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Proteins are held together by many weak contacts, each corresponding to a local reaction coordinate. The
activation barrier for folding is distributed along a resultant global folding coordinate. Hence folding bar-
riers are low, and could even become comparable to the thermal energy kT. In that case, proteins become
downhill folders, with folding times in the microsecond region. Small barriers allow the diffusion of pop-

ulation along the reaction coordinate - the molecular rate - to be observed directly. Five simple free
energy building blocks can explain all experimentally observed fast folding data, revealing a range of
behaviors from low barrier crossings to completely downhill folding.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Protein folding is a rich biological, physical and chemical prob-
lem: protein sequences are subject to evolution for function; their
folding is subject to basic physical constraints, from excluded vol-
ume to loop entropies; the many weak chemical interactions, such
as hydrogen bonds, or water-sidechain interactions leading to the
hydrophobic effect, produce a complex energy landscape [1].

Protein folding can be viewed as a unimolecular reaction con-
necting the unfolded and folded states, but the existence of a single
folding coordinate is less obvious for proteins than for small mol-
ecules because many distributed weak interactions occur. None-
theless, a small number of important global coordinates must
emerge, or folding reactions would not be as fast (us to hours) as
they are empirically found to be.

Energy landscape models first suggested that the entropy and
enthalpy of folding could nearly cancel at each step along a global
folding coordinate, resulting in downhill folding [2]. Proteins are
held together by many weak interactions with strengths of a few
kT ~ 1-10 kJ/mol. So it is possible that the most important reaction
coordinate is composed of many small steps, each of which de-
creases the entropy of the solvated chain and the contact enthalpy
among residues by small, compensating amounts. The net result is
a series of small free energy barriers along the global reaction coor-
dinate termed ‘residual roughness’. Folding along such a reaction
coordinate is a hindered diffusion process, rather than an activated
barrier crossing, when the largest barrier is on the order of kT. We
say that such a protein has a strong bias towards the native state,
or folds downhill towards the native state.
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When a protein is stressed, one or more of these small barriers
could grow beyond a few KkT. Stressing results from tuning the tem-
perature above or below the temperature of maximal stability in
Fig. 1, adding denaturants, or mutating amino acid residues to de-
crease protein stability. Such destabilizing residues can be intro-
duced by evolution for protein function or by evolution against
protein aggregation [1,3]. The consequence of larger barriers is
folding through a sequence of intermediates, or even folding over
a single dominant barrier, so-called two-state folding [4]. The
‘intermediates’ scenario has been accepted for decades, and many
examples have been studied [5]. The two-state scenario is more re-
cent, but ample evidence exists that it adequately describes the
folding of many small proteins [4]. The downhill scenario is the
youngest and most controversial. One reason for the controversy
is that in the past, protein folding was mainly studied by stressing
proteins, in the process creating activation barriers that obscure
downbhill folding (Fig. 1). As discussed later on, applying such stres-
ses systematically, for example by tuning the temperature, can be
used to identify downhill folding.

The comparison of activated and diffusional time scales re-
quired by downhill protein folding creates an interesting conun-
drum. Modern unimolecular rate models based on the theory of
Kramers [6] posit an activated reaction rate

ka = K (1) C'/RT. (1)

The activated rate coefficient k, is split into a molecular rate coeffi-
cient k;,, dependent on local viscosity o [7,8], and a Boltzmann fac-
tor that accounts for reduced population at the free energy barrier
AG'. When the folding process is downhill (AG" = 0), a molecular
phase with rate coefficient k,, is observed, corresponding to the rate
of diffusion between folded and unfolded states; complex diffusion
processes may not even be characterized by a single rate coefficient
km, and are often fitted by stretched exponentials [9,10]. When the
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Fig. 1. Correlation between downhill folding and protein stability. (Top:) Orange to green signifies the shift from activated to downhill folding throughout the paper. Near the
heat and cold denaturation transitions (T, and T.q) where the folding free energy AG =0, folding is generally an activated process (orange). When stress on the protein is
reduced, AG reaches a minimum at the point of maximal stability. Very stable proteins (left) will reach the green downhill zone because the free energy surface (left bottom)
is highly biased towards the native state. Less stable proteins (right) never achieve strong enough native bias, and never reach the green downhill zone. N, H and C indicate the
locations of the native, heat- and cold denatured states of the protein along the reaction coordinate.

folding barrier is large, the molecular rate coefficient k, is simply
the prefactor for activated folding. For activated processes, only k,
can be measured directly, leaving AG' dependent on the choice of
km. km in turn depends on the choice of reaction coordinate, which
is not as obvious for proteins as for small molecules. Consider a local
coordinate: a particular rotation of an amino acid side chain may
have kg, ~ 1 ps~'. The problem with such local coordinates is that
many are required to describe folding even approximately. By
coarse-graining the coordinates, one eventually arrives at global
coordinates that are more efficient descriptors of folding. Such glo-
bal coordinates, like formation of several tertiary contacts that de-
fine the folded shape of the protein, will have much slower
molecular time scales, typically on the order of k‘;] = 0.05-1 ps.
The essential idea of defining a free energy surface for protein fold-
ing, as opposed to the full protein-solvent potential energy surface,
is to find a good coarse grained global coordinate.

This is a recurring theme in chemical physics: how do we scale
our understanding of a large number of fast, localized processes, to
account for a much slower, global process? The idea of slaving of
slow protein motions to fast solvent degrees of freedom is a
‘top—down’ example of this problem [11]. Studying local conforma-
tional transitions of small peptides to infer information about how
the much larger protein might behave, is a ‘bottom-up’ example
[12]. Fortunately, the theory of reaction dynamics provides us with
two very general criteria for choosing good global reaction coordi-
nates [7]:

- A good set of global coordinates spans the transition region
between folded and unfolded states with a minimal number
of recrossings, thus yielding a minimal kp,.

- A good set of global coordinates is of minimal size while pro-
jecting out maximal information about the reaction (location
of local minima and saddle points traversed with high proba-
bility during folding).

From an experimental point of view, different spectroscopic
probes S(x) represent different coordinates and monitor different

protein populations [13]: the IR spectrum at 1650 cm™~! monitors
extent of helical hydrogen bonding; tryptophan fluorescence
quenching and FRET (Forster resonant energy transfer) monitor lo-
cal contacts; SAXS (small angle X-ray scattering) monitors the ra-
dius of gyration; an NOE (nuclear Overhauser effect) peak
monitors the proximity of two sidechains. All these probes are
fairly coarse-grained already. The k,, values for these probes, if
they could be measured, yield upper limits for the average molec-
ular rate along the best single (or at least the best few) global reac-
tion coordinates needed to describe folding. The observed rate k,
may still turn out to be much slower than k;, for any choice of
probe, in which case a genuine free energy barrier exists for the
overall folding reaction.

By allowing the direct observation of protein populations every-
where along the reaction coordinate, downhill folding makes a con-
nection between local dynamics and global kinetics not possible
with activated folding: k., can be measured separately from k..
Fig. 2 illustrates how this works, and makes the crucial point, occa-
sionally overlooked in the computational folding literature [14,15],
that identifying downhill folding kinetically or thermodynamically
requires stressing of the protein [8,10,16-18]: The protein free en-
ergy surface must be tuned, for example by changing temperature
as shown in Figs. 1 and 2. Upon tuning, downhill free energy sur-
faces predict robust correlations between kinetic amplitudes and
rates that would require inordinate fine-adjustment of parameters
to be explained by activated kinetics via intermediates [13].

One such prediction is a smooth transition from slow exponen-
tial kinetics, to a slow exponential plus fast phase, to just a fast
phase when a protein of the type shown in Fig. 1A is stabilized
by lowering its temperature from Ty, to the temperature of maxi-
mal stability. Under stress (Fig. 2, top), the protein ensemble sam-
ples only the folded and denatured wells, and a slow single
exponential unimolecular reaction is expected. When stress is low-
ered, the folding protein population samples the entire reaction
coordinate with significant probability. Now the unimolecular
reaction kinetics are preceded by a fast molecular phase with rate
coefficient k,, sampling diffusion of the protein population. This
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Fig. 2. Kinetic and thermodynamic studies of downhill folding rely on smooth tuning of protein behavior when stress on the protein is changed by temperature-, solvent- or
mutation-tuning. (Top:) high stress (AG =~ 0, unfolded and folded free energies are equal): the activation barrier is large, the barrier-top population is small, and single-
exponential activated kinetics (orange) are observed. All probes yield the same reaction rate. Middle: stress is reduced (AG < 0), and the barrier is low enough so a significant
barrier top population exists. The fast molecular phase (green) and the residual activated phase (orange) coexist. (Bottom:) minimal stress results in a merger of activated (k,)
and molecular (k) rates for particularly stable proteins. Probes with different coordinate dependence S(x) (red, blue) yield different reaction rates.

becomes observable even in experiments with moderate signal-to-
noise ratio when the bias towards the native state drops activation
barriers below 3 KT, assuring >5% protein populations in the tran-
sition region between unfolded and folded states (Fig. 2, middle).
Finally, if the protein is sufficiently strongly biased towards the na-
tive state (Fig. 2, bottom), only the fast molecular phase remains. It
has been observed as either a single exponential relaxation with
rate coefficient ky,, or as stretched exponential relaxation, depend-
ing on the nature of downhill diffusion process [16,19]. According
to a recent proposal, some proteins remain in the downhill limit
even when they are stressed [17]. We will term folding with barri-
ers above 3 kT as activated folding, between 1 and 3 kT as incipient
downhill folding, and below 1 kT as downhill folding. These values
are somewhat arbitrary, but it is fair to say that they correspond to
zones where activated rate theory fails only slightly, or signifi-
cantly, or completely [20].

2. A brief history of downhill folding

Downhill folding was first proposed by Bryngelson, Onuchic and
Wolynes in 1995 [2], and termed the ‘type O’ scenario of folding
(bottom of Fig. 2). In their scenario, a given native protein fold
can be achieved without a barrier under optimal sequence and sol-
vent conditions. If the protein is stressed, energy-entropy compen-
sation is lost, and one or more significant barriers appear (type 1
folding, also known as two-state folding; top of Fig. 2). More re-
cently, a scenario having a single well at all temperatures has been
proposed by Mufioz and coworkers [17]. Such a protein retains the
ability to fold downhill even under thermal stress.

kn has been estimated by diffusion measurements on unfolded
peptides, and was found to be about (1 us)~! for a chain length of
about 50 residues [21]. Downhill folding to a compact state under

reduced thermal stress was first observed by Sabelko et al. in 1999
[10]. They measured an exponential to non-exponential transition
of kinetics when the protein was stabilized, attributed to appear-
ance of the molecular phase ki, (Fig. 2). This and subsequent work
determined a molecular rate of (20-35 us)~! for the 415 residue
enzyme phosphoglycerate kinase. Dyer and coworkers [22], and
more recently Tokmakoff and coworkers [23], have used tempera-
ture jumps to switch the location of the activation barrier along the
reaction coordinate, such that downhill folding from the barrier
top could be observed. In several papers since 2003, Yang, Liu
and Gruebele have reported a complete exponential-non-expo-
nential-exponential kinetics transition of the type summarized in
Fig. 2, with ky, =~ (1-2.5 us)™!, and k, ranging from 2.5 ps to 2 ms
[8,16,24]. They also showed that the molecular rate coefficient
km, but not the activated rate coefficient k,, is viscosity-dependent
(Eq. (1)). The groups of Gai, Eaton, and others [25-29] have ob-
served several more fast folding proteins and peptides, some of
which are fast enough to be completely in the downhill limit, while
others show non-exponential kinetics which we interpret in terms
of incipient downhill folding as outlined in Fig. 2. Very recently, a
family of 35 WW domains (named after two tryptophan resi-
dues=WW) has been investigated, uncovering four incipient
downhill folders and establishing a quantitative correlation be-
tween protein stability and downhill folding [20].

Although not the main topic of this Frontiers article, folding
thermodynamics have also been scrutinized in detail. In thermo-
dynamic folding experiments, the temperature or solvent is tuned
until a change of state (between U =unfolded, N = native, or
[ = intermediate) is observed. For example, one refers to ‘melting’
the protein when the temperature is increased so N — U (at T, in
Fig. 1). Probes such as infrared, fluorescence, SAXS, or NMR,
already discussed above, are used to monitor the state change.
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A key problem in such experiments is that one has to distinguish
baselines (due to the intrinsic temperature dependence of fluores-
cence intensity, for example) from real changes in signal caused
by folding. In 1999, Parker and Marqusee pointed out that down-
hill U — I transitions could mimic activated two-state folding if
one allows for baselines when probes are tuned [30]. In 2002 Sad-
qi et al. showed that downhill folding could lead to melting point
discrepancies and inconsistent baselines when different probes
are compared [31]. Their work was subsequently extended to a
whole array of probes. Other very fast folding peptides and pro-
teins have also been shown to have thermodynamic anomalies,
such as inconsistent melting points when interrogated by several
different probes [32]. As in the kinetic measurements, tuning of
parameters such as temperature is key to identifying downbhill
folding.

Downhill folding kinetics have been examined critically in the
literature. It has been pointed out that non-exponential or probe-
dependent kinetics observed at a single temperature are not a un-
ique signature of downhill folding, and that activated three-state
fits could also account for the results [14]. These arguments have
been answered by observation of a complete exponential-non-
exponential-exponential transition as outlined in Fig. 2, by direct
thermodynamic and kinetic comparison of an activated protein
with a similar downhill protein, by the temperature- and viscos-
ity-dependence of probe-dependent kinetics, and by a survey of
many fast folding proteins [18-20,24,33], showing that the appear-
ance of downhill folding is always correlated with increased stabil-
ization of the protein Fig. 1. Computational work has indicated that
some of the hotly debated examples can fold downhill (<1 kT bar-
rier), incipiently downhill, or over a significant barrier, depending
on the exact details of sequence and solvent used [34]. Other pro-
teins have been engineered to fold to the same structure by many
different mechanisms, showing that the same folded structure can
support multiple mechanisms [3,16,19,20,24,35,36]. At the very
least, all of these results indicate that barriers are not much greater
than the intrinsic energy landscape roughness, estimated by theory
and experiments between 0.8 and 1.3 kT [16,32,37,38].

3. Molecular rates and activated kinetics from five free energy
building blocks

We previously applied the Langevin dynamics model to folding
along one or two reaction coordinates, generalizing Eq. (1) to low/
multiple barriers [13]. Here we review this model and its key fea-
tures, so we can use it to interpret the fast folding data in the cur-
rent literature in the next section.

Rather than describing motion along the free energy surfaces in
Fig. 2 by a discretized set of states and a kinetic master equation,
we describe the dynamics of a protein trajectory by continuous
motion along the reaction coordinate,

OG(X,T,P) _dx
ox Tdt

The derivative is the force acting on a protein as a result of the free
energy surface G, the velocity term represents frictional damping,
and the random force term ¢, related to the frictional term y by the
fluctuation—dissipation theorem, describes Brownian dynamics of
the protein in the implicit solvent. In a relaxation experiment such
as a temperature jump, G is suddenly switched by switching T. The
resulting out-of-equilibrium distribution relaxes back to equilib-
rium according to Eq. (2). A more complete discussion, including
higher dimensional reaction coordinates, is given elsewhere [13].
The key ingredient is the free energy surface G(x, T, P) as a func-
tion of reaction coordinate x. For proteins, G is made of five basic
components that can be assembled to match different folding sce-
narios. Fig. 3A-E illustrates these five building blocks, and shows
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Fig. 3. Free energy building blocks in one dimension that contribute to observed
dynamics of fast folding. The thick free energy indicates a protein under higher
stress (e.g. temperature near the melting point T,), the thin free energy curve
indicates a protein under lower stress (e.g. temperature below the melting point).
(A) Roughness can alter the coarse-grained diffusion coefficient, or create local
minima deep enough to be labeled long-lived intermediates; (B) the unfolded state
local minimum becomes more native-like when stress is reduced; (C) the relative
free energy of highly unfolded states increases when stress is reduced; (D) the free
energy is biased towards the native state, reducing the activation barrier by Ha-
mmond’s principle; (E) native bias is so strong that melting occurs without form-
ation of an activation barrier.

how they are altered when the native bias (the relative stability
of the native state) is changed.

Simulations and experiments report a residual roughness of
about 1 KT for proteins (Fig. 3A) [16,38]. The roughness depends
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on solvent and sequence. For example, salt bridges made by amino
acids of opposite charge can increase roughness through non-
native pairwise interactions. Increased native bias can also lead
to a more compact protein with increased self-friction and hence
more roughness [39]. Paradoxically, the resulting increased rough-
ness keeps the folding rate constant as the protein begins to fold
downhill. Fig. 4 shows how the effective diffusion coefficient scales
with roughness for surfaces with an average barrier of 2 kT. At very
low temperatures, the hydrophobic effect is eventually reduced,
and roughness decreases with the onset of cold denaturation.
When the roughness increases to several kT in scenario 3A, the
resulting deep local minima can be identified as a long-lived inter-
mediates, making a connection with that classic folding scenario.
The protein folding kinetics then show at least a double exponen-
tial decay, but both phases have a folding time longer than several
us, and their amplitudes and rate coefficients are not correlated in
any particular way, unlike the downhill folding scenario in Fig. 2.
The residual native structure of unfolded proteins increases
with more native bias. This has been verified directly by single
molecule experiments that observed unfolded proteins under na-
tive conditions [40]. Such pre-existing structure in the unfolded
state can greatly speed up folding. In Fig. 3B, the unfolded free en-
ergy minimum shifts towards the native state. In scenario 3C, the
highly unfolded states are less populated as their free energy be-
comes large. This results in a steep free energy gradient 0G/dx dur-
ing relaxation experiments, and hence a very fast molecular phase.
Scenario C can lead to biexponential kinetics with a ratio of k,/
k. > 50 and a molecular phase amplitude A, > 10%. The unfolded
population immediately after the jump in free energy folds down-
hill very rapidly (ky), and then undergoes a slower barrier crossing
(k,). The fast phase k;, will be faster than the diffusive motion at
the barrier, which has a less steep slope. Thus the observed ki, sets
an upper limit on the diffusive dynamics in the transition region.
Even when the unfolded structure does not shift very much,
increasing the native bias decreases the activation barrier accord-
ing to Hammond'’s principle [41]: the transition state does not have
all the favorable contacts of the native state, but it does have some
of them; stabilizing the native state thus also stabilizes the transi-
tion region. This trickle-down effect from native state to transition
region leads to the case shown in Fig. 3D. As the native state is
stabilized and the activation barrier is lowered, relaxation kinetics
shift from a slow single exponential (k, only), to stretched + expo-
nential (molecular phase and k,), to fast stretched kinetics (mole-
cular phase only). If downhill diffusion is normal, the molecular

2.0+

D/D*
on
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1.0
T T T

)
0.0 0.4 0.8 1.2
Roughness(kgT)

Fig. 4. Computed dependence of the inverse effective diffusion constant ]/D* on the
root-mean-square roughness of a free energy surface with a minimal barrier of 2 kT.
A similar result is obtained for net barriers in the 0-3 kT range, with diffusion
decreasing slightly at larger roughness.

phase may be characterized by a single rate coefficient k, instead
of a stretched exponential, as assumed in Eq. (1). In scenario 3D,
the amplitude A, of the fast molecular phase is significant only if
km/ks <15, and amplitude and ratio are strongly correlated as A,/
(As+tAm) = 0.5-0.025(km/ka—1) [13,24]. This smooth correlation of
amplitudes and rate coefficients has been used to identify downhill
folding.

Fig. 3E shows the scenario of downhill folding with the stron-
gest native bias. There is no barrier left even under stress, and
the single well simply shifts from the unfolded state to native state
gradually as native bias increases. We expect to see ultrafast
stretched- or single-exponential folding kinetics, depending on
whether diffusion is anomalous or normal, but no exponential-
non-exponential-exponential transition. The folding rate on such
a surface is less temperature-dependent, with only changes in dif-
fusion coefficient and roughness on a kT energy scale contributing
to changes in the observed rate.

In real proteins, the five building blocks A-E will not contribute
in isolation, but can be combined to explain the observed fast fold-
ing kinetics. Different proteins will have observed dynamics con-
trolled by different free energy building blocks.

4. A survey of experimental downhill candidates

The observed fast folders fall into several categories, based on
the dominant building blocks of their free energy surfaces. Our
Langevin dynamics simulations quantitatively fit the experimen-
tally observed behavior, and in some cases, allow assignment of
previously unassigned kinetic phases. Fig. 5 illustrates four classes
of downhill folding or incipient downhill folding proteins and pep-
tides. Representative free energy curves as a function of tempera-
ture are shown on the left, and calculated relaxation kinetics
following an instantaneous temperature jump between the two
free energy curves are shown on the right. Generally, a smooth bias
of the free energy towards the native state as the temperature is
lowered suffices to fit the experimental data.

The first category of proteins Fig. 5A makes a gradual transition
from activated to downhill folding upon reducing stress. In most
studies stress was reduced by lowering the temperature below
the melting temperature. When folding is monitored by spectro-
scopic probes whose signal changes slowly across the transition re-
gion (S'(x) in Fig. 2C), ky, reflects diffusional dynamics governed by
residual roughness in the transition region. This corresponds to
Fig. 3D. Typical representatives of this category of proteins are mu-
tants of lambda repressor fragment 6-85 (1¢_gs) [8,16,19,24], the
artificial three-helix bundle o3D [25], and mutants of the beta sheet
protein WW domain [20]. The wild type of (1_gs) is a fast two-
state folder and folds with single exponential kinetics at all tem-
peratures. By successively combining mutations that stabilize the
native state, such as Y22W, G46A, and G48A, and D14A, a smooth
transition from activated, to incipient downhill (stretched + expo-
nential), to downwhill folding has been observed (Fig. 5A). In the
incipient downhill folding region (barrier between 1 and 3 kT),
the simultaneously observed molecular and activated phases are
strongly correlated irrespective of mutation, temperature, or sol-
vent additives. The correlation obeys the formula predicted by
Langevin dynamics simulations on downhill surfaces as discussed
in the previous section. The molecular phase has ky ~ (1-2 ps)™!
[8,16,24]. Additional experimental clues pointing towards down-
hill folding include probe-dependent kinetics (Fig. 2C) [19], and
different viscosity scaling of molecular and activated phase [16].
No model other than downhill folding has been able to explain
all of these observations quantitatively. The 73-residue three-helix
bundle protein 3D also shows a signature of incipient downhill
folding [25]. IR and fluorescence probes both reveal very fast
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Fig. 5. Free energy surfaces (left) and Langevin simulations of downhill relaxation dynamics (right) constructed from the basic free energy building blocks. The dotted surface
is the one under higher stress = less native bias. Changes in roughness are accounted for here by changing the ratio (D /D) compared to the nominal diffusion coefficient
D =10"*nm/ns>. 1, is defined as km1 (Top row:) proteins like lambda repressor smoothly lose their barrier when native bias is increased. The experimental data ranges from
fully downhill folding (green, fast single exponential) to activated folding (orange, slow single exponential). Incipient downhill folding is fitted by a Langevin simulation
combining both fast molecular and slow activated phases. Protein sequences and solvent conditions in order of increasing stability are: LG (Y22WA47,49 G mutant in 0.5 M
GuHCI denaturant at 34 °C), AYA (Y22WQ33YG46,48A mutant in 68 °C phosphate buffer) and AHA (Y22WQ33HG47,48A at 44 °C in phosphate buffer [8,16,24]). (Second row:)
Proteins like BdpA have a probe that emphasizes changes in residual unfolded state structure when the native bias changes. This results in a faster molecular phase (smaller
m). Large differences in probe S(x) can even lead to non-monotonic kinetics (compare our simulation to data in fig. 1 of Ref. [42]). (Third row:) Proteins like engrailed
homeodomain retain a small (here, 4 kT) free energy barrier to the native state, but unfolded state structure forms downhill (<1 kT barrier) and there is a loss of highly
unfolded states under native conditions. Langevin dynamics show the resulting three phases, a very fast molecular phase analogous to BdpA, a slower molecular phase
analogous to lambda repressor, and an even slower activated phase (compare our simulation to data in fig. 4 of Ref. [43]). (Bottom row:) Proteins like the designed beta-strand
protein PPPP-II remain biased downhill even under non-optimal conditions (e.g. higher temperature). A fast single exponential decay is observed in Langevin dynamics, or a
fast stretched exponential if diffusion is higher-dimensional or anomalous (compare our simulation to data in fig. 3 of Ref. [27]). These four scenarios and similar fits for other
fast folders explain all current fast folding data in terms of incipient or complete downhill folding.
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2-3 ps folding kinetics, but with a different temperature depen-
dence for each probe (Dumont, Zhu, Gai & Gruebele, unpublished
results). Several incipient downhill folders have been identified
among stabilized mutants of 35-residue variants of WW domain
[20]. Only proteins with a melting temperature higher than a
threshold of 50 °C show stretched + exponential kinetics with a
molecular rate k;, ~ (1-5 ps)~'. The model depicted in Fig. 1A accu-
rately predicts this threshold temperature observed in kinetics
measurements [20].

A second category of proteins (Fig. 5B) undergoes a rapid popu-
lation shift, driven by the large gradient 0G/ox of the unfolded state
free energy illustrated in Fig. 3C. The corresponding k;, sets an
upper limit on the diffusional time scale in the transition region,
where such large gradients are absent. Such proteins have kp,/k,
>> 15 and large amplitudes for the molecular phase. The activated
rate coefficient k, can also be fast, indicating downhill or near-
downhill folding. HP35 (chicken Villin headpiece, a 35-residue
helical three-helical bundle) [28,29] and BdpA (B domain of staph-
ylococcal protein A, a 58-residue three-helical bundle) [42] are
examples of this category. The molecular rate coefficient is >
(100 ns)~! and the slow phase ranges from several ps for mutants
with a low activation barrier, to sub-ps for mutants with activation
barriers <2 kT. For HP35 and BdpA, k,, probably corresponds to he-
lix-coil equilibration. Fig. 5B shows free energy surfaces and Lange-
vin dynamics simulations for the latter case, which accurately fit
the experimental data. An interesting observation can be made
for the fast fluorescence phase of BdpA. The nonmonotonic fluores-
cence observed experimentally was attributed to laser-induced
cavitation during the temperature jump experiment. While this
is entirely possible, it is somewhat unlikely that a transmission
experiment (IR) would be unaffected by cavitation, while detection
of more isotropically distributed fluorescence would be. Our LD
simulation data perfectly fit the non-monotonic fluorescence data
and monotonic IR data simultaneously, simply by switching their
probe function S(x) at different position along the reaction coordi-
nate (Fig. 5B).

A third category of proteins Fig. 5C are explained by the build-
ing block in Fig. 3B, modulated by roughness from Fig. 3A. EnHD
(Engrailed homeodomain, a 61-residue three helix bundle) has
more complicated folding kinetics as a result [43]. Three phases
are observed, and our model can account for all of them (Fig. 5C).
IR shows an ultra fast phase of 100 ns. Both IR and fluorescence
show a fast phase of ~2 ps and a ‘slow’ phase of ~20 ps. In our
view, a large shift in secondary structure content of the unfolded
state results in the ultrafast IR phase, providing an upper limit
for k. Subsequent 2 ps relaxation in the unfolded free energy well
rapidly produces a more compact unfolded state following down-
hill diffusion over landscape roughness <2 kT. Finally, the molecule
folds over a small barrier (~4 kT) in 20 ps. Phosphoglycerate kinase,
the first protein whose experimental data was analyzed in terms of
downhill folding, is another example of an initial downhill step fol-
lowed by activated folding [10]. It switches from slow exponential,
to fast non-exponential, back to slow exponential kinetics, as the
temperature is raised from cold denaturation, to maximum stabil-
ity, to heat denaturation. This was interpreted as downhill forma-
tion of a folding intermediate surrounded by two-state formation
of the intermediate under stress. The native state of PGK forms
in ms to seconds over a barrier of >6 kT.

A final category of proteins folds very fast, always with a single
or near-single exponential decay over the measured temperature
range (Fig. 5D). Peptides and proteins in this category include a
mutant of the GA module of an albumin binding domain (K5I/
K39 V, folds in 1 ps) [26], the designed Trp-cage (folds in 1 ps)
[44], and the artificial beta-strand protein DpDp-II (relaxation time
140 ns) [27]. These proteins almost reach the predicated folding
speed limit and show very little temperature dependence of fold-

ing rates, a sign of likely downhill folding over the full temperature
range (Fig. 3E). But to further confirm the single-well folding sce-
nario, more thermodynamics measurements with different probes
need to be tested. So far, only a mutant of lambda repressor has
been shown to have probe-dependent thermodynamics at the
melting temperature, a separately measured molecular rate of
(1.5 ps)~!, and weakly temperature-dependent kinetics character-
istic of at least incipient downhill folding at the melting transition
[24]. Probe-dependent thermodynamics of BBL [17,31] also makes
that molecule a likely candidate for fast and only weakly tempera-
ture-dependent folding kinetics.

5. Summary and conclusions

Downhill protein folding allows bulk experiments to directly
elucidate the complicated protein folding free energy landscape,
by revealing both local diffusional dynamics and global activated
kinetics. When the overall barrier is reduced below 3 kT, the
subpopulation outside the unfolded and native wells becomes
significant (>5%). The signal from the fast relaxation of these sub-
populations can be observed by fast kinetics measurement, such
as laser induced T-jump experiments. As a consequence of very
low barriers, folding kinetics or mechanisms are very sensitive to
the sequence modifications or solvent conditions that stress the
protein. The observed folding kinetics also depend on the measure-
ment probes chosen, which may have different response functions
S(x) along the reaction coordinate x.

The molecular rate from Eq. (1) (or ‘prefactor’ when there is a
barrier) can be observed directly in downhill folding. It ranges from
about 50 nanoseconds to microseconds, depending on the folding
coordinate monitored, and the presence or absence of a strong bias
on the free energy surface. Lambda repressor and WW domain
have molecular rates of several ps, which originate from the diffu-
sional motion over the rugged but not heavily biased transition
region between the unfolded and native state. The fastest molecu-
lar rate coefficients observed for VHP, BAPA and EnHD, in the range
of 70-300 ns, correspond to a strong free energy bias towards more
structure in the unfolded well (e.g. helix formation). These time
scales represent an upper limit for the molecular rate under weakly
biased conditions. Large proteins such as PGK have a much slower
molecular rate, corresponding to higher internal friction and longer
diffusive loop search. Single molecule experiments on a 66-residue
cold shock protein reveals k;, to be at most (0.4 ps)~' [37], confirm-
ing the values estimated from ensemble fast kinetics measure-
ments [16,21].

The experimental relaxation kinetics of all current identified
incipient downhill and downhill folders can be explained quantita-
tively with our Langevin dynamics model. One or another combi-
nation of five basic free energy building blocks accounts for the
molecular and activated folding kinetics, their time scales, and
their relative amplitudes, including inverted phases, while
avoiding extensive fine-tuning of surface parameters. To identify
downhill protein folding, it is necessary to do a series of kinetics
or thermodynamics measurements as a function of protein stress.
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