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ABSTRACT: Two classes ofλ6-85 mutants (those richer in alanine, and those richer in glycine) have very
similar slopes in an Arrhenius plot of the unfolding rates but very different temperature dependencies of
the folding rates. Temperature-dependent interactions (e.g., hydrophobicity) play a large role in the initial
stages of folding but not in the initial stages of unfolding ofλ6-85. Placement of the transition state in
terms of its surface exposure and entropy shows that at least two reaction coordinates are required to
describe folding of all mutants over the full temperature range. The unusual Arrhenius plots of the very
fastest mutant provide an additional kinetic signature for downhill folding.

Folding rate vs temperature curves of proteins reflect the
microscopic dependence of free energy landscapes on
temperature. Extracting free energy information commonly
first proceeds through the famous Arrhenius analysis orig-
inally introduced to interpret small molecule chemical
kinetics (1). Unlike most small-molecule reactions, non-
Arrhenius kinetics is oftentimes observed for protein folding
(2-6). When the logarithm of the unfolding rate is plotted
against inverse temperature, the expected straight line with
negative slope is observed. In corresponding plots of the
folding rate, a strong curvature or even a rate maximum is
observed. A heat capacity change from hydrophobic interac-
tions is most often held responsible (7-9). The hydrophobic
effect is estimated to have a maximum strength between 0
and 100°C (10-12). It has been proposed that maximum
hydrophobicity creates a minimum folding barrier with
respect to the unfolded state, thereby causing the observed
maximum in the folding rate.

One can also take a more structural view of the transition
state to explain the appearance of positive slopes in Arrhenius
plots of refolding kinetics. For example, the folding rate of
artificial and natural helical polymers decreases when the
temperature is raised sufficiently: the highly structured
transition state (∆S† , 0) results in a free energy barrier
that grows with increasing temperature, offsetting the
increased thermal excitation available for getting over the
barrier (13, 14). Likewise, different protein ensembles tune
with temperature, denaturant, or sequence, so new folding
routes can open up when they come within a fewkBT of the
lowest free energy path. (15-20) Changing folding routes
can cause changes in the rate-temperature dependence. In
particular, the residual structure of the unfolded state is
sensitive to sequence and solvent variations (18, 20-23)

and increasingly favors extended structure as the temperature
is raised (24).

We provide new temperature- and sequence-dependent rate
information forλ-repressor fragmentλ6-85. A salient feature
of these data is the variability of the temperature dependence
of the folding rates from mutant to mutant, while unfolding
rates are similar for all mutants and nearly obey Arrhenius
kinetics. We show that the rate-temperature relationship of
λ6-85 can be used to probe its folding mechanism (19) with
differentλ-repressor mutants folding through very different
routes. Parabolic ln(kf) vs 1/T curves occur when protein
folding is driven by hydrophobic collapse. Positive slopes
in the folding rate Arrhenius plots of alanine-richλ-repressor
mutants occur when helix formation becomes competitive
with collapse. Downhill or “type 0” folding (15) has been
demonstrated kinetically forλD14A (25), a mutant with a
purely negative slope. This demonstrates the complexity of
protein folding landscapes, because a few point mutations
can switch the dominant conformational space thatλ6-85

travels through during folding while for other proteins large
sequence variations leave the folding mechanism unaltered
(26).

The data suggests two other interesting properties of the
free energy landscape. According to ourφT-value analysis,
even an apparent two-state folder likeλ-repressor is not fully
described by a single reaction coordinate, although other
evidence suggests that a small number of coordinates should
suffice for λ6-85 (25). In addition, apparent cooperativity
during denaturation can also arise from structural reorganiza-
tion within the unfolded ensemble ofλ6-85, not just from
two-state folding over a barrier. This has been proposed and
observed elsewhere also (27-31).

EXPERIMENTAL PROCEDURES

λ-Repressor Expression and Purification.Theλ-repressor
N-terminal (32, 33) domain gene (residues 6-85, obtained
from T. Oas) was inserted into the PET-15b vector (Novagen)
between theNdeI and BamHI cutting sites, allowing histi-
dine-nickel binding-based purification. Point mutations were
made with the QuickChange site-directed mutagenesis kit
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(Stratagene). Proteins were expressed in Rosetta(DE3) pLysS
(Novagen) cells with the media 20 g/L tryptone, 10 g/L yeast-
extract, 5 g/L NaCl, 200 mg/L ampicilin, 35 mg/L chloram-
phenicol, and 4 g/L glucose at pH 7.4. Expression was
induced with 2 mM isopropyl-â-D-thiogalactopyranoside
(IPTG), and cells were grown at 28°C. Harvested cells were
lysed by passing them through a French press twice at
>12 000 psi, andλ-repressor was normally found in the
soluble fraction. Purification on a Ni-NTA column (Qiagen)
with imidazole as the eluting reagent was followed by a size-
exculsion column, such as a Sephacryl S-200 HR column
(Amershan Pharmacia) at pH 8, 20 mM Tris, and 500 mM
NaCl. Histidine tags were removed with thrombin (Novagen),
using 1 unit of thrombin per milligram ofλ-repressor. The
cleavage time was 16 h at room temperature. Histidine tags
were than separated from the protein solution by dialysis or
with the Ni-NTA column. Pure proteins were dialyzed
extensively against deionized water and lyophilized for
storage at-20 °C. Low-resolution electrospray-ionization
mass spectrometry was used to confirm the desired mutations.
Expression levels of proteins were closely related to the
mutant stabilities.

λ-Repressor Mutants.The abbreviated names for the
λ-repressor mutants used, together with a full description of
the mutations, are listed in Table 1. Mutations include glycine
to alanine at positions 46 and 48, used previously used by
Oas to stabilize the third helix ofλ-repressor and greatly
increase the folding rate (20), alanine to glycine mutations
at position 37, 49 (near the start and end of the third helix),
and 81 (fifth helix), three positions with water-exposed side
chains (which have been shown to have minimal effect on
λ-repressor folding), serine to alanine mutations at position
45 and 79 further stabilize the least-stable helices (3 and 5,
as indicated by the percentage helical content calculated
through AGADIR) (34), an alanine to valine mutation at
position 63 to enlarge the side chain pointing into the
hydrophobic core, allowing for a easier hydrophobic collapse,
Asp14Ala and Gln33Tyr mutations, known to speed up
folding (Oas, private communication, and refs25 and35),
and a methionine to glycine mutation to remove a set of
unfavorable dihedral angles for the methionine in loop 2.

λ-Repressor Measurements.Protein concentrations in all
measurements were estimated using 280 nm absorption of
the protein solution assuming the extinction coefficient of
5600 cm-1 M-1 for trytophans and 1300 cm-1 M-1 for
tyrosines. Circular dichroism measurements were carried out
on a JASCO J-715 equipped with a Peltier temperature
controller. Temperature-jump-induced relaxation kinetics
were done with a 10 ns CH4 Raman-shifted Nd:YAG water
heating pulse (1540 nm) withT-jump sizes ranging between
10 and 12°C. Folding was probed by a 14 ns spaced pulse
train of 280 nm light, exciting the tryptophan inλ-repressors.
Changes in tryptophan fluorescence emission lifetimes were
used to track the protein folding kinetics (36).

The folding and unfolding rates were obtained by fitting
the T-jump-induced relaxation rate coefficients,k, at each
temperature;k and the equilibrium constantK(T) were used
to compute the folding and unfolding rate coefficients.K(T)
was calculated from∆G(T), obtained from protein thermal
denaturation curves monitored by circular dichroism at 222
nm. We approximated the protein stabilities by quadratic
functions of the temperature,∆G ) ∆G0 + ∆G1(T - Tm) +
∆G2(T - Tm)2. The rates were then obtained as

Very fast-folding mutants (λD14A, λQ33Y) show a very fast
molecular time scale in addition to the activated folding
kinetics, caused by diffusive downhill folding on a rough
free energy surface (35, 37). For these, we used the long-
time exponential fit to obtain an approximatek (25).

φT Analysis. φT analysis uses temperature derivatives of
∆G(T) to find the relative placement of the transition state
along an entropic reaction coordinate defined as (6, 19)

ΦT ≈ 1 when the transition state ensemble lies near the native
state along this reaction coordinate.ΦT < 1 indicates relative
motion of the transition state ensemble toward the unfolded

Table 1: λ-Repressor Mutants Useda

name mutations m (kTo/M) Cm (M) Tm (°C)
log(k[Tm])
(k in µs-1)

λD14A D14A, Y22W, Q33Y, G46A, G48A 3.3 2.76 73.5 -0.70
λA49G D14A, Y22W, Q33Y, A37G, G46A, G48A, A49G 62.5 -1.25
λQ33Y Y22W, Q33Y, G46A, G48A 3.7 3.27 71.0 -1.20
λA37G Y22W, Q33Y, A37G 3.1 1.62 59.5 -1.35
λS45A Y22W, Q33Y, G46A, S45A, G48A 3.7 3.42 69.5 -1.10
λS79A Y22W, Q33Y, G46A, S45A, G48A, S79A 3.6 3.25 70.5 -1.15
λWT Y22W 3.6 2.04 61.0 -1.25
λG46A Y22W, G46A, G48A 3.7 2.78 67.5 -1.30
λsQ33Y Y22W, Q33Y 61.5 -1.30
λsA37G Y22W, A37G 3.1 1.62 54.5 -1.35
λsA63V Y22W, A63V 3.3 2.17 60.0 -1.40
λsG46A Y22W, A37G, G46A, G48A, A49G 56.0 -1.40
λsA49G Y22W, A37G, A49G 2.8 1.10 47.0 -1.60
λsA81G Y22W, Q33Y, A37G, A49G, A81G 2.8 1.20 47.5 -1.40
λnQ33Y Y22W, Q33Y, A37G, A49G 3.1 1.61 54.5
λM42G Y22W, Q33Y, M42G, S45A, G46A, G48A, S79A 3.4 2.14 59.0 -1.40

a Thermodynamic parametersm andCm at 20°C were obtained using GuHCl as the denaturant and eq 3 in the form∆G ) m(C - Cm). Cm is
the denaturant concentration when half of the proteins are unfolded; therefore, the stability of each mutant without the presence of GuHCl ismCm.
Tm is the thermal denaturation midpoint in absence of GuHCl to the nearest 0.5°C, andk is the observed rate at the midpoint.

kf(T) ) k(T)K(T)/(1 + K(T)) (1a)

ku(T) ) k(T)/(1 + K(T)) (1b)

ΦT ) ∂∆G†/∂T
∂∆G/∂T

) ∆S†

∆S
(2)
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state; in absolute structural terms, this may be caused by a
less nativelike transition state, a more nativelike unfolded
ensemble, or both (38). To obtainφT, the folding activation
free energies were approximated by quadratic functions in
T (∆Gu

†(T) ) ∆G0
† + ∆G1

†(T - Tm) + ∆G2
†(T - Tm)2),

whereTm is the heat denaturation transition midpoint. The
coefficients were fitted to the observed folding rate by
applying Kramers’ theory,kf ) ν†[η(Tm)/η(T)] e-∆Gf

†/(RT).
We usedν†(Tm) ≈ (1.5µs)-1 (35) and took into account the
temperature dependence of the water viscosity. The fitted
parameters for some of the mutants discussed in more detail
are listed in Table 2.

RESULTS

Stability-CooperatiVity Correlation. m-values measure
folding cooperativites obtained from denaturant titrations,
assuming a linear free-energy relationship (39):

where C is the denaturant concentration and∆G20 is the
folding free energy at 20°C. The folding cooperativity of
λ-repressor mutants studied by GuHCl1 titration is correlated
with the folding stability of each variant (Figure 1). The
correlation ism ) 2.6+ 0.091∆G20 in the units of Tables 1
and 2. Thus the free energy in eq 3 depends to a good
approximation only on a single parameter for all the
mutants: ∆G ≈ m(C + 11) - 28. The thermal unfolding
midpoint temperatures,Tm, show a similar correlation with
m (Figure 1), as do the thermal titration cooperativities,

(Table 2). λD14A is the notable exception to the rule:
addition of the D14A mutation decreasesCm and m but
increasesTm. The mutant undergoes more facile chaotropic
denaturation yet less facile thermal denaturation.

Unfolded and Foldedλ6-85 CD Baselines.In our thermal
denaturation experiments monitored by CD, we found that
the linear baseline slopes for the unfolded states are much
larger in the alanine-rich variants ofλ6-85. The ordering
follows precisely the numbers of alanines in the mutants:

the unfolded states of alanine-rich mutants gain secondary
structure more easily when the temperature is lowered. For
example, we compare three mutants with very different
alanine contents (Figure 2). The most alanine-rich mutant,
λG46A, has an unfolded baseline slope of 0.061 mdeg°C-1

µM-1, whereas it is 0.042 mdeg°C-1 µM-1 for λWT and
0.027 mdeg°C-1 µM-1 for λsA49G. On the other hand, the
folded baseline slope is the smallest in the alanine-rich
mutants because alanines provide better stability and packing
to the native fold.λD14A actually has a negative folded
baseline slope.

Folding Rate Temperature Dependence.Like many other
proteins (2), λ-repressors exhibit non-Arrhenius folding
behavior. The curvatures of different mutants vary widely
with higher folding rate associated with more stable variants.
Figure 3 shows the measured activated relaxation rate
constants (not the additional fast molecular phase observed
for the fastest mutants (35)). Our measurements can be
grouped roughly into mutants containing G46A/G48A muta-
tions and ones that do not have the two engineered alanines
or additional glycines. The set of mutants containing more
alanines vs glycines exhibit positive slopes in lnk vs 1/T
plots across their folding transitions, except forλD14A. The
group with more glycines vs alanines shows parabolic
behavior.

Comparison with the denaturant extrapolations from ref
20 (Chevron plots) shows that our predicted folding rates at
37 °C are always equally fast or faster than the extrapolated
rates from NMR line width measurements. The fastest
observed activated rate coefficient (∼9 µs for λD14A at 353
K) corresponds to a barrier of 2.2 kT (using the measured
prefactor from ref35). A value of 2.2 kT barely lies within
the range where Kramers’ model can be applied. The fastest
folding rate extrapolated from both NMR andT-jump
experiments is (4µs)-1 for λQ33Y at 320 K, well outside
the Kramers’ regime.

1 Abbreviations: GuHCl, guanidinium hydrochloride; WT, wild-type;
CD, circular dichroism.

Table 2: Fitted Parameters for the Native State Stability and
Folding Activation Energy of the Mutants for WhichΘT Was
Calculateda

name Tm (°C) ∆G0
b ∆G1 ∆G2 ∆G0

† ∆G1
† ∆G2

† R‚slope

λWT 61.0 0 0.68 0.0046 7.8-0.020 0.0030 -35
λQ33Y 71.0 0 0.72 0.0025 9.0 0.273 0.0013-41
λG46A 67.5 0 0.72 0.0038 9.0 0.300 0.0042-37
λsA37G 54.5 0.3 0.62 0.0073 9.4 0.144 0.0099-36
λsA63V 56.0 -0.1 0.58 0.0039 9.2 0.096 0.0095-36

a All coefficients are in kJ/(mol Kn) units,n being the subscript of
the coefficient. Slope is the slope of the plots in Figure 4 atTm after
removing the viscosity temperature dependence.b These coefficients
are nominally zero ifTm is used as the reference temperature but are
shown where rounding ofTm to the nearest 0.5°C (the estimated
measurement uncertainty) caused a valueg0.1 kJ/mol in the fit.

∆G ≈ ∆G20 + ∂∆G
∂C |C)0

C ) ∆G20 + mC (3)

∂∆G
∂T |T)Tm

) ∆G1 (4)

FIGURE 1: The top graph shows the correlation between GuHCl
m-value and∆G in λ6-85 (see eq 3). A similar correlation is obtained
between∆G and thermal cooperativities from Table 2. The bottom
graph shows the correlation betweenm-value and melting temper-
ature.λD14A tends to violate such correlations (Table 1).
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Unfolding Rate Temperature Dependence.The unfolding
rates of different mutants are well-approximated by a set of
nearly parallel straight lines with negative slopes on a lnk
vs 1/T plot (Table 2, Figure 4). At the denaturation midpoint
temperature,Tm, where bias toward the denatured and native
state has been removed (∆G ) 0), we find that log(k‚µs) )
log(2ku‚µs) is nearly constant: the standard deviation is(0.2,
and onlyλD14A is an outlier (Table 1). However, stable
mutants unfold more slowly than less stable mutants at a
given constant temperature (Figure 4).

Assuming a common prefactor for all mutants ofλ6-85

(km ≈ [1.5 µs‚η(25 °C)/η(T)]-1 (35)), the parallel straight
lines with an offset require that∆Gu

† be approximately

linear in temperature and expressed as∆Gu
† ) ∆Gu0

† +
∆Gu1

† (T - Tm), where Tm are the thermal denaturation
midpoints for different mutants listed in Table 1. Similarity
between all the negative slopes (e.g., Table 2) indicates that
∆Gu0

† - ∆Gu1
† Tm stays approximately constant across all

λ6-85 variants. Independently of that, the small spread of rates
at Tm indicates that∆Gu

†(Tm) ) ∆Gf
†(Tm) stays roughly

constant across all mutants (D14A excepted), leaving only
a weak correlation with stability∆G20 at Tm.

From Kramers’ rate law, ln(ku/νu
†) ) -∆Gu

†/(RT), ∆Gu
†

for different variants ranges from 2.1 to 5.8 kT at 325 K.
The fastest unfolders lie barely at the edge of applicability
of Kramers’ law.

FIGURE 2: Slopes of the unfolded baseline become less steep as alanines are mutated into glycines.λG46A has two extra alanines compared
to λWT and four extra alanines when compared toλsA49G.

FIGURE 3: Folding rates with quadratic free energy fits of different
mutants obtained from ourT-jump studies and extrapolated rates
(squares) using denaturants by Oas and co-workers. Different
mutants display very different curvatures on a lnk vs 1/T plot.

FIGURE 4: Regardless of mutations done toλ-repressor, the
observed unfolding rates for different mutants show up as parallel
straight lines on a lnk vs 1/T plot (color codes as in Figure 3).
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DISCUSSION

Two-State Assumption.Several of theλ6-85 mutants
discussed here fold very rapidly and show a very fast phase
km preceding the activated kinetics (35). Based on a large
body of data (25), we assigned this phase to diffusion among
local minima of the rough free energy landscape in the
absence of a barrier (“downhill folding”).

This observation does not necessarily preclude a thermo-
dynamic two-state analysis of fast-folding mutants when
temperature or GuHCl denaturation is used. Figure 5
illustrates this with a simplified one-dimensional reaction
coordinate for GuHCl titration. When all free energies are
referenced to the unfolded state, them-value varies from 0
to mnativealong the reaction coordinate. Thereforem† ≈ mnative

if the transition state lies near the native state. When a protein
is GuHCl-titrated, a barrier will therefore develop at the
transition midpoint, even if the protein or peptide is suf-
ficiently stable to fold downhill under conditions maximally
favorable for forming the native state (40). For this apparent
two-state transition, we can invokeK ) kf/ku to relate forward
and backward rate constants, as was done in Figures 3 and
4 to compute them from the observed activated relaxation
time.

The two-state approximation during temperature or chao-
tropic unfolding breaks down only for strong downhill
folders, the barrier of which is below a few kilotesla even at
the denaturation midpoint.λD14A is in this limit (25).
Indeed,λD14A is the exception to the rule in almost all the
two-state analyses summarized in the results section. Ironi-
cally, the fact thatλD14A has a negative slope in both the
folding and unfolding Arrhenius plots (considered to be
normal behavior for small molecule unimolecular reactions)
can be explained as a new kinetic signature of downhill
folding: without an entropic barrier that increases with
temperature, there will be no rate turn-around as thekf and
ku time scales merge with thekm time scale during downhill
folding. The merging of the folding and unfolding rate-
temperature relationships also means a loss of apparent
cooperativity in the thermal denaturation curves, as observed
for λD14A (25).

Non-Arrhenius Folding Rates: Hydrophobicity and Helix
Stability. The strength of the hydrophobic effect is ap-
proximately parabolic with a maximum between 0 and 100

°C. The folding rates of slower glycine-rich mutants show a
parabolic turnover because their activation free energies have
large quadratic coefficients∆G2

†. They fold by a hydropho-
bic collapse mechanism dominated by a heat capacity change
(41). Collapse proceeds most efficiently when hydrophobic
interactions are maximized, and this is where slow mutants
fold most rapidly. A parabolic rate-T curve has been
observed by Mun˜oz and co-workers for the collapse of an
unfolded miniprotein (42).

Among alanine-rich mutants, the hydrophobic effect is
masked by an even larger temperature dependence of the
secondary structure content. Helices are stabilized at lower
temperature, counteracting the decrease in hydrophobicity
that ultimately causes cold-denaturation of the less stable
mutants. As a result, the folding rate continues to increase
as the temperature is lowered (Figure 3), instead of turning
over. The connection with secondary structure becomes clear
in Figure 2. The alanine-rich mutants show considerably
more structure (larger CD222) in the folded and unfolded
states, and the secondary structure content of their heat-
denatured state increases more rapidly when the denatured
state is cooled (steeper unfolded baselines in Figure 2). As
a result, alanine-rich mutants approach framework-like
folding at low temperature (43).

This argument can be further strengthened by looking more
closely at G46A/G48A mutants that contain additional
alanine mutations (Figure 6). The folding rates of the three
mutants λQ33Y, λS45A, andλS79A all increase when
the temperature is lowered. The rate ofλS79A, which
contains the most alanines, increases less rapidly than
the other two becauseλS79A already has more helical
structure even at high temperature. The rate follows a nice
progression ofλS79A > λS45A > λQ33Y at higher
temperatures, in accordance with the number of helix-
enhancing mutations.

Our observations are consistent with Oas’ measurements
on λ-repressors. In his rate-denaturant studies at 37°C, he
finds the transition state for G46A/G48A mutants to be highly
water-accessible:R† ) m†/mnative ) 0.04-0.2 (R† is 0 when
the transition structure is as solvated as the unfolded
structures, andR† is 1 when the transition structure is
desolvated like native state) (39, 44, 45). In the wild-yype
protein, the transition state is less surface-exposed (R† ) 0.6)
(20, 46). This corresponds well with two different folding
mechanisms. Very stable secondary structure allows the

FIGURE 5: Free energy as a function of a relative reaction coordinate
such asm or ΦT. Two points important for the discussion are
illustrated: first, the free energy of a late transition state and of
the folded state respond similarly to perturbations, soku obeys
Arrhenius kinetics; second, perturbations (GuHCl,T) that raise the
native free energy also raise the free energy of the activated region,
so a barrier develops even for proteins that fold downhill under
ideal conditions. Such a barrier will lie late along the reaction
coordinate.

FIGURE 6: Comparison of three G46A/G48A mutants. At low
temperatures, the folding rates are similar. At higher temperatures,
mutants with higher alanine contents show higher folding rates.
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transition state to form earlier without extensive desolvation,
while less stable secondary structure requires more water to
be expelled so contacts can be made and the transition state
can be reached.

Non-Arrhenius Folding Rates: Other Contributions.The
parabolic rate-temperature relationships for the slow-folding
mutants have slightly different curvatures and maximizekf

at different temperatures,Tmax. Even after any unfolded/native
bias is removed by comparingTmax - Tm, a small spread
(standard deviation(4 °C) remains. There are secondary
competing mechanisms underlying their folding, beyond the
temperature dependence of hydrophobicity and secondary
structure. The residual rms fluctuation of the free energy
surface forλ6-85 has been determined atGRMS ≈ 0.8 kT
by fitting fast folding data with a Langevin dynamics
model on a nearly downhill free energy surface (25). The
data presented here is not sufficient to indicate whether
such fluctuations can account for the differences seen in
Figure 4.

Similarity of Transition and NatiVe States.Like the folding
activation energies, the folding free energies have large
quadratic terms, leading to a temperature of maximum
stability from which the protein cold or heat denatures. In
the thermodynamic cycle relating∆G, ∆Gu

†, and∆Gf
†, these

terms nearly cancel. Thus∆Gu
† ≈ ∆Gu0

† + ∆Gu1
† (T - Tm) is

nearly linear in temperature, and the unfolding Arrhenius
plots are nearly linear. The small size of the quadratic term
implies that temperature-sensitive hydrophobic interactions
on a small (<10 Å) length scale have already been made
when the transition state has been reached, leaving only
weakly temperature-dependent interactions, such as van der
Waals packing, for the last step of folding. In addition,
desolvation of large hydrophobic surfaces, which may be
less temperature-dependent than small-scale solvation, could
contribute to the last step of folding (47). This criterion (but
not necessarily others, see next subsection) is in accord with
the view that the transition states for folding are expanded
versions of the native state (46, 48), retaining many of the
native secondary structures with the hydrophobic core
incompletely dried.

But the Arrhenius plots in Figure 4 are not just linear:
the Arrhenius slopes are very similar for all mutants (Table
2), and when referenced toTm, the spread in relaxation rates
is small among mutants (Table 1; except forλD14A). This,
together with the near-linearity of∆Gu

†(T), implies that∆Hu
†

) ∆Gu0
† - Tm∆Gu1

† and ∆Gu0
† are both insensitive to

mutation.
We rationalize these two observations in terms of the

flexible core repacking upon “conservative” small mutations.
Core repacking upon glycine to alanine mutatation leaves
∆Hu

† essentially independent of mutation because the van
der Waals surfaces to be separated and solvated during initial
unfolding do not change much from protein to protein. Even
for nearly downhill folders (λD14A, λQ33Y), this constant
slope holds: their unfolding free energy barrier may be close
to zero, but not their∆Hu

†. This highlights the fact that∆Su
†

≈ -∆Gu1
† is not conserved: glycine to alanine mutations

are not conservative with regard to entropy. Glycine increases
the allowable motions once the core has been partially broken
and solvated; the resulting higher entropy leads to lower
unfolding barriers of glycine-rich mutants at a given tem-

perature and hence faster unfolding rates (Figure 4). At the
same time, the lower stability of glycine-rich mutants
decreasesTm, so ∆Su

† and Tm are anticorrelated, leaving
the combination∆Gu0

† ) ∆Hu
† + Tm∆Gu1

† also mutation-
insensitive.

It is worth noting that alanine to glycine mutations are
conservative only from the point of view of early unfolding,
while the backbone structure remains confined. Glycines can
cause major changes in unfolded state flexibility and even
changes in the early reaction coordinates followed by protein
ensembles during folding, as discussed next.

φT Vs R† Analysis: A One-Dimensional Reaction Coor-
dinate Is Not Enough.R† and ΦΤ provide two different
reaction coordinates based on solvent exposure and residual
entropy of the transition state. Since two different folding
routes are taken by alanine-rich and alanine-poor mutants,
one may ask whetherR† andΦT can distinguish among them.

For the alanine-rich mutantsλQ33Y andλG46A, we find
transition states with large and temperature-insensitiveΦT

(Figure 7). On the other hand, the alanine-poor mutantsλWT,
λsA37G, andλsG46A have lowφT values that are very
sensitive to increasing temperature.

At 37 °C, we encounter an apparent dilemma when
comparing these results withR†. Now the alanine-rich
mutants have a small value ofR† (λQ33YR† ) 0.04,λG46A
R† ) 0.2) (20, and Oas, private communication), while the
alanine-poor mutants have a more nativelike transition state
(λWT hasR† ) 0.6). The trend is reversed compared toΦT

extrapolated to 37°C (Figure 7), demonstrating that a single
reaction coordinate (such asR† or ΦT alone) cannot
simultaneously describe the fast- and slow-folding variants
of λ6-85. These results can be reconciled easily on a higher-
dimensional free energy surface, as illustrated in Figure 8.
The ordering of three local minima depends on the choice
of reaction coordinate (the direction ADB is reversed to
ABD) in one dimension, whereas this issue does not arise
with the more complete two-dimensional description.

We recently reported a different constraint on the number
of reaction coordinates needed to describe fast-foldingλ6-85

mutants. Observation of a very fast diffusion-controlled
“molecular phase”, resulting from downhill folding limited
only by residual roughness of the free energy surface, showed
that the diffusion could be described by a stretched expo-
nential exp[-(kt)â] with â in the range 0.7-1 (25, 50). It
has been shown that diffusion on a one-dimensional rough
free energy surface still yields single-exponential kinetics
(51), while multidimensional surfaces are more prone to
stretched kinetics or observable-dependent kinetics (a subset
of trajectories is prone to wander along unproductive
coordinates) (50, 52-55). Thus â ≈ 0.7 implies a low
dimensionality, while present reaction coordinate analysis
implies D g 2 for a full description of the process. The
analysis of very fast folding combined with reaction coor-
dinate analysis could provide firm lower and upper experi-
mental bounds on the number of modes required for a full
description of folding. So far, the results are consistent with
theoretical analyses by principal coordinate decomposition,
molecular dynamics, or potential surface graphs, indicating
a small number of coordinates, but more than 1, is required
for a complete low-resolution description of folding (17, 56,
57).
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Conclusions.Folding of λ6-85 proceeds through at least
two different routes. A few point mutations or 20-30 °C
temperature changes are sufficient to effect a switch, so
barriers on the free energy surface limiting access to
these routes cannot differ by more than a few kilotesla
(19). Different experimental reaction coordinates contribute
differently to these routes and can be used to set lower
limits on the number of reaction coordinates required to
describe folding. For folding glycine-richλ6-85, the folding
rate is controlled by hydrophobic collapse, whereas for
alanine-rich mutants, the rate-temperature behavior is
dominated by residual secondary structure. The unfolding
free energy of activation shows “universal” characteristics
independent of mutant, with the exception ofλD14A, which
also differs from other mutants in all other aspects of a two-
state analysis. The temperature tuning of its apparent folding
and unfolding rate coefficients is a new criterion for downhill
folding.
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