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ABSTRACT. Recent controversy about the role of populated intermediates in protein folding emphasizes
the need to better characterize other events on the folding pathway. A complication is that these involve
high-energy states which are difficult to target experimentally since they do not accumulate kinetically.
Here, we explore the energetics of high-energy states and map out the shape of the free-energy profile for
folding of the two-state protein ULA. The analysis is based on nonlinearities in the GdnHCI dependence
of the activation energy for unfolding, which we interpret in terms of structural changes of the protein-
folding transition state. The result suggests that U1A folds by high-energy channeling where most of the
conformational search takes place isoenergetically at transition-state level. This is manifested in a very
broad and flat activation barrier, the top of which covers more than 60% of the reaction coordinate. The
interpretation favors a folding mechanism where the pathway leading to the native protein is determined
by the sequence’s ability to stabilize productive transition states.

To understand how unfolded proteins find their native denaturant (Matouschek al,, 1990; Khorasanizadett al.,
conformation so rapidly is one of the major goals in folding 1993; Oliveberget al,, 1995; Oliveberg & Fersht, 1996a,b).
studies. The question was raised by Levinthal (1968) who This is seen most clearly at the midpoint for the unfolding
demonstrated that folding by random search of the confor- transition where most proteins fold directly from the unfolded
mational space is too slow to be accomplished within the state and resolves the search problem without conformational
life span of an organism. Several explanations have beenyestrictions at ground-state level [c.f. Abkeviehal. (1995)
centered around rapid formation of folding intermediates g tin et al. (1995), and “type I” folding in Wolynegt al.

since these are depicted to reduce the conformational freedorr(lg%)]_ The key to the folding problem may thus be found
of the unfolded protein and, thus, speed up the search forin the two-state process, and intermediates could just be a

productive interactions (Bryngelsat al., 1995; Dill et al,, o . : )
1995: Karplus & Weaver, 1976: Sat al, 1994). However, complication of multiple folding modgles (Fersht, 1_996, Tan
et al, 1996) or even off-pathway misfolds (Sosniekal,,

the role of folding intermediates is controversial since 1994 Kiefhaber, 1995: Silow & Oliveberg, 1997). But how

proteins fold efficiently also without them. Intermediates i ivle to ch terize two-stat th h I
that are populated under physiological conditions become IS It possible 1o characterize two-state pathways where a

destabilized and do not accumulate in the presence ofPartly folded states are unstable and never seem to ac-
cumulate? Fersht and co-workers have used stopped-flow
T Our work is supported by the Swedish Nautral Science Research kinetics to construct a free-energy profile for the folding
Council and the Sven and Lilly Lawski Foundation for Natural Science. reaction of the small two-state protein CI2 (Jackson & Fersht
* Corresponding author. Tek+46-46-222-0107. Fax:$46-46-222- . h . . '
4534, Email: mikael.oliveberg@biokem lu.se. 1991). The extent of interactions in the transition state for
® Abstract published irAdvance ACS Abstractsune 1, 1997. folding was then mapped out by studying the effects of point

1Intermediates are here used to denote denatured conformationsmytations on the activation energy (ltzhakial, 1995). With
which are more stable than the unfolded state and, hence, accumulat ’

in the refolding reaction. These also include compact disorganizedeCIZ’ it appears that secondary and tertiary interactions begin
globules. to form simultaneously in the transition state by so called
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“nucleation condensation”. Itis argued that good nucleation
sites are embryonic in unfolded polypeptides and become

stable only after interacting with other parts of the protein
(Fersht, 1996). If this happens first in high-energy confor-

mations, the transition state is stabilized relative to the
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ff(GdnHCL)= [(ay + by[GdnHCI]) + (ay +

bp[GANHCI])10 meIGAnHCT — GdnHCLAI/2. 3R,
[1 + 10 MolIGANHCI — GanHChAZ 3RTH (o)

denatured ground state leading to an optimization of the where ff(GAnHCI) is the area under the fluorescence
folding rate. The mechanism is analogous to the principle spectrum between 320 and 370 nm, aagl-{ bp[GdnHCI])

of enzyme catalysis, where optimal rate is obtained when and @y + by[GdnHCI]) are baselines. The equilibrium
all intermediates on the reaction pathway are less stable tharconstant for unfolding (lod&po—n) at each concentration of
the starting materials and so do not accumulate (Fersht,GdnHCI was then estimated by linear extrapolation (Schell-

1974). In this study, we provide additional information about

the folding energetics which extend the concept of nucleation

condensation. With the spliceosomal protein U1A, the

productive folding seems to take place predominantly at the

top of a very broad and flat activation barrier. This implies

that high-energy nucleation starts early in the folding process
and then propagates isoenergetically at transition-state leve

until the protein is almost fully formed.

MATERIALS AND METHODS

Human U1A is a 102 residue protein without cysteines,
expressed and purified as in Nagsial. (1990). We used

man, 1978),

log Kp_n = —(AGH2Q + my_([GAnHCI)/2.RT  (3)

where AGX, is the protein stability in the absence of
GdnHCI (Table 1, experimental data not shown). From mass

|action, the sensitivity to denaturant{_y) reflects thenumber

of GdnHCI binding sites that becomes accessible upon
unfolding. Generallymp_y is considered to represent a
measure of changes in solvent exposure upon denaturation
(Pace, 1986).

Determination of the Kinetics and Test of the Two-State
Criteria (Eq 1). The unfolding rate constant (log, vs

here a U1A mutant in which the semiburied phenylalanine [GdnHCI]) was measured by stopped-flow. Data obtained
56 was substituted with a tryptophan. The F56W variant between 57 M GdnHCI (Figure 1) fit the polynomial

occurs naturally in U1A from potato (Simpsemal., 1995)

and produces large changes in fluorescence upon unfolding
This allows accurate detection of the folding process even
at very low protein concentrations. Stability measurements
were done by standard GdnHCl titration (Pace, 1986), using
a Perkin-Elmer LS 50 luminescence spectrometer, and
analyzed with the software package KaleidaGraph. Folding

kinetics were studied by 1:10 dilution of denatured protein
(in 5.1 M GdnHCI) with buffer and unfolding kinetics by
1:10 mixing of native protein (in buffer) into high [GdnHCI],
using an SX.18MV stopped-flow instrument from Applied

photophysics. Excitation was at 280 nm, and the emission

was recorded with a 315 nm cut-off filter. Despite mixing

function

log k, = —4.2(£0.12)+ 1.25(-0.04)[GdNHCI]—

0.061(:0.003)[GdnHCIf (4)

and eq 4 was used to represent log kpgn eq 1. Finally,

the refolding rate constant expected for a two-state process

(log K@) was calculated from (egs 1, 3, and 4)

log I<f°a'°= 2.65@0.18)— 0.43(0.09)[GdnHCI]—
0.061¢0.003)[GdnHCIf (5)

and the result was compared with experimental values for
log ki vs [GANHCI]. These were obtained by fitting of a

solutions of rather different viscosity, the dead time was less
than 5 ms. The buffer was 50 mM MES at pH 6.3, and the
chemicals were of analytical grade (Sigma). The protein log k; = 2.50@-0.02) — 0.36(0.02)[GdnHCI]—

concentration was 1M unless otherwise stated. All 0.070£:0 006)[GdnHCI? ©6)

instruments were thermostatted at 5.

At low concentrations of protein (M), the observed
refolding rate constant (eq 6) fits within the experimental
error that calculated from lo#o-~ and logk, (egs 1 and
5). The good agreement of the two curves, and the param-
eters in Table 1, suggest that the refolding of U1A takes
place directly from D and without the accumulation of a
folding intermediate (Jackson & Fersht, 1991). This com-
prises also that D and N interconvert over a common tran-
sition state at all concentrations of GdnHCI. At higher pro-
tein concentrations, U1A forms an intermediate-like aggre-
gate in the dead time of the stopped-flow instrument which
leads to a retardation of the refolding rate at [GdnHEI]
where D and N are the denatured and native protein 1.5 M (Figure 1) (Silow & Oliveberg, 1997). In this study,
respectively. The folding reaction of U1A was tested by eq we discuss only the fast two-state folding of the monomeric
1 as follows. protein.

Determination of log K-y vs [GdnHCI]. The GdnHCI
dependence of the free-energy for unfoldingp(n
dAGp_n/0[GANHCI]) at the midpoint for the unfolding
transition (GdnHGI,;) was obtained from titration data
according to (Pace, 1986)

second-order polynomial to the refolding data in Figure 1:

U1A May Either Fold Rapidly in a Two-State Process, or
More Slowly from an Off-Pathway Aggregate, Depending
on Sobent Conditions and Protein Concentration

In a two-state process, the equilibrium constant for
unfolding Kp-n) is given by the ratio of the unfolding and
refolding rate constant&(andks) (Jackson & Fersht, 1991),

O] _k

Ko-n= N = E=’ log k= log k, — log Kp_y (1)

Monomeric U1A Folds Mainly by High-Energy
Conformations in a Two-State Process

The activation barrier for unfoldingAG:—n) is defined
here as the free-energy difference between N and an apparent
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Table 1: Fast Folding of U1A is a Two-State Process Which Seems may then be visualized as the saddle point in the free-energy

To Take Place Directly from the Denatured State landscape which is defined by the Boltzmann distribution
) of entities (Bryngelsoret al, 1995; Matthews & Fersht,
MGy =~ GANHCL, 1995). Similar to the f f unfoldingGs v i
(kcalimol) M) Mooy ). d|m|dar O'b e free-energy oI uln 0 |r(1]|g, ¢_h(,j|s
equilibrium unfolding 9.3t 0.2 4.07+ 002 —-23+0.0 expected to describe an approximately linear depenaence on
Kinetics 91+ 0* 408 221 0.1 [GdnHCI], where the gradient_y reflects the change in

solvent-accessible surface area upon activation (Tanford,

aThis is supported by comparison of equilibrium and kinetic data 1970; Matouschek & Fersht, 1993; Parkeal, 1995).m;
] y 5 o . —N

(eq 1), which yield the same parameters for the protein stability

(AGp_vn). AGHS, is the stability in pure water, GdnHgJ is the is obtained from the unfolding rate constant by
GdnHCI concentration at whichGp-y = 0, andmp -y is the GdnHCI
dependence dhGp-y. ® The value is determined by standard GdnHCI keTk  AG;_y - dlog k, My

denaturation experiments (eqs 2 and’GH3, = —2.3RTlog Kp- log k, = log - = (7)
— —2.RT(og k, — log k) at [GANHCI| = 0 M (egs 1, 4, and 6). The h - 23RT 9GdnHCI] 2.3RT

derivation does not take into account the-gisans equilibria of the PO : :
SO . ) . where the left hand expression is Eyrings rate equation. Th
prolines in D, which contribute to a small underestimateA@GH2, and expre ynng equatio €

(Jackson & Fersht, 1991). The difference is within the experimental pre-exponential faCto'kBTK/h. ~ 107 S.il' IS the maximum
error. 9 Obtained from the intersect between the fits in Figure 1 where rate of an elementary reaction step in small molecules (the
log ki = log k, (egs 4 and 6)*mpn = m:n — Mb-+ (eqs 1, 3,and 7;  vibrational frequency). This is most likely an overestimate
Jackson & Fersht, 1991). for structural diffusion in proteins (Hagest al., 1996), but
the term cancels upon derivation and will not affect our

8 derivation of kineticm values.

25 F The proportionality between structural changes amd
values allows a crude determination of the extent of structure
in the transition statef] according to

2

obs

1,5

1

log k

My
Mp_n

0,5

=1 (8)

0.5 I L 1 AN L 1

o 1 2 3 4 5 6 7 8 wheremp_y is the value for the D= N transition (eq 3),
1\ [Gd“Hf'] (M) / and/* is a reaction coordinate for folding based on solvent
exposure of the polypeptide (Tanford, 1970; Matouschek &
p*=026 p*=0.56 pt=084 Fersht, 1993; Parkest al,, 1995). Thus, if the structure of
; . the transition state resembles the denatured sfate; 0,
t — ,/ \ whereas if it resembles the native stg#é,= 1. In most

kf\ S E other studiesnp—y andms_y are approximately independent

i L N of [GdnHCI] (Jackson & Fersht, 1991; Mamet al., 1994;
D L ||D N|D Kiefhaber, 1995), although in some cases decreases
N slightly at high concentrations of denaturant causing a
: curvature in plots of log, (eq 7) (Matouschek & Fersht,
Reaction Coordinate () 1993). The reason for this change is unclear, mainly because

Ficure 1: GdnHCI dependence of the rate constants for folding the binding of denaturants like GdnHCI is poorly 'un.derstood
and unfolding of U1A, together with free-energy profiles for the (Schellman, 1978; Pace, 1986). Since the equlibrium value
folding reaction. Top panel. The rate constants were obtained by mp_y shows much smaller variations, however, it has been
fitting of exponential functions to stopped-flow data and are in units gpeculated that the curvature is due to changes in the structure

of inverse seconds. The left arm of the v-shaped plot shows the e i
. . ! of the transition state upon addition of denaturant (Matous-
fold t t @) dth ht hows th fold
refolding rate constank{ O), and the right arm shows the unfolding chek & Fersht, 1993).

rate constantl(,, ®). The curves are polynomial functions (eqs 4 ) .
and 6) which represent two-state folding directly from the denatured ~ With U1A, the curvature of logk, vs [GdnHCI] is
state (eq 1). The matching curvatures of lkgand logk, are unusually pronounced (Figure 1, eq 4). Notably, the folding
suggested to result from structural changes of the transition state.reaction displays precisely the opposite curvature (eq 6),
The deviation from two-state folding observed at protein concentra- resulting in a constant value of_y according to eq 1. The

tions above~3 uM (K%, a) is caused by transient aggregation of L : L
denatured protein under refolding conditions (Silow & Oliveberg, Pehavior is unlikely due to intrinsic effects of the GdnHCI

1997). Bottom panels. Free-energy profiles for folding of the U1A binding. This since binding models (Schellman, 1978; Pace,
monomer, obtained from the data in the top panel and eqs 7 and 8.1986) and experimental findings (Pasteal., 1990; Johnson
The curvature of lods and logk, indicates large movements of & Fersht, 1995) suggest a decreasing sensitivity to denaturant
the transition stateHj along the top of a very broad energy barrier. \yith increasing [GAnHCI], as opposed to the accelerating

The degree of solvent exposuredois given bys* (eq 8). In pure Lo
water, ¥ is relatively expanded (left panel), whereas at higher GdnHCI dependence of log in Figure 1. We conclude,

[GdnHCI], # becomes more consolidated (right panel). This because therefore, that the coupled curvatures of lkagand logk
the conformations along the reaction coordinate are destabilisedresult from a shift of the structure of a common transition

by GdnHCI in proportion to their solvent exposure which causes state and thap* (eq 8) describes the movement of this
the highest part of the energy barrier to move (Figure 2). transition state on the B> N reaction coordinate. As the
transition state for unfoldingt). We use the term apparent value of ¥ varies from 0.26 in pure water to 0.84 at
transition state to emphasis that in high-dimensional reac-[GdnHCI] = 8 M, the transition state appears to undergo
tions, like protein folding, all partly structured conformations large conformational changes upon destabilization. The
represent ensemble averages. The transition-state ensembleehavior suggests a reaction profile with a very broad energy

Free Energy
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) 4 the reaction coordinate (Matthews & Fersht, 1995). At the
e extreme, however, changes between few and well-separated
barriers are identified by sharp kinks in the chevron plot, as
observed in the unfolding reaction of Arc repressor (Jonsson
et al, 1996). Despite these limitations, the reaction profile
obtained here provides a useful description of the macro-
scopic pathway for comparisons with theory. This is nicely
illustrated by recent calculations on folding kinetics by
Finkelstein and Badredtinov (1997) and by Plotldahal.
(1997). The latter study yields also large movements of the
transition state upon destabilization.

Three-state

Free Energy

\
Broad
Two-state

Is the Conformational-Search Problem in Protein Folding
Resoled at Transition-State Lel?

Although high-energy folding is a feature of all two-state
proteins, previously studied proteins seem to have more
narrow and pointed activation barriers than U1A. This is
indicated by the lack of curvature in plots of ldg vs
[denaturant] (Jackson & Fersht, 1991; Vigueteal., 1994;
Kragelundet al, 1995). With narrow activation barriers,

> only a limited part of the folding reaction takes place at
transition-state level and there may be substantial free-energy
FIGURE 2: Movements of the transition stat&) (with [GdnHCI] dips in other parts of the reaction profile. Such local free-
can be explained by simple binding theory. The figure shows two energy minima would represent on-pathway intermediates
ey Proes o s e g ich:lthough thy do ot popate, may incicate & oding
conditions are sh%wn in black and grey respectively. GdnHCI favor% m_echanlsm similar to that of three-state proteins (.Flgure 2).
protein conformations which provide the highest number of GdnHcl With ULA, on the other hand, we observe a reaction where
binding sites. Therefore, the compact native structure (N) becomesmost of the structure forms at transition-state level. The
destabilised relative to the extended and solvent accessible denaturefligh-energy nucleation is here likely to start early in the
state (D). Partly structured conformations, like folding intermediates folding process and to propagate isoenergetically by a series

(), are destabilized by GdnHCI in proportion to their solvent - . o . .
exposure. The solvent exposure is here decreasing linearly anngOf increasingly structured transition states, until the protein

the reaction coordinate between D and N. Top. Three-state proteinsfinally drops down in the potential well of the native
have relatively narrow and highly structured activation barriers. The conformation (Figure 2). U1A may thus represent a new
sharp activation barrier results in small movements of the transition ¢|ass of proteins which fold by high-energy channeling. The
state along the reaction coordinat&%'') upon destabilization. Two- concept implicates a mechanism where the pathway leading

state kinetics is seen at [GdnHCI] where | is less stable than D. It h . inis d ined by th 's abili
is predicted that two-state proteins which fold via high-energy O the native protein is determined by the sequence’s ability

intermediates have related reaction profiles, i.e., sharp activationto stabilize productive transition states and not by confor-
barriers which show small changes with [GdnHCI]. Bottom. The mational restrictions in the denatured state or in high-energy
large changes in solvent exposure of the transition state of U1A jhtermediates. In a highly evolved system, this would be

suggests a very broad and flat activation barrier. Under native : ; e :
conditions, the transition state of U1A is rather solvent accessible _manlfested in a low and flat transition barrier where losses

and close to D on the reaction coordina).( Upon addition of N conformational freedom are precisely balanced by gains
GdnHClI, the structured end of the broad activation barrier experi- in intramolecular interactions. If the nucleation is too strong,
ences a greater destabilization than the less structured end. Thighis would cause overcompensation and stabilization of

causes its highest point to move along the reaction coordinate jntermediates which slow down the folding process.
towards N ).

Free Energy

Reaction Coordinate
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