concentration dependence of the apparent 
folding-unfolding rate constant (kapp) of 2CM-3SS-BLA is com- 
pared with that obtained previously for disulfide-intact BLA in the 
absence and presence of Ca2+ (Ikeguchi et al., 1986). Typical 
V-shape dependence of the apparent folding-unfolding rate on 
GdnHCl concentration is observed except for apo 2CM-3SS-BLA. 
Because the minimum of the apparent folding-unfolding rate is 
generally observed at the midpoint of the equilibrium unfolding 
transition and the transition midpoint of apo 2CM-3SS-BLA is 
0.4 M GdnHCl (Ikeguchi et al., 1992), only a monotonous increase 
in the apparent folding-unfolding rate is observed for apo 2CM- 
3SS-BLA  over  the  GdnHCl  concentration range investigated 
(0.35 M to 4 M). For analysis of the denaturant concentration 
dependence of the folding-unfolding rate constants, it is important 
to determine which of the above two models should be used. 
Because the interconversion between the A and U states is rapid 

41n our previous report (Ikeguchi et al., 1986), “D’ was used to denote 
the unfolded state. However, we had changed the abbreviation to indicate 
the unfolded state from “D’ to “ U  (Ikeguchi et al., 1992). In this report, 
“D’ is used to mean  the  denatured state, which includes both  the A and U 
states. 
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Fig. 1. GdnHCI  concentration  dependence of the apparent  folding-unfolding 
rate (kapp) of 2CM-3SS-BLA (circles) in the  absence (A) and  presence (B) 
of 1 mM Ca2+. The  experimental condition, SO mM cacodylate-SO  mM 
NaCl (pH 7.0) and 4.S"C. For comparison, k,,, values of intact  BLA 
(squares) obtained in the  previous  study (Ikeguchi et al., 1986) are also 
shown. The k,,, values  obtained  from  refolding experiments are indicated 
as open  symbols,  and those obtained  from  unfolding experiments are shown 
as closed symbols.  The rate constants of a minor  slow  phase  observed 
during  the  refolding of 2CM-3SS-BLA (diamonds) and  intact  BLA (trian- 
gles) in the 1 mM Ca2+ and  low  concentration  of  GdnHCl are also shown. 

and  kinetically  separated  from  the  subsequent  folding  process,  it  is 
difficult  to  prove  which  model is correct.  Although  the  previous 
studies of BLA  folding  have  assumed  model 1, there  is  also  evi- 
dence  that  the  A e U transition  is a noncooperative  transition, 
being  consistent  with  model 2 (Shimizu  et  al.,  1993; Griko et  al., 
1994;  Schulman & Kim,  1996;  Wilson  et  al.,  1996;  Schulman 
et al., 1997;  Pfeil,  1998).  Thus,  the  following  analysis  has  been 
made  for  investigating  which  model  is  more  appropriate. 

We have  calculated k+ and k .  on the  basis  of  model I and kt and 
k,  on the  basis of model 2 (see  Materials  and  methods).  The  results 
are presented  in  Figures 2 and  3,  respectively.  For  many  proteins 
that  show  a  simple  two-state  folding-unfolding  transition,  the log- 
arithms  of  the  folding  and  unfolding  rate  constants  are  known  to 
show  linear  dependence on denaturant  concentration  (see  Fersht, 
1997  and  references  cited  therein). In the  case  where  folding  in- 
termediates  accumulate  and a rollover is observed in  the  dena- 
turant  dependence  of  the  logarithmic  apparent  rate  constant,  the 
logarithms  of  the  folding  and  unfolding  rate  constants o f  an  indi- 
vidual  transition  show  linear  dependence  on  denaturant  concen- 
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Fig. 2. GdnHCl  concentration  dependence  of the folding ( k  + )  and unfold- 
ing ( k  .) rates of 2CM-3SS-BLA (circles) and  intact  BLA (triangles) in the 
absence (A) and presence (B) of 1 mM CaZt at pH 7.0 and 4.5 "C. Both k +  
(open symbols) and k .  (closed symbols) were  calculated  assuming  that the 
A state is an obligate intermediate  (model I )  (see text). 
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Fig. 3. GdnHCl  concentration  dependence  of  the  folding ( k f )  and unfold- 
ing ( k , )  rates of 2CM-3SS-BLA  (circles)  and  intact  BLA  (triangles) in the 
absence (A) and  presence (B) of 1 mM Ca2+ at pH 7.0 and 4.5 "C.  Both k f  
(open symbols) and k ,  (closed  symbols)  were  calculated  assuming that the 
two-state  transition  between  the N and D states (model 2) (see text). 

tration (Yamasaki et al., 1995; Wildegger & Kiefhaber, 1997). 
Therefore, if model I is appropriate for describing the folding 
kinetics of BLA, log k+ and log k-  are expected to show linear 
GdnHCl dependence. Similarly, if model 2 is appropriate, logkf 
and logk, may show linear GdnHCl dependence. As seen from 
Figure 3, log k f  and log k ,  based on model 2 show linear depen- 
dence on GdnHCl concentration below 4 M. Log kf values of 2CM- 
3SS-BLA coincide well with those of intact BLA over  a wide 
concentration range of GdnHCI. Although the absolute values of k ,  
are different between 2CM-3SS-BLA and intact BLA, the GdnHCl 
dependence of log k ,  is similar between 2CM-3SS-BLA and intact 
BLA. Therefore, the effect of disulfide bond cleavage on the folding- 
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unfolding rate is nearly independent of GdnHCl concentration. The 
coincidence of kf and the difference in k ,  between 2CM-3SS-BLA 
and BLA are explained by a conformational entropy change in the 
transition state (see below). The effect of Ca2+ concentration is 
also nearly independent of GdnHCl concentration (compare log kf 
between Fig. 3A,B). At least below 4  M GdnHC1, therefore, the 
present equilibrium and kinetic data for the folding-unfolding of 
BLA and 2CM-3SS-BLA are well described by model 2. 

On the other hand, the plots of log k ,  and log k-  vs. GdnHCl 
concentration (model 1) show clear bendings (Fig. 2). Log k+ of 
apo 2CM-3SS-BLA increases with a GdnHCl concentration up to 
1.3 M and then decreases. Similar changes in the slope of  log k+ 
are also observed for apo BLA, holo BLA, and holo 2CM-3SS- 
BLA, although the sign of the slope does not change in these cases. 
Therefore, the GdnHCl dependence of the folding-unfolding ki- 
netics cannot be appropriately represented by model 1. To explain 
the bendings in the plot of log k ,  and log k-  vs. GdnHCl concen- 
tration, intermediates other than the A state must be incorporated 
into model 1. However, there is no evidence for the presence of 
such intermediates, according to the kinetic folding studies of apo 
BLA investigated by various techniques including UV absorption, 
fluorescence, CD, pulse hydrogen exchange (Arai & Kuwajima, 
1996), real-time observation of appearance of the NMR signal 
specific to the N state (Balbach et al., 1995), and 2D NMR ob- 
servation of folding at individual residue levels (Balbach et al., 
1996). All of these experiments show that the observable folding 
kinetics is represented by a single exponential process with the 
same rate constant independent of the probe used. This fact rules 
out the possibility that an intermediate that is not included in 
model 1 brings about the bendings in the plot of log k ,  and log k -  
vs. GdnHCl concentration. 

The appropriateness of model 2 is further supported by the 
previous hydrogen exchange studies of slowly exchanging trypto- 
phan indole NH protons of apo BLA. Harushima et al. (1988) have 
shown that the exchange rates of two protected tryptophan (Trp26 
and Trp 104) indole NH protons of apo BLA are independent of pH. 
This indicates that the indole NH protons are exchanged with 
solvent deuteron by the so-called EX1 mechanism, in which the 
observed exchange rate corresponds to the rate of unfolding to 
yield an unprotected conformation. If model 1 is valid, the ex- 
change rate k,, should correspond to k - .  Although slight protec- 
tion of the indole NH proton from exchange has been observed in 
the A state (unpublished results), the rate limiting step  for ex- 
change is N -+ A conversion because the rate of A -+ U conversion 
is very fast. However, k -  at 0 M GdnHCl calculated on the basis 
of model 1 is I O  times larger than the observed hydrogen exchange 
rate of apo BLA (log k,, = -4.8). Therefore, model 1 is incon- 
sistent with the hydrogen exchange data. On the other hand, the 
unfolding rate k ,  based on model 2 agrees well with the hydrogen 
exchange rate (Fig. 3), supporting the validity of  model 2. In the 
following section, therefore, we  will discuss the transition state on 
the basis of model 2. 

Model 2 means that the molten globule structure is not obliga- 
tory for the folding of a-lactalbumin. Because the unfolding of the 
molten globule state cannot be represented as a cooperative two- 
state transition, there is a protein molecule, a part of which as- 
sumes the molten globule structure and the other part is unfolded, 
in the transition zone of the A 2 U transition. Such a molecule can 
directly fold to the native structure without acquiring the complete 
molten globule structure. However, this does not mean that the 
molten globule state is not a folding intermediate but a dead-end 



M. Ikeguchi et al. 

species.  The  fitting of the present  data with a model (A 2 
U 2 N), in which the A  state is a dead-end species, was found to 
be even worse than the fitting with model 1 (not shown). Thus, 
under a physiological condition, the molten globule structure is 
predominantly formed at an early stage in the folding, and the 
folding reaction proceeds from it. That is, the molten globule state 
is phenomenologically an on-pathway folding intermediate. The 
rate-limiting step of the folding reaction should be a conforma- 
tional search to attain the transition state structure. If the A state 
contains at least a part of the transition state structure, the forma- 
tion  of the A state accelerates the subsequent folding process. On 
the other hand, if the structured part of the protein molecule in the 
transition state differs from and does not interact with the struc- 
tured part in the A state, the rate of the subsequent folding process 
is independent of the formation of the A state. As discussed below, 
the structured part of the BLA molecule in the transition state 
seems to be not organized in the molten globule state. Even though 
the molten globule state is an on-pathway intermediate, therefore, 
it may neither accelerate nor decelerate the subsequent folding 
process. Recently, Creighton (1997) also pointed out that the mol- 
ten globule is not a key to rapid folding of a-lactalbumin. 

Effects of the 6-120 disulfide bond cleavage 
on the transition state 

Previously, we have investigated the effect of the 6-120 disulfide 
on the stability of the native and molten globule states (Ikeguchi 
et  ai., 1992). The free energy difference between the N and U states 
(A($;') of 2CM-3SS-BLA is smaller by 2.4 and 3.1 kcal/mol 
than that of intact BLA in the absence and presence of I mM  Ca", 
respectively. We have shown that these changes in caused 
by the disulfide bond cleavage is attributed to two opposite effects, 
stabilization of the U state by an increase in chain entropy and 
stabilization of the N state by relaxing strain imposed on the 6-120 
disulfide bond (Kuwajima  et ai., 1990; Ikeguchi et al., 1992). The 
chain-entropy increase in the U state has theoretically been esti- 
mated to be 17 cal/mol/K, which corresponds to a  free energy 
change of 4.8 kcal/mol at  4.5 "C (Poland & Scheraga, 1965; Lin 
et al., 1984). The strain energy imposed on the 6-120 disulfide 
bond has been estimated to be 2.7 kcal/mol at  4.5 "C from the ratio 

of the reduction rate of the 6-120 disulfide to the reduction rate of 
disulfides in the urea-unfolded BLA (Kuwajima et al., 1990). In 
the present study, the free energy change of the N S D transition 
in the absence of GdnHCl (AG;;') and its dependence on GdnHCl 
concentration (mND) have been obtained from the apparent two- 
state analysis of our previous data (see Materials and methods). 
Results are shown in Table 1, and the AG;;O values are essentially 
the same as the AC:ho values previously reported (Ikeguchi et ai., 
1992). Recently, Hendrix et al. (1996) have calorimetrically mea- 
sured the enthalpy ( A H ) ,  entropy (AS), and heat capacity (AC,) 
changes upon thermal unfolding of 2CM-3SS-BLA and intact BLA 
at pH 8.0 and 2 mM CaCI2. The A H ,  AS, and the free energy 
change (AC) for the thermal unfolding at 4.5 "C were calculated 
from their data and are included in Table 1. The free energy change 
for the thermal unfolding (AC) is consistent with our estimates of 
AC;;O. The difference in the AS of the thermal unfolding between 
2CM-3SS-BLA and intact BLA is 20  cal/mol/K (Table I ) ,  which 
is close to the theoretically calculated chain-entropy increase in the 
random-coil state. 

When the transition state structure is probed by the effect of the 
disulfide-bond cleavage on the folding and unfolding rates, one 
must first address whether the position of the transition state on 
the reaction coordinate, i.e., the degree of structural organization 
in the transition state, is altered by removing the disulfide bond. 
The position of the transition state on the reaction coordinate is 
reflected in the PT value, which is given by 

where m: and m: are constants representing the GdnHC1- 
concentration dependence of the activation free energies, AG: and 
AC:, for folding and unfolding, respectively (Tanford, 1968; Ku- 
wajima et al., 1989; Matouschek & Fersht, 1993), and these acti- 
vation free energies are expressed by 

AC: = r - RTIn  kf = AG:(H,O) - ml.'[GdnHCI] (6) 

AG: = r - RT In k ,  = ACB(H,O) - mi[GdnHCI] (7) 

Table 1. Energetic parameters of the folding-unfolding reactions of BLA and 2CM-3SS-BLA" 

aPo holo 

2CM-3SS-BLA BLA Difference 2CM-3SS-BLA BLA Difference 

AG:(H20) - r (kcal/mol)b 1.9 (0.16) 2.2 (0.03) -0.3 (0.16) -1.0 (0.11) -0.7 (0.04) -0.3  (0.12) rn: (kcal/mol/M)  -0.98 (0.09) -0.98 (0.02) - 1.34 (0.05) - 1.3 I (0.02) 
AG!(H20) - r (kcal/mol)h 2.9 (0.16) 5.5 (0.03) -2.6 (0.16) 3.3 (0.11) 6.8 (0.04) -3.5 (0.12) 
rn~(kcal/mol/M) I .23  (0.09) I .24  (0.02) 1.31 (0.05) 1.45 (0.02) 

AG;;O (kcal/mol) 1.0 (0.19) 3.3 (0.19) -2.3 (0.27) 4.3 (0.81) 7.5 (0.22) -3.2  (0.84) 
r n ~ ~  (kcal/mol/M) 2.21 (0.41) 2.22 (0.12) 2.65 (0.47) 2.75 (0.08) 
AG (kcal/mol)' 4.2 7.2  -3.0 
A H  (kcal/mol)c I .2 9.8 -8.6 
AS (cal/mol/K)' - 10.5 9.5  -20.0 

P T  0.45 (0.05) 0.44 (0.01) 0.51 (0.04) 0.48  (0.01) 

'Values  in the parentheses are standard errors. 
bThis value is equal to -RT In k f  or -RT In k ,  at 0 M GdnHCI, and is not the absolute activation energy. 
'Calculated from calorimetric data at pH 8.0  and  2 mM CaCI? (Hendrix  et al., 1996). 
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where r is a constant and AG:(H,O) and AG?(H,O) are the ac- 
tivation free energies of folding and unfolding in water. Because 
the m value is proportional to the solvent exposure of groups 
buried in the native structure (Schellman, 1978; Alonso & Dill, 
1991; Myers  et  al., 1995), PT gives the relative degree of solvent 
exposure in the transition state. The m values were calculated from 
the slopes in Figure 3 over a GdnHCl concentration range from 0 
to 4 M (Table I ) .  The PT values calculated from these m values are 
included in Table I .  2CM-3SS-BLA and intact BLA show similar 
PT values, indicating that the structure in the transition state is not 
substantially affected by removal of the 6-120 disulfide bond, at 
least, with regard to the solvent exposure of hydrophobic groups. 

Previously, we have estimated the Ca2+ binding constant of 
intact BLA in the transition state from the Ca2+ concentration 
dependence of the folding rate at 0.35  M GdnHCl (Kuwajima 
et al., 1989). The estimated Ca2+ binding constant is 3.1 X IO5 
M", which is one or two orders of magnitude smaller than that in 
the native state. Although the Ca2+ concentration dependence of 
the folding rate of 2CM-3SS-BLA has not been investigated in 
detail, the folding rate of 2CM-3SS-BLA coincides with that of 
intact BLA both in the absence and in the presence of 1 mM Ca2+, 
indicating that the Ca2+ binding constants of 2CM-3SS-BLA and 
intact BLA in the transition state are similar. It is thus concluded 
that the position of the transition state in the reaction coordinate, 
i.e., the structure in the transition state, is not altered by removing 
the 6-120 disulfide bond. 

As seen in Figure 3, the folding rate of 2CM-3SS-BLA is only 
twice that of intact BLA, whereas the unfolding rate of 2CM-3SS- 
BLA is 100-500 times that of intact BLA. Therefore, the activation 
free energy of folding (the free energy difference between the 
transition and D states) is not changed, and the activation free 
energy of unfolding (the free energy difference between the tran- 
sition and N states) is significantly reduced by removal of the 
6-120 disulfide. The decrease in AGi(H20) is estimated to be 2.6 
kcal/mol in the absence of Ca2+ and 3.5 kcal/mol in the presence 
of 1 mM Ca2+ (Table 1). Based on these data, a free energy 
diagram for the folding reaction of 2CM-3SS-BLA and intact BLA 
in water was constructed (Fig. 4). The following changes in the 
free energy levels of the N, D, and transition states may occur 
when the 6-120 disulfide is removed. First, the free energy of the 
D state is lowered by 4.8 kcal/mol because of the chain-entropy 
increase. Although the D state in the native condition is the molten 
globule state and cannot be regarded as a random coil, we have 
calculated the chain-entropy increment in the D state on the as- 
sumption that the BLA molecule in the D state is approximated to 
be a random coil when calculating the chain-entropy increment. As 
shown below, this approximation is valid for the 6-120 disulfide 
bond of BLA. Second, because AG;(HZO)  of 2CM-3SS-BLA is 
only 0.3 kcal/mol smaller than that of intact BLA, the free energy 
of the transition state must be lowered by 5.1 kcal/mol. On the 
other hand, the free energy of the N state is lowered by 2.7 kcal/ 
mol because of elimination of the strain imposed on the 6-120 
disulfide bond. Because AG?(H,O) of 2CM-3SS-BLA is 2.6 kcal/ 
mol smaller than that of intact BLA, the free energy of the tran- 
sition state must be lowered by 5.3 kcal/mol. Thus, the change in 
the free energy level of the transition state evaluated from the 
unfolded side (D state) is consistent with that evaluated from the 
native side ( N  state). It is also notable that the decrease in the free 
energy of the transition state is approximately equal to that in the 
D state, so that it  may arise from the increase in the chain entropy. 
This means that, in the transition state, the loop closed by the 
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Fig. 4. Free energy profile of the folding and unfolding reactions of 2CM- 
3SS-BLA and  intact BLA in the absence of  CaZ+ and  GdnHCl (pH 7.0, 
4.5 "C). Free energy differences between states are given in kcal/mol (see 
Table 1). 

6-120 disulfide (i.e., the polypeptide chains from Cys6 to Cys28 
and from Cys 1 1  1 to Cys 120 connected by the disulfide bond  Cys28- 
Cysl 1 1) is unfolded to the extent that the chain can be regarded as 
a random coil in terms of the chain entropy. 

Structure in the transition state 

Figure 5 shows a schematic representation of the three-dimensional 
structure of native a-lactalbumin.  The  a-lactalbumin molecule is 
composed of two subdomains, an a-domain and a  P-domain  (Pike 
et al., 1996). The Ca2+ binding site of the protein is located at a 
hinge region that connects the two subdomains. Previously, we 
have shown that the native-like tertiary structure is formed around 
the Ca2+ binding site in the transition state of folding (Kuwajima 
et al., 1989). The loop closed by the 6-120 disulfide is located in 
the a-domain. The free energy profile in Figure 4 indicates that, in 
the transition state, this loop region is unfolded to the extent that 
the conformational freedom of the region is nearly the same as that 
in the U state, because the increase in chain entropy upon the 
6-120 disulfide cleavage in the transition state is very close to that 
in the U state. Apparently, this seems to be inconsistent with the 
known structure of a-lactalbumin in the molten globule (A) state. 
It has been shown by hydrogen exchange (Baum et al., 1989; 
Alexandrescu et al., 1993; Chyan et al., 1993; Schulman et  al., 
1995) and proline scanning mutagenesis (Schulman & Kim, 1996) 
that the A, B, D, and 310 helices in the a-domain are formed in the 
A state. Furthermore, disulfide exchange experiments have shown 
that the a-domain has a native-like backbone topology in the A 
state (Wu et al., 1995). These results suggest that the conforma- 
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6- I20 123 

Fig. 5. Schematic representation of the three-dimensional structure of 
a-lactalbumin based on the coordinate of the molecule D  in a PDB entry 
“Ihfz”  (Pike et al., 1996). Four disulfide bonds  are shown as ball  and stick 
models. Bound Ca2’ is shown as a large sphere. The loop region closed by 
the 6-120 disulfide (sequences from Cys6 to Cys28 and  from Cysl I 1  to 
Cysl20)  is shaded. Prepared  with MOLSCRIFT (Kraulis, 1991). 

tional freedom in the a-domain is considerably restricted in the A 
state. Is the helical structure formed in the A state disrupted in the 
transition state? Our previous study has shown that the stability of 
the A state relative to the U state is reduced only by 1.1 kcal/mol 
upon cleaving the 6-120 disulfide bond (Ikeguchi et  al., 1992). 
Because the free energy level of the U state is lowered by 4.8 
kcal/mol when the 6-120 disulfide is cleaved, the free energy 
level of the A state must be lowered by 3.7 kcal/mol due  to the 
cleavage. We have thus previously concluded that this drop in the 
free energy level of the A state is due  to a chain entropy increase 
in the A state, although its magnitude is slightly smaller than that 
in the U state (Ikeguchi et al., 1992). That is, the polypeptide chain 
in the loop closed by the 6-120 disulfide bond has a considerable 
freedom not only in the transition state but also in the A state. This 
is apparently inconsistent with the observations that some helices 
are formed in the loop closed by the 6-120 disulfide bond in the 
A state. In order to solve this apparent inconsistency, we have 
theoretically investigated the effect of a helix on the chain entropy 
increment upon removing a cross-link (see Materials and meth- 
ods). A  simple theoretical model indicates that the maximum effect 
of helices on the chain entropy increment upon removing a cross- 
link from a random chain with helical stretches is given by the 
following equation: 

where ASh and ASc are the entropy loss upon introducing a cross- 
link into a random chain with helical streches and into an entirely 
random chain, respectively. Nhr N,, and N are the numbers of 
helical, coil, and total units, respectively, in the loop closed by the 
cross-link (Nh + Nc = N ) ,  b is a length of a statistical unit, and h 
is a helical pitch along the helical axis. The qualitative conclusion 
drawn from this equation is that the chain entropy increment upon 
breaking the cross-link is larger for the random chain with a helical 
stretch rather than for the entirely random chain. The longer the 
helix is, the larger the effect on the chain entropy increment is 
(Fig. 6). If the A (5-1 I ) ,  B (23-34), D (105-1 I O )  helices, and a 
310-helix ( 1  15-1 18) are assumed to be formed in the A state of 
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Fig. 6. Effect of a helix on the  entropy loss upon cross-linking. The effect 
of a helical stretch on the  entropy loss upon cross-linking (Ash-AS,) was 
calculated with  Equation 25 and  represented as a relative value to the 
entropy loss upon  introducing a cross-link into the  random coil chain (ASc), 
which was calculated according to  the  method of Poland  and  Scheraga 
(1965). It was calculated as a  function of the  fraction of helical units  in  the 
loop formed  by  the cross-link for the cases that  the  number of the  total  units 
in  the loop is 30,  40, and 50. 

a-lactalbumin (Schulman et al., 1995; Schulman & Kim, 1996). 
there are 13 helical units and 20 coil units in the loop closed by the 
6-120 disulfide (6-28 and I 1  1-120).  By substituting these values 
into Equation 8, we obtain -ASh - (-ASc) = 2.4 cal/mol/K.  This 
is only 15% of the entropy increment upon removing the 6-120 
disulfide from the random coil (-ASc = 17.3 cal/mol/K). There- 
fore, the amount of helices present in the loop closed by the 6-120 
disulfide bond does not significantly affect the chain entropy in- 
crease calculated by assuming a random coil. Similarly, even if the 
structure of the a-domain in the transition state is similar to that in 
the A state, the chain entropy increase occumng in the transition 
state may  be comparable to that in the U state. The free energy 
profile shown in Figure 4  is thus not inconsistent with the known 
structure of a-lactalbumin in the A state. More studies, however, 
may be required for further  characterizing the structure of 
a-lactalbumin in the transition state. 

The structural features of the transition state in the folding of 
BLA obtained so far may be similar to those of a two-disulfide 
derivative of a-lactalbumin in  which  both Cys6-Cysl20 and  Cys28- 
Cysl 1 1 are removed (Ewbank & Creighton, 1993a, 1993b; Hen- 
drix et al., 1996; Ikeguchi et al., 1996; Wu et al., 1996). The 
two-disulfide species (2SS-BLA) and its S-carboxymethylated de- 
rivative of BLA (4CM-2SS-BLA) have been known to bind Ca2+ 
(Ewbank & Creighton, 1993a; Hendrix et al., 1996; Ikeguchi et al., 
1996). The apparent Ca2+ binding constant has been estimated to 
be 6 X IO4 M” (Ewbank & Creighton, 1993a; Ikeguchi et al., 
unpubl. results), and it is close to the Ca2+ binding constant of 
intact BLA in the transition state (Kuwajima et a!., 1989). Hendrix 
et al. (1996) have investigated the thermal unfolding of 4CM-2SS- 
BLA and have shown that 4CM-2SS-BLA unfolds cooperatively 
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with significantly lower values of enthalpy and entropy changes 
than those of intact BLA. They have thus concluded that, in Ca2+- 
bound 4CM-2SS-BLA, the /?-domain maintains a native-like fold, 
whereas the a-domain is unfolded. Ikeguchi et al. (1996) have 
investigated the structure of Ca2+-bound 4CM-2SS-BLA by 'H 
NMR and have shown that the residues within the P-domain and 
the interface between the a- and P-domains (including the C helix) 
show chemical shifts similar to those in the native protein. Wu 
et al. ( I  996) have also shown that  the mutant of  human a-lactalbumin 
lacking Cys6, Cys28, Cysl 1 1, and Cysl20  (a-LA@)) preferen- 
tially forms the native disulfide bond in the presence of Ca2+, 
whereas i t  forms all of the possible disulfide bonds in the absence 
of  Ca" . All  of these results indicate that the P-domain of BLA can 
fold independently when it binds Ca2+, suggesting that  the P-domain 
may  be folded in the transition state of intact BLA and that 4CM- 
2SS-BLA may  be a  good analog of the transition state in the 
folding reaction of BLA. 

Comparison with a homologous protein, lysozyme 

The folding-unfolding kinetics of  hen egg white lysozyme (HEWL) 
has been extensively investigated by many researchers (Kato et al., 
1980, 1981; Segawa & Sugihara, 1984a, 1984b; Kuwajima et al., 
1985; Ikeguchi et al., 1986;  Chaffotte et al.,  1992;  Radford 
et al., 1992; Miranker et al., 1993; Eyles et al., 1994; Denton et al., 
1994; Itzhaki et al., 1994; Kiefhaber, 1995; Parker et al., 1995; 
Motoshima et al., 1996; Wildegger & Kiefhaber. 1997, Matagne 
et al., 1997). At acid pH, the folding kinetics of HEWL is similar 
to that of BLA, that is, the molten globule-like intermediate is 
formed in the burst phase, and the subsequent formation of the 
native conformation is a two-state process without additional in- 
termediates. Under such conditions, the transition state structure 
has been probed by erfects of the solvents, chemical modifications, 
inhibitor binding, and site-directed mutagenesis (Segawa & Sugi- 
hara, 1984a, lY84b; Motoshima et al., 1996). Segawa and Sugihara 
( 1  984b) have shown that the cross-link between Glu35 and  TrplOS 
significantly accelerates the folding rate of HEWL without a large 
change in the unfolding rate. This result indicates that the loops 
closed by the cross-link (a large loop from Glu35 to TrplOS and a 
small loop composed by Cys30-Glu35 and Trp108-CysI15) are 
folded in  the transition state. This loop region contains all of the 
/?-domain and the C helix in the a-domain. Motoshima et al. 
( 1996) have inferred the transition state structure from the analysis 
of unfolding kinetics of Gly-Pro and Pro-Gly mutants. They have 
shown that the 101-102 region, which is located at the C terminal 
of the C helix, and the 1 17-1 18 region, which is located between 
the D and 310 helices in  the a-domain, are unfolded, whereas the 
residue 47 at the P-sheet and the residues 121-122  at the 3,(, helix 
in the a-domain are partially native-like in the transition state. 
Because the presence of inhibitor does not affect the folding rate 
and reduces the unfolding rate, the inhibitor binding site at the cleft 
between the a- and /?-domains does not have a complete structure 
to bind the inhibitor (Segawa & Sugihara, 1984b). 

Under the condition where the native state is highly stable, the 
folding kinetics of HEWL is complex and there are parallel folding 
channels (Radford et a l . ,  1992; Miranker et al., 1993; Itzhaki et al., 
1994; Kiefhaber, 1995; Matagne et al., 1997; Wildegger & Kief- 
haber, 1997). On the major folding pathway, there is an intermedi- 
ate in which amide protons in the a-domain are highly protected 
and tryptophan fluorescence is highly quenched, although the cor- 
responding intermediate has not been observed in the folding of 

BLA. Under this condition, Eyles et al. (1994) and Denton et al. 
(1994) have investigated the effect of removal of the 6-127 disul- 
fide, which corresponds to the 6-120 disulfide of BLA, on the 
folding kinetics. In the folding of a derivative of HEWL, in which 
the 6-127 disulfide is reduced and S-carboxymethylated, the in- 
termediate with persistent structure in the a-domain is  no longer 
observed, although the molten globule-like intermediate is formed 
in the burst phase as in  the intact protein. Therefore, the folding 
kinetics of the derivative lacking the 6-127 disulfide is similar to 
that of intact HEWL at acid pH and that of BLA. In spite of this 
change in the folding kinetics, the rate of the formation of the 
native structure of the HEWL derivative is nearly identical with 
that of intact HEWL. This result indicates that the activation free 
energy of the final folding step is not changed by removing the 
6-127 disulfide. Therefore, the loop closed by the 6-127 disulfide 
is mobile in the transition state, even though the a-helices are 
formed in this region. These results indicate that the transition state 
in the folding of HEWL is similar to that of BLA, consistent with 
the idea that the folding mechanism is conserved in the homolo- 
gous proteins. 

Materials and methods 

Experimentul procedures 

Preparation of 2CM-3SS-BLA and stopped-flow CD experiments 
were performed as described previously (Ikeguchi et al., 1992). 
The unfolded 2CM-3SS-BLA in 4  M GdnHCI for refolding ex- 
periments or the native 2CM-3SS-BLA in the buffer for unfolding 
experiments was mixed with the buffer containing various concen- 
trations of GdnHCl to give various final GdnHCl concentrations. 

Analyses of the folding-unfolding kinetics 

In model 1, k+ and k- can be calculated from kapp (Equation 2) and 
the equilibrium constants of the N 2 A transition, 

KNA = - = - k -  KNU 

k +  KAU 

and the A $ U transition ( K A U ) .  From Equations 2 and 9, we 
obtain 

By assuming the linear dependence of A G N u  and A G A U  on GdnHCl 
concentration, we can obtain K N U  and K A U  at any GdnHCl con- 
centration with the following equations: 

where AG:$ and AG:;O are the free energy changes of the 
N 2 U and  A 2 U transitions at 0 M GdnHCI, respectively. The 
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m N U  and mAU are constants of proportionality for the dependence 
of free energy changes on denaturant concentration. These param- 
eters have been evaluated from equilibrium unfolding experiments 
(Ikeguchi et al., 1986, 1992).  The unfolding transition of the ki- 
netic burst phase intermediate coincides well with the A 2 U 
transition calculated from AG:;O and mAu (Ikeguchi et al., 1986, 
1992: Arai & Kuwajima, 1996). 

In model 2, k f  and k, can be calculated from kapp (Equation 4) 
and the equilibrium constant between the N and D states, 

that is obtained by reanalyzing the equilibrium unfolding curve 
previously measured by the aromatic CD at 270 nm as a two-state 
transition between the N and D states. It  is assumed that In KND is 
a linear function of GdnHCl concentration: 

AGND = -RTIn  KND = AG:Ao - mNDIGdnHC1] (15) 

where AGND and AG:;" are the free energy changes between the 
N and D states at a given concentration of GdnHCl and 0 M 
GdnHCI, respectively. The mND is a constant of proportionality for 
the dependence of free energy changes on denaturant concentra- 
tion. These parameters for BLA and 2CM-3SS-BLA are listed in 
Table 1. From Equations 4 and 14, k f  and k ,  are calculated as 

1 
k f =  ~ 

1 + KND kapp 

k ,  = ___ 
KND 

1 + KND kapp 

Entropic effect of a  cross-link on the random chain 
with  a-helical stretch 

It is well known that the introduction of cross-links in a statistical 
coil reduces its conformational entropy (Jacobson & Stockmayer, 
1950: Schellman, 1955: Flory, 1956: Poland & Scheraga, 1965: 
Lin et al., 1984; Chan & Dill, 1989, 1990). This entropic effect is 
known as a major origin of the stabilization of the native confor- 
mation of proteins by disulfide bonds (Betz, 1993). Here, we con- 
sider the entropy change that occurs in a random coil chain with a 
helical stretch upon introduction of a cross-link. As a starting 
point, we regard the polypeptide chain that consists of N + 1 
residues as a statistical chain of N units, where the statistical unit 
is a vector connecting adjacent C,, atoms and its length is repre- 
sented as b. For a sufficiently long chain, the distribution of the 
end-to-end distance of the chain, P ( r ) ,  is known to obey a Gauss- 
ian function: 

where x, y ,  and z are x-, y- ,  and z-axis components of r, and x' + 
y 2  + z 2  = r 2 .  For the chain with a helical stretch, we consider the 
chain of which the first Nh units are in the helical conformation and 
the remaining N, units are in the coil conformation (Nh  + N ,  = N). 
If the x-axis is taken to coincide with the helix axis and the origin 
is set to the N-terminal of the helix, the distribution function is 

P ( x , . v , z )  = - ( 2rrb2N,. )'"exp{ - 2b*N, 

3 [ ( ~  - Nhh)' + y2 + 2'1 

where h is a helical pitch along the helical axis. 
The entropy loss is calculated from the possibility that the 

C-terminal end of a chain will occur in the space where the cross- 
link is possible. Previously, the space where the C-terminal end 
should be in is assumed to  be a shell (Schellman, 1955; Poland & 
Scheraga, 1965; Lin et al., 1984) or a sphere (Pace et al., 1988; 
Hamson & Sternberg, 1994). Here, for convenience, we assume 
that this space is a  cube AxAyAz  of which body center is the 
origin. The entropy change AS is then given by 

Using an approximation that the integration in Equation 2 I is equal 
to the product of the mean probability P (0,0,0) and the volume 
element AxAyAz,  we have 

AS = R ln{P(O,O,O)AxA~~Az} 122) 

By substituting Equation 19 into Equation 22, we obtain the en- 
tropy loss upon introducing a cross-link i n  an entirely random 
chain 

3 3 3  3 
2  2rrb  2  2 

AS,. = - R In 7 - - R In N + - R In AxAyAz (23) 

By substituting Equation 20 into Equation 22, we obtain the en- 
tropy loss upon introducing a cross-link in a chain with a helix 

3 3 3  3R(Nhh)2  
AS,,=-RIn---RInN,-  

2 27rb 2 2b2N, 

+ - R In AxAyAz 
3 
2 (24) 

When we consider the effect of a helical stretch on the chain 
entropy loss upon introducing  a  cross-link,  a  debatable  term, 
AxAyAz, is eliminated, and we have 

where r is the end-to-end distance, and the N-terminal of the chain 
is fixed at the origin. When we  use the Cartesian coordinate, Equa- 
tion 18 is expressed by 

A simulation with b = 3.8 A and h = 1.5 has revealed that the 
sign of Equation 25 is negative except for the case where a very 
short helical section and a long coil section exist (for example, if 
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Nh = 6, then N ,  must be larger than 43 to obtain a positive value 
of ASh - AS,). The negative value of ASh - AS, means that the 
entropy loss upon cross-linking is larger for the chain having a 
helical stretch than for the entirely random chain. In other words, 
cross-linking is more difficult for the chain with a helical stretch 
than for the entirely flexible chain. In Figure 6, the effect of a 
helical stretch on the entropy loss upon cross-linking, (ASh - AS,)/ 
AS,, is calculated as a function of the fraction of helical residues. 
It is clear that the longer the helix in the loop, the larger the entropy 
loss is. This means that the cross-linking destabilizes the long helix 
in the loop. In the case where there are several helical stretches in 
the loop formed by the cross-link, the second term of Equation 25 
depends on the relative orientation of the helices. Clearly, its mag- 
nitude is maximum when all helices have the same direction. There- 
fore, Equation 25 can be used to estimate the maximum of the 
influence of several helical stretches on the entropy loss when a 
cross-link is introduced. 
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