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conformational folding of
disulphide-intact ribonuclease A
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Here we investigate conformational folding reaction of disulphide-intact
ribonuclease A in the absence of the complicating effects due to non-native
interactions (such as cis/trans proline isomerization) in the unfolded state. The
conformational folding process is found to be intrinsically very fast occurring on
the milliseconds time scale. The kinetic data indicate that the conformational
folding of ribonuclease A proceeds through the formation of a hydrophobically
collapsed intermediate with properties similar to those of equilibrium molten-
globules. Furthermore, the data suggest that the rate-limiting transition states on
the unfolding and refolding pathways are substantially different with the
refolding transition state having non-native-like properties.

Protein folding proceeds from the unfolded state to the
native state through a series of intermediates'. Those
intermediates which form early on the refolding path-
way provide insight into the nature of the interactions
that initiate protein folding. Unfortunately, most of the
folding processes studied are complicated by the pres-
ence of non-native peptide bond conformations (or non-
native interactions) in the unfolded state’. These non-
native conformations lead to the formation of kinetic
barriers on refolding and, consequently, lead to the for-
mation of intermediates that are not intrinsic to the fold-
ing process’. Hence, they cause the refolding kinetics to
be slow and heterogeneous. In order to obtain a clear
picture of the nature of the initial step in protein fold-
ing, the ‘pure’ folding process, which is not complicated
by the presence of such non-native peptide bonds, has
to be investigated. We designate this ‘pure’ folding reac-
tion as the conformational protein folding reaction.

It is thought that the initiation of protein folding
arises predominantly because of hydrophobic interac-
tions**. Such interactions result in a hydrophobic col-
lapse of the unfolded state leading to the formation of
what is termed the molten globule’. The molten glob-
ule is generally defined as a partially folded compact state
with a sizable hydrophobic core which has a high con-
tent of secondary structure but few tertiary contacts. It
is characterized by a high degree of fluctuation compared
to the native state. For many proteins, for example
apomyoglobin'®, o-lactalbumin'!, B-lactamase'” and car-
bonic anhydrase'?, the molten globule state has been
observed as an equilibrium state. From studies of refold-
ing kinetics, it has been suggested that the earliest de-

nature structural biology volume 2 number 6 june 1995

tectable kinetic intermediates are identical to the equi-
librium molten globule intermediates'*-'¢. Nevertheless,
there has been no direct experimental evidence from ki-
netic studies that clearly demonstrates that the initial step
in protein folding is driven by hydrophobic interactions.
In this paper, we provide such evidence from the con-
formational folding of disulphide-intact ribonuclease A
(RNase A).

RNase A has two cis X-Pro peptide bonds in the na-
tive state'. In the unfolded state, these peptide bonds
isomerize to adopt the trans as well as the cis conforma-
tion'®. In a previous study’, we have shown that these
isomerizations result in the formation of at least four
unfolded species. Only one of the unfolded species has
the native cis X—Pro peptide bonds. We call this unfolded
species U - the very-fast folding species. The other un-
folded species, which contain non-native X—Pro peptide
bonds, are called fast and slow folding species. Unlike
the fast and slow folding species, the refolding reaction
of U, is not complicated by the presence of non-native
X~Pro peptide bonds; hence, its refolding represents the
conformational folding reaction of the disulphide-intact
protein as defined above.

The possible presence of native-like structure in U,
was investigated in our earlier study'’. These studies in-
dicated that U is a completely unfolded species, and not
partially unfolded, under the conditions and tempera-
tures used. The same conditions are employed in the
current investigation. Therefore, no significant native-
like structure is present in U .

For RNase A, there is no evidence that an equilibrium
molten globule state can be populated by varying pH,
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temperature, urea, or guanidine hy-
drochloride (GdnHCI) concentra-
tion. In this paper, we show that,
when U is refolded at low denatur-
ant concentration, RNase A under-
goes a hydrophobic collapse leading
to the formation of an intermediate.
The observed pK shifts, the extent
of burial of the solvent-exposed
suface area as a function of tempera-
ture, and kinetic and thermody-
namic parameters are all consistent
with hydrophobic collapse. Further-
more, the kinetic data indicate that
the rate-limiting transition state on
the refolding pathway is not identi-
cal to that on the unfolding pathway.

Conformational folding

The refolding reaction of U, was
studied by using the same double-
jump technique that we employed
previously'. The folded protein was
unfolded at high GdnHCI concentra-
tion and low pH for a delay time long
enough to populate the U species,
but short enough not to form any of
the fast or slow folding species (Fig.
1), so that, after this delay time, U,
constituted > 99 % of the unfolded
state. U, was then refolded under a
variety of conditions. The GdnHCI-
and pH-dependence of the rate con-
stant for refolding of U (k) was
studied at 5 °C and 15 °C. Seven sets
of data were obtained (Fig. 2). The

Fast and Slow
Folding

Native Unfold R -

Species
Protein ” UVf

Refold
(kyp)

V4

Native

Fig. 1 A schematic representation of the double-jump experiments. in the
first jump, the native protein is placed under unfolding conditions for a given
time called the delay time. That delay time is long enough to allow for the
formation of the very-fast folding species U , but short enough not to allow
for the formation of the fast and slow folding species. The fast and slow
folding species are formed due to cis/trans proline isomerization reactions,
and, hence, contain non-native X-Pro peptide bonds. it should be pointed
out that each unfolded species folds to the native state along its own distinct
pathway as discussed in detail by Houry et al.™. After the set delay time, the
second jump is carried out. In this jump, the protein is placed under refolding
conditions resulting in the formation of the native state from U .. The refolding
conditions are varied, while the unfolding jump is always carried out under
the same condition. Varying the conditions in the refolding jump has no effect
on the formation of U , from the native protein in the unfolding jump. The
rate constant for refolding from U , to the native protein (k ) is the parameter
under investigation.

reaction under investigation is the

refolding of the single species U, which represents the
conformationally unfolded state of RNase A containing
the native X—Pro peptide bonds, to a well defined single
species, namely the native state.

From the pH dependence data (Fig. 2a—d), the refold-
ing rate constant is observed to decrease as the pH is
raised from 2.0 to 6.0. This is an unexpected result, since,
generally, the refolding rate is expected to be more rapid
under conditions where the native protein is more stable.
For RNase A, it is well known that the native state is more
stable at neutral pH than at low pH (ref. 20). If the tran-
sition state along the refolding pathway of U . is native-
like, then we would expect the rate constant to increase,
rather than decrease, as the pH is raised. Futhermore,
the variation of the rate constants with pH is much
greater at the high GdnHCI concentration than at the
low GdnHCl concentration (compare Fig. 2a with b, and
Fig. 2¢ with d). This cannot be explained in terms of a
simple two-state transition (see below). Hence, the de-
crease in the rate constant with increasing pH, and the
effect of GdnHCl on the pH dependence of the rate con-
stant, point to the presence of an intermediate with some
unusual characteristics. Further support for the presence
of the intermediate comes from the non-linearity of the
GdnHCl-dependence data (Fig. 2e—g). Although the
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GdnHCI dependence data can be fitted by assuming a
linear dependence of In(k ) on GdnHCI concentration,
the curvature in the data is evident and reproducible
under the three different conditions employed.

Based on the above arguments, the simplest kinetic
model must take into account the presence of (at least)
three species: the unfolded state U , the intermediate I,
and the native state N. We assume that, when the un-
folded state U, is placed under folding conditions, it
undergoes a rapid pre-equilibrium to form the interme-
diate. This intermediate then proceeds to the native state
passing through the rate-limiting transition state (T.S.).
Hence, the following sequential model is proposed:

u, L L 5ms N (1

The equilibrium constant is defined as K = (117U}
The variation of the equilibrium constant with tem-
perature, pH and GdnHCI concentration reflects the
change in the relative stabilities of I, and U asa func-
tion of these three parameters. Similarly, the rate con-
stant (k) reflects the behaviour of the T.S. relative to
the intermediate.

Experimentally, the observed rate is the apparent
rate of formation of N from I and U .. It can be ex-
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Fig. 2 a—d, give the pH dependence of k ; e-g, give the e

GdnHCI dependence of In(k ) as obtained from the
double-jump experiments. The error symbols give the
experimental errors at the 95 % confidence limit. Each
point is an average of 6-10 measurements. The conditions
for the refolding step in each figure are as follows: a,
0.38 M GdnHCl, 5 °C; b, 2.20 M GdnHC(), 5°C ¢, 0.38 M
GdnHCl, 15°C; d, 1.50 M GdnHCl, 15 °C; e, pH 4.0, 5 °C; f,
pH 7.2, 5°Cand g, pH 7.1, 15 °C. The solid lines are the
theoretical fit to the experimental points based on the
model of equation (1) and the results of Table 1. The
dotted lines in e-g are the best linear fit to the
experimental points with a correlation coefficient of
better than 0.99. The dashed lines in these figures are
obtained from the linear extrapolation of In(k ) from the
last four points at the high GdnHCl concentration to zero
molar concentration.

pressed as follows:

ANk, (1) + (U, @)
where k , is the experimentally observed refolding rate
constant. It can be shown that k _ is related to k and Kby
the following equation:

k= kK
¥ (1+K)

It should be pointed out that the model shown in
equation (1) is kinetically indistinguishable from two
other models: a parallel model, in which U .and I pre-
equilibrate rapidly and then refold to the native state
along separate pathways but pass through the same tran-
sition state, and a sink model whereby U __and I pre-equili-
brate rapidly, but only U_ can fold to the native state. The
common feature of the three models is that I, forms
from U ,in a rapid preequilibrium reaction, and that
the rate-limiting transition state directly precedes the

(3)
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approach to the native state. The parameters obtained
from fitting any one of these models can be used to fit
the other two models. Therefore, in the interest of clar-
ity, we shall use the model of equation (1) as our work-
ing example.

497



@ © 1995 Nature Publishing Group http://www.nature.com/nsmb

article

Table 1 Results of the fit to the kinetic model of equation (1)

Temperature

pK, (carboxylic acid side chain)

Unfolded
intermediate
Transition state

pK, (histidine)
Unfolded
Intermediate
Transition state

‘m’ values (kcal mol*! M)

T.S.-U,
T.S. -1, (m%

U, (m )

IW

K9
ke (sec)

pre-eq

5°C 15°C
4.01(0.07) same
4.94(0.25) same
4.74(0.06) same
6.69(0.10) 6.46(0.12)
6.07(0.27) 5.91(0.28)
6.40(0.11) 6.21(0.12)
1.37(0.04) 1.42(0.04)
0.25(0.11) 0.08(0.12)
1.12(0.10) 1.34(0.11)
11.2(2.1) 11.6(1.9)
84(24) 126(30)

The kinetic data were fit to the model of equation (1) as described in the
Methods. The numbers in parentheses give the standard deviations of the
fitted parameters. Only a carboxylic acid residue and a histidine residue are
considered to undergo pK_ shifts during the refolding of U .
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GdnHCI and pH dependence

In order to derive the GdnHCI- and pH-dependence of
the rate constant for refolding of U _ (k ), the GdnHCI-
and pH-dependence of K and k in equation (3) must be
determined. Several models have been used to describe
the GdnHCl-dependence of the unfolding/refolding
equilibrium process?'. In the most commonly used
model, the logarithm of the equilibrium constant, at a
given temperature and pH, depends linearly on the
GdnHClI concentration. The pH dependence of the equi-
librium constant, at a given GdnHCI concentration and
temperature, can be described by a simple binding
model**. In this model, the value of the equilibrium con-
stant changes because the apparent pK_ for a given
charged group on the amino acid side chain changes as
the protein goes from the unfolded state to the interme-
diate state. Hence, the GdnHCl- and pH-dependence of
K at a given temperature can be expressed as follows:

(lo_pH + lo-pK._,(aa,,lm))
J. (lo_p[{ + 10-17K;(aa)\Uv())

where R is the gas constant and T is the temperature. K°
is the equilibrium constant at 0 M GdnHCl and infinite
[H*]. m is a positive constant proportional to the
surface area available for GAnHCI] binding (the solvent
exposed surface area) in U that is buried in I . The
product is evaluated over all the amino acid residues
(aa}.) whose side chains have a pK_ in 1, different from
thatin U .

In treating the rate constant k, we use transition state
theory which assumes the presence of an equilibrium
between the transition state and any stable intermedi-
ates preceding it?. This allows us to treat the rate con-
stant in the same way as we treat the equilibrium con-
stant. Therefore, we can write for the GdnHCI- and the
pH-dependence of kat a given temperature:

K=K® e mpre-eq[GdnHCI)/RT

4)

k = KO g0t (GdnHCI/RT ] (1071 + 1QPRte, T57) (5)
j (lo—pH + 10—pK‘,(an,,I@))

where k° is the rate constant at 0 M GdnHC! and infi-
nite [H*]. m* is a positive constant proportional to the
solvent exposed surface area that becomes buried as the
protein folds from the intermediate to the transition
state.

In writing equations (4) and (5), we assumed thatm____
. and m* have no significant dependence on pH, and
that the pK s have no significant dependence on GdnHCI
concentration. These assumptions are justified experi-
mentally. Pace et al.** have shown that the m values of
RNase A (between the unfolded and native state) at
different pHs, ranging from pH 3.0 to 9.9, are the same
within experimental error. Furthermore, Donovan et
al.* have shown that the presence of GdnHCl lowers
or raises the pK, of model compounds by only 0.1-
0.2 pK_ units which is within our experimental error.

At this point, we use the above equations to clarify
why a simple two-state mechanism of the form:

U, 5 [TS]—->N (6)

cannot be used to fit the experimental data. If the two
state model is sufficient to explain the experimental data,
then the GdnHCl and pH dependence of the experimen-
tally observed rate constant (r) would be given simply
by an equation similar to that of equation (5). Further-
more, to make the argument more general, it is suffi-
cient to write func(GdnHCl) to describe the GdnHCl
dependence of the rate:

r= 1 func (GdnHO) [T L0+ 1075 )
]. (10PH + IO-PK"(M" Uvr))

where r® is defined as the rate constant at 0 M GdnHCl
and infinite [H*].

If the model of eq. (6) applies, it is clear from eq. (7)
that, for a given temperature and at any given GdnHCl
concentration, the ratio of the value of r at some pH to
the value of r at another pH should be a constant inde-
pendent of the GAnHCl concentration. Experimentally,
we observe, for example, that at 15 °C and 0.38 M
GdnHCI (Fig. 20), k (pH 3)/k (pH 6) = (96.4 sec' /66.9
sec’') = 1.4, while at 15°C and 1.5 M GdnHCl (Fig. 2d),
k (pH 3)/k (pH 6) = (25.5 sec’' /8.0 sec’') = 3.2. Hence,
this ratio does depend on the GAnHCl concentration, and,
consequently, the simple mechanism of eq. {6} cannot be
used to fit the experimental data. The next simplest mecha-
nism which can fit the data is that of equation (1).

An intermediate is needed to explain the pH depen-
dence of the experimental data. Furthermore, by using a
linear model to describe the dependence of In(k) and
In(K) on [GdnHCI] (which is the simplest model avail-
able), the curvature in the GAnHCI dependence data of
In(k,) (Fig. 2e, f, g) arises as a normal consequence of
the presence of the intermediate.

(7)

Hydrophobic collapse: evidence from
kinetic analysis

Based on the above presentation, the GdnHCI- and pH-
dependence of k, can be fitted using equations (3), (4)

nature structural biology volume 2 number 6 june 1995
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Fig. 3 The GdnHCI- and pH-dependence ofa, K; b, k; and ¢, In(k,) at 5°C. The
curves are based on the model of equation (1) and the results given in Table

1. The curves at 15 °C (not shown) have similar shapes.
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and (5). The pH-dependence data in Fig. 2a—d indicate
that there are at least two residues which contribute to
the pK shifts, one in the pH region of 4-5 which sug-
gests that a carboxylic acid residue (Asp or Glu) is in-
volved, and another in the pH region of 6—7 which sug-
gests that a histidine residue is involved.

The results of the fit to the experimental data at 5 °C
and 15°C are given in Table 1, and the theoretical curves
are shown as solid lines in Fig. 2. Good agreement is
obtained between the experimental kinetic data and the
theoretical curves. The GdnHCI- and pH-dependence
of K, k, and In(k ) are given in Fig. 3.

As the protein proceeds from its unfolded state to the
intermediate state, the pK_ of the side chain of the car-
boxylic acid residue (Asp or Glu) increases from 4.0 to 4.9,
while that of the histidine residue decreases from 6.7 to 6.1
at 5 °C or from 6.5 to 5.9 at 15 °C. Both residues are ex-
pected to be solvent exposed (that is exposed to a polar en-
vironment) in the unfolded state. The pK_ shifts can then
be explained, simply, if both residues become buried in a
nonpolar environment in the intermediate state. In such
an environment, a charged group prefers to remain in its
neutral form. The pK_ values obtained for the unfolded state
are in good agreement with those reported by Nozaki &
Tanford?” for GdnHCl-unfolded RNase A. The change in
the pK_ of the histidine residue, from 6.7 to 6.5 in U, ,and
from 6.1 to 5.9 in I, when the temperature is raised from 5
°C to 15 °C, is in the expected direction and has the ex-
pected magnitude®. Thus, the pK s are consistent with the
data reported in the literature.

The temperature dependence of the value of m_
(between I and U ), shows that the solvent expose&
surface area that becomes buried when the protein pro-
ceeds from the unfolded state to the intermediate in-
creases with temperature (1.12 at 5 °C and 1.34 at 15
°C). This result suggests that the intermediate has more
buried surface area at 15 °C than at 5 °C. This is consis-
tent with hydrophobic interactions being the driving
force for the formation of the intermediate®*.

It can be seen from Fig. 3a that the equilibrium con-
stant is higher at low pH than at neutral pH. This indi-
cates that, at low pH, the intermediate is more favoured
than the unfolded state. This is a manifestation of the
fact that the pK_ of the carboxylic acid residue is higher
in the intermediate than in the unfolded state and, there-
fore, binds protons more strongly making it more stable
than the unfolded state at low pH (eq. 4). This behaviour
of the intermediate is a normal consequence of hydro-
phobic collapse, and hence is one of the defining char-
acteristics of hydrophobically collapsed states.

Hydrophobic collapse: evidence from
thermodynamic analysis
The thermodynamic parameters for the U  to I process
can be obtained from the equilibrium constant and its
temperature dependence. The GdnHCI- and pH-depen-
dence of the apparent AG*(10 °C), AH*(10 °C), and
AS*(10°C) are plotted in Fig. 4. Both the polar and non-
polar interactions contribute to these thermodynamic
parameters.

As defined by Némethy & Scheraga®, a hydrophobic
interaction is considered to be formed if two or more
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nonpolar side chains come in contact with each other,
thereby decreasing their interaction with the surround-
ing water. Such a process is characterized by a positive
enthalpy change and a positive entropy change as deter-
mined from theory*'*2 and experiment®>*, The term ‘hy-
drophobic collapse’ is defined as a process in which the
protein collapses to form an intermediate that is stabi-
lized predominantly by hydrophobic interactions. At 0
M GdnHCI, AG°(10 °C) is negative, of the order of
-1.4 to -0.4 kcal mol"', while AH?(10°C) and AS*(10°C),
below about pH 6.5, are both positive (~1.0 kcal mol”
and ~7 cal mol"! K! respectively). The formation of the
intermediate is, therefore, favoured at low GdnHCI con-
centrations; it is stabilized by entropic rather than
enthalpic effects.

From equilibrium unfolding GdnHCIl-dependence
studies, Pace and coworkers™ reported a value of m
between the unfolded and the native state of 3.0 kcal
molt M. Therefore, 37-45 % of the total area which
is buried in the native state becomes buried in the inter-
mediate; consequently, the conformational entropy of
the U to I, process should be large and negative. The
positive apparent entropy observed at 10 °C indicates
that hydrophobic interactions are the dominant interac-
tions in stabilizing the intermediate, and that extensive side-
chain ordering has not yet occurred in [ .

As the GdnHCI concentration increases, AG°(10 °C)
increases while both AH*(10°C) and AS(10°C} decrease
(Fig. 4). Such behaviour is expected for hydrophobic in-
teractions since the presence of GdnHCI is known to
weaken these interactions®. This provides further sup-
port for the dominance of hydrophobic interactions
in stabilizing L. It is worth noting that the variation
with GdnHCI concentration of the enthalpy and en-
tropy changes for the U to N transition in RNase A
and other proteins® is in the opposite direction of that
observed for AH(10°C) and AS°(10 °C) for the U . to
I, transition.

The thermodynamic parameters obtained for the
formation of I are very similar to those obtained for
the formation of the equilibrium molten globule states
observed in several proteins®*. This suggests that [ is
a molten globule-like intermediate; however, further
characterization of the secondary structure of this in-
termediate is required to confirm this suggestion.

The transition state

There has been much discussion about the nature of the
transition state along the refolding pathway. It is usually
argued that the transition state is native-like, and that
the transition state is the same on unfolding and refold-
ing**. Since the refolding kinetics are usually much
more complicated than the unfolding kinetics, most of
the experimental informatjon available about the tran-
sition state comes from unfolding studies rather than
refolding studies. Here, we are able to obtain informa-
tion about the transition state directly from refolding
studies.

The values of m* (0.25 and 0.08, Table 1), which rep-
resent the GdnHC] accessible surface area available in
the intermediate that becomes buried in the transition
state, are small positive numbers (8 % change at 5 °C

a

AG® (10 °C)
05 (kcal mol”)

]
AH° (10 °C)
(kcal mol)

[ 20

0

-2
AS° (10 °C)

(cal mol'K")

Fig. 4 The thermodynamic parameters for the pre-
equilibrium reaction as a function of pH and GdnHCI
concentration. a, The standard free energy change, b,
enthalpy, and ¢, entropy, all at 10 °C.
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and 3 % change at 15 °C when compared to the total -
using the value of 3.0 kcal mol™* M of Pace et al.?®). Fur-
thermore, the difference in the pK s between [ and the
T.S. are small (Table 1). This would indicate that there is
no substantial difference in solvent exposure between I,
and the T.S. .

From the rate constants, we can obtain the activation
free energy [AG*(T)], enthalpy [AH*(T)] and entropy
[AS*(T)] as a function of pH and GdnHCI concentra-
tion (Fig. 5). The activation enthalpy, at 0 M GdnHCI
and 10 °C, is positive and has a value of 5-7 kcal mol™.
This is a small number if compared, for example, with
the activation enthalpy of proline isomerization of about
20 kcal mol™ (refs 2,19,41). In contrast to the behaviour
of AEP(10 °C) and AS*(10 °C) (Fig. 4), both the activation
enthalpy and entropy increase with GdnHCI concentration.
This indicates that the transition state has more polar in-
teractions (for example hydrogen-bonding or electrostatic)
than I, and that the transition state is formed because of
the appearance of ordered structure within the compact
intermediate.

The solvent accessible surface area buried in the
transition state is only about 47 % of the total area
which becomes buried in the native state [(1.37 or
1.42)/3.0, Table 1], On the other hand, the transition
state on the unfolding pathway has about 90 % of its
solvent accessible surface area buried at 22 °C and pH
5.8, and about 85 % of that area buried at 15°C and pH
4.0 (from data of Lin et al.*? and D.M.R. & H.A.S,, un-
published results). This would argue against the hypoth-
esis that the transition states on the refolding and un-
folding pathways are the same. Furthermore, if the fold-
ing T.S. had 90 % of its solvent accessible surface area
buried, then I would have ~85 % of that area buried.
Since the difference in absorbance between the un-
folded and the native state arises from tyrosine burial,
we would expect the extinction coefficient of I, to dif-
fer from that of the unfolded state, causing the total
refolding absorbance amplitude to change as the
population of I changes with pH and GdnHCI con-
centration. This is not observed experimentally which
suggests that I and the T.S. do not have a large buried
surface area.

The carboxylic acid pK s reported for the native pro-
tein® are much lower than those observed for the tran-
sition state. This suggests that the tertiary interactions
which cause the pKs of the carboxylic acid residues to
be low in the native state are not present in the T.S. This
is another indication that the transition state on the re-
folding pathway might not be as native-like as previously
thought.

The effect of the presence of the
intermediate on the refolding rate

The intermediate I, is highly populated at low pH and
GdnHCl concentrations ( > 90 % of the preequilibrium
mixture, Fig. 3a). At high GdnHCI concentrations, 1
constitutes only about 5 % of the preequilibrium mix-
ture. The hydrophobic forces dominate at low GdnHCI
concentrations causing a collapse of the unfolded state
to form the intermediate. But, when the GdnHCl con-
centration is high enough, such a collapse is prevented

nature structural biology volume 2 number & june 1995

145

AG* (10°CQ)
"~ (kcal mol?)

144

AH* (10 °C)
(kcal mol ")

AS* (10 °C)
(cal mol'K")

Fig. 5 The activation parameters for the formation of
the transition state as a function of pH and GdnHCI
concentration. a, The activation free energy, b, enthalpy,
and ¢, entropy, all at 10 °C.
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leading to the appearance of a two-state refolding pro-
cess between U_and N.

The presence of a stable intermediate is expected to
slow down the refolding rate. This is observed experi-
mentally. If In(k ) is extrapolated linearly from high
GdnHCI concentrations, where I is not appreciably
populated, to 0 M [GdnHCI] (Fig. 2e-g), the extrapo-
lated rate constant is larger than the experimentally mea-
sured rate constant. Therefore, the fastest mechanism
by which a protein can fold is the simple two-state pro-
cess. Nonetheless, whether the intermediate is highly
populated or not, conformational folding of the protein,
in the absence of denaturant, takes only a few millisec-
onds (2-20 ms; Fig. 2e—g) and not seconds or minutes.
Hence, conformational folding is an intrinsically very-
fast process.

We have been able to study the conformational fold-
ing reaction of RNase A in the absence of the complicat-
ing effect of cis/trans proline isomerization. The data
indicate the presence of a hydrophobically collapsed in-
termediate which is highly populated when the protein
is refolded at low GdnHCl concentrations. The evidence
for a hydrophobic collapse comes from the observed pK,
shifts, the burial of solvent exposed surface area, and,
most importantly, from the thermodynamic parameters.
Furthermore, the experimental data suggest that the rate-
limiting transition state on the refolding pathway results
from the formation of ordered structure within the
hydrophobically collapsed intermediate, and that the T.
S.is not native-like and is not identical to the T.S. on the
unfolding pathway.

Methods

Kinetic experiments. The instrument used and the experimental
procedures employed have been described previously'. The native
protein in 1.50 M GdnHCl and pH 5.9 was first unfolded at 4.20
M GdnHC! and pH 2.0 for a set delay time, typically 0.9 s at 5 °C
and 0.4 s at 15 °C. After such delay time, > 99 % of the unfolded
state of the protein consisted of the U, species. The unfolded
protein (U ) was then refolded under a variety of conditions as
shown in Fig. 2. The refolding step was monitored by absorbance
at 287 nm. The refolding decay curves were fitted to a single
exponential. The total absorbance refolding amplitude did not
change with pH or GdnHCI concentration. Appropriate buffers
were used for each pH range, and the temperature dependence
of the buffers was taken into account®**s. The buffers used at or
near pH 2, 3, 4, 5, 6, 7 and 8 are glycine, citric acid, formic acid,
acetic acid, MES, BES or MOPS and EPPS, respectively. All pHs are
given at the temperatures employed in the experiments. The error
in the pH measurement is estimated to be + 0.1 pH units. The
protein is 100 % folded under all refolding conditions used. This
was checked by obtaining thermal transition curves under the
extreme refolding conditions (for example, at 2.5 M GdnHCl and
pH 4.0 where the melting temperature is 24.9 °C). Hence, all the
refolding rates are measured outside the unfolding transition zone
and, therefore, the unfolding rate constant does not contribute
to the observed reaction rate.

Fitting to the kinetic model of equation (1). The kinetic data
(Fig. 2) were fitted to the model of equation (1) using the
expressions of equations (3), (4) and (5) for the GdnHC!- and pH-
dependence of k.. Only two residues were considered to undergo
pK, shifts during the refolding of U, : a carboxylic acid residue
and a histidine residue, however it should be emphasized that we
do not rule out the possibility that more than one carboxylic acid
or histidine residue might be involved in the pK, shifts.
Nevertheless, it can easily be shown that, if two amino acid residues
which undergo large shifts in pK_ can fit the pH-dependence data
adequately, then the other ionizable groups in the protein must
undergo only small changes in their pK s. In addition, even if more
than two ionizable groups are considered in fitting the pH-
dependence data, the ‘net’ shift in the pK would still be in the
direction expected for hydrophobic collapse. The possible presence,
therefore, of these other ionizable groups in no way affects the
conclusions of this paper. There is some indication, from the points
at the high pH end (Fig. 2b,d), that a third residue might be
involved. This third residue is either a Tyr or a Lys.

From experimental studies of the temperature dependence of
the pK s of Asp, Glu, and His, it has been observed that the pK_'s
of Asp and Glu have a very weak temperature dependence, while
that of His has a strong temperature dependence?. Hence, in
considering the temperature dependence of k and K, the pK s of
the carboxylic acid residue were fixed with temperature, while
those of the histidine residue were allowed to change with
temperature. To avoid a multiple-minima problem, the assumption
was made that the structure of the transition state has no
significant temperature dependence between 5 °C and 15 °C.
Hence, the sum (mm_eq + m*)/RT was assumed to be independent
of temperature, while bothm_ . and m* were alfowed to change
with temperature.

The theoretical fit to the experimental kinetic data was obtained
by using a simplex algorithm*” to minimize x* = [y(experimental)-
y(theoretical model)]”/ [o + 0.015 k >, where c represents the
experimentally determined sample standard deviation, and the
factor of (0.015 k) was added to the standard deviation to take
into account the systematic errors. All the data were fitted
simultaneously (a global fit). The reduced x? of the fit was 0.98.
The standard deviations of the fitted parameters were obtained
by using the Monte Carlo procedure described previously™; 1,200
simulated data sets were used in the procedure.

o

Thermodynamic parameters. By using the equilibrium constants
(K) obtained at 5 °C and 15 °C and by assuming that there is no
temperature dependence for the heat capacity change, the
enthalpy change at 10°C was derived from the van't Hoff equation:

dIn(K) AH(T)

di/n R
while the entropy change at 10 °C was calculated from:

dirink@m _ _A(M
d[T] R
The standard free energy change at 10 °C was then calculated
using the relationship AGXT) = AHX(T) - T ASY(T). The activation
free energy, enthalpy, and entropy at 10 °C were calculated using
the above equations; however, K¥ = k GT (kg is the Boltzmann
constant and h is Planck’s constant)?® was used, instead of K, in
these equations.
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