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Single-domain globular proteins composed of less than 100
residues often show simple thermodynamic and kinetic properties
with only two populations of molecules, folded and unfolded,
present at all times and under all solution conditibiis two-

state behavior is characterized by a linear relation between the ‘O-WE
apparent activation free-energy changes and the concentration of E

chemical denaturant, resulting in a V-shaped plot of the log- _m%
(relaxation rate) vs denaturant concentration, called a “chevron” g

plot. For a two-state system the relaxation rate is the sum of the 0 0 2 3 4 5 3

folding and unfolding rateskg,s= k: + k), the equilibrium constant [GdmCI] (M)

is the ratio Keq = ku/ks), and the equilibrium sensitivity to chemical  rigure 1.  Guanidinium chloride (GdmCl) induced unfolding curve
denaturant is related to the two slopes of the chevron plotriay;: measured by CD and tryptophan fluorescence quantum yield (pH 4.9,

=m, — m. The most common chevron plot has linear arms at low 40 °C). The triangles are the amplitudes from kinetic measurements. The
and high denaturant concentrations where the relaxation ratedatiwere fit with atvlo-state model (seeisupportlng Information), yielding
. . . . Cm = 2.44 M, andm = 0.82 kcal moft M1,
corresponds to the folding and unfolding rates, respectively. As in
the linear free-energy relations observed in chemical reactions, the
relative sensitivity of the folding and unfolding rates resulting from 56
the change in stability is taken as a measure of the position of the 54
transition state along a putative reaction coordinate, in this case 52
the compactness of the structure. There has been much discussion 5
on the interpretation and significance of deviations from linear
folding and unfolding arms to chevron plots (see excellent review
by Oliveberg and Wolynék Several factors have been suggested
as causes for this deviation, including the presence of intermediate
states, a change in the relative position of the transition and
denatured states with changing solvent or mutation, and the presence
of parallel pathways. Most recently, the slopes of chevron plots 4
were used by Mtioz and co-workers to make quantitative estimates
of the free-energy barrier heights separating folded and unfolded 0
states® Using an idealized free-energy surface, they conclude that
chevron plots flatter than predicted from the equilibrium experi- Figure 2. Kinetics. (a) Measured relaxation rates following laser T-jump

—m ; ; ; ; to 40°C (blue points). Rates were calculated from theoretical free energy
Ments (g = M, — M) are a sign of marginal folding barriers. Fersht surfaces (Figure 3) assuming no denaturant (D) or reaction coordinate (R.C.)

and co-workers have made qualitative arguments to suggest thaljependence in the hopping rate paramete(iong-dashed red curve);
relatively flat chevron plots are expected for barrierless folding. D-dependence only; = yo(1 + a[GdmCI]) (short dashed green curve,
Here we address the connection between free-energy surfaces= 0.63); and both D- and R.C.-dependenges yo(1 + o[GdmCl])(exp-
and chevron plots in a kinetic study of an ultrafast folding protein, gs_uﬁ(;)P()r;nZ))ILffgrrn?atToﬁ)(O(Lb)zF%Ei?ﬁg (Teg.pl)bi%?g)tlgxgti ftc))llté?n;lg?s ((Zfsen
the ?’5'reS'due SUb_domam from the villin headpléfféle _dena_tur- points) calculated using a two-state model; folding (red curves) and
ant-induced unfolding curves, measured by circular dichroism and unfolding (green curves) calculated from Ising-like model with both D
fluorescence, are typical for small single domain proteins and are and R.C.-dependent
well fit assuming a two-state thermodynamic model (Figure 1). The
kinetics, however, are strikingly different from what is observed
for slower folding two-state proteins; there is no measurable functions of the denaturant concentration, and resemble those of
dependence of the relaxation rate on denaturant concentrationprotein U1A measured by Oliveberg and co-workerShese
(Figure 2). The flat chevron plot indicates a clear deviation from nonlinearities were interpreted as a consequence of transition-state
classical two-state behavibr. movement toward the folded state with increasing denatdrtiet;
If the folding and unfolding rates are calculated from relaxation equivalent of Hammond behavior in physical organic chemistry.
rates and the equilibrium constants derived from the fits in Figure However, the relaxation rate decreases by a factor3ffo between
1, the logarithm of the folding and unfolding rates are nonlinear g and 4 M GdmCl. In contrast, we observe a relaxation rate that is
t National Institutes of Health. plenaturam independent, and therefore our result requires a different
* University of Wyoming. interpretation.
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sF 7 T T T 104 we used to calculate the relaxation kinetics. N. Socci (personal

M ey e communication), moreover, has shown that the decay time for the

& 2 M Gm : end-to-end distance correlation function of the denatured state of a
lattice model? is nearly the same as that for the correlation time

for motion on the reaction coordinate (in this case, the fraction of

native contacts, Q). Incorporation of the Schuler result markedly

reduces the denaturant dependence (Figure 2a).

EENE vttt EXF A second effect, discussed by Wolynes and co-work&tsis

. . A L the dependence of the diffusion coefficient on reaction coordinate.

0 10 w0 As the protein becomes more compact in progressing toward the

P (number of ordered residues) . . . . . .

] . . native state, the diffusion coefficient is expected to decrease. For
Figure 3. Theoretical model. Free energy (continuous curves) and piqp parriers a reaction coordinate-dependent diffusion coefficient
corresponding populations (dashed curves) versus number of ordered . .
residues at various denaturant concentrations from an Ising-like model. Theh@s no effect on the rate of barrier crossing because only the
two adjustable parameters of the model, the energy of an inter-residue diffusion coefficient at the barrier top contributes to the fatin
contact (0.65 kcal mot) and the entropy loss associated with ordering a  the present case, however, the barriers are very low and move with
residue in its native conformation-(3.8 cal mof* deg ), were obtained yenatyrant concentration. From simulations of lattice models, Wang

by optimizing the fit to the measured excess heat capacity versus d K f dl d in the diffusi fficient
temperaturd.All species to the right of vertical dotted line are considered and Co-workers found large decreases In the dirfusion coeriicien

part of the folded state, and all to the left are considered the unfolded state.@long the Q coordinat®. By introducing a reaction coordinate-
dependent hopping rate which decreases exponentially, we find that

To understand the denaturant-independent relaxation rates, wesalculated relaxation rates show less denaturant dependence and

rave used an s mode s a uide The model s been™ SO s xborenta (ee Supporig orhston.
described in detail elsewhefe’ so we only present the basic ideas. relaxation rate can be yroduced by a large r;wovementgof a smgll
Each residue of the polypeptide chain exists in one of two possible P y 9

states, natver) or non-natve €. To greaty recuce the number .2 SR R TRECE PCk & O e
of possible configurations, we employed the double-sequence -aep ’

approximation, in which no more than two continuous stretches of thg possibility that denaturant depepdence Of. the diffusion coef-
native residues are allowed in each molecule (e.gennnc- f|C|er_1t may also vary along the reaction coordinate. _Ne\{ertheles_s,
ccnnnecc.). The model only allows contacts between residues we find that_the den{;\turant |ndepen_dence_ of th? klnet'CS.Of. this
within a native stretch of residues or between residues in two ultrafast_foldlng protein can be eXpla'ned. with as.lmple st:?ltlstlcal-
different native segments, thereby connecting them with a disor- mechamcal model that yields a marglnal folding parrler, ap-
dered loop. We employed the simplest description of interactions. p_rOX|_mater two-state Fhermodyngmlcs, and expor_len_tlal relaxation
Non-native interactions and amino-acid type were ignored, with kinetics. Although barrierless folding should result in little denatur-

identical energies for all contacts in the known three-dimensional ant dependenckthe converse is nat necessarily true.

structure (defined as residues witttarbons separated by less than Acknowledgment. This research was supported by the Intra-
0.8 nm) and the same conformational entropy loss for every residuemural Research Program of NIDDK, NIH. We thank Wai-Ming
upon ordering it in its native conformation. The effect of denaturant Yau for peptide synthesis.

was simulated by reducing the contact energy linearly with GdmClI ) ) ) ) i
concentration. The kinetics of folding and unfolding were calculated Supporting Informatl_on Avallab_le: De_talls Of. e>_<per|m_ental
by hopping along the one-dimensional free-energy surface generatecProcedureS_and theoretical calcu!atlons. This material is available free
from the partition function (Figure 3), with the fraction of native of charge via the Intemet at htp://pubs.acs.org.

contacts or number of ordered residues as a reaction coordinateg ¢ onces

The simplest assumption that mimics diffusion on the free-energy o o

profile invokes a linear free-energy relation between hopping-rate ) Eee;ﬁh\t(bf‘ft{gggre and Mechanism in Protein Sciené. H. Freeman:

coefficients and equilibrium constants for adjacent values of the (2) Oliveberg, M.; Wolynes, P. Quart. Re'. Biophys 2005 38, 245-288.

reaction coordinate (3) Naganathan, A. N.; Doshi, U.; Mog, V. J.Am. Chem. SoQ007, 129,
’ : ) . 5673-5682.

Figure 3 shows the free-energy profiles and the corresponding (4) Huang, F.; Sato, S.; Sharpe, T. D.; Ying, L. M.; Fersht, APRoc. Natl.

1 i Acad. Sci. U.S.A2007, 104, 123-127.
populatlon_s generated by tlje model as a function of denatura_mt (5) Kubelka, J.. Eaton, W. A Hofrichter, J. J. Mol. Bigi003 329, 625-
concentration. Both the profiles and the nearly perfect exponential )
time course of the calculated fluorescence relaxation (see Supporting (6) Otzen, D. E.; Kristensen, O.; Proctor, M.; Oliveberg, Blochemistry

. K . . 1999 38, 6499-6511.
Information) are consistent with an approximately two-state process  (7) Mufoz, V.; Eaton, W. AProc. Natl. Acad. Sci. U.S.A999 96, 11311

free energy (kcalimaol)
population

with a small barrier separating the folded and unfolded sfaté® 11316.

i . . (8) Henry, E. R.; Eaton, W. AChem. Phys2004 307, 163—185.
model predicts a large movement of the major barrier fiRom 6 (9) Godoy-Ruiz, R.; Henry, E. R.; Kubelka, J.; Hofrichter, J.; ManV.;
at low denaturant concentrationfo= 24 at high denaturant (Figure Sanchez-Ruiz, J. M.; Eaton, W. A. Phys. Chem. BR007, in press.

3.), but yields a chevron-like, albeit weak, denaturant dependence (10) ggﬁﬂsé%é&%p'f& "zglégfg&])?nn’ A.; Schuler, Broc. Natl. Acad.

in contrast to the experimental observation (Figure 2a). However, (11) Bicout, D. J.; Szabo, Al. Chem. Phys1998 109, 2325-2338.

two significant physical effects were not included in the model. (12 ?gggbsgésm Onuchic, J. N.; Wolynes, P. &.Chem. Physl996 104
One is based on the elegant single molecule experiments of Schuler (13) Bryngelson', J. D.; Wolynes, P. G..Phys. Cheml989 93, 6902-6915.
and co-workers which show a strong and linear denaturant 8‘51; Elrgtrlm(wlg?s?ﬂs.A\évﬁ;é?c?igadg;h)ésgﬁgbfﬁ' 1998 80, 5015-5018.
dependence of the end-to-end diffusion coefficient of the denatured (16) Chahine, J.; Oliveira, R. J.; Leite, V. B.; WangPJoc. Natl. Acad. Sci.
state of a 66-residue cold shock prot&ifThis diffusion coefficient U.S.A 2007 104, 14646-14651.

is proportional to the hopping rate on a free energy surfaadich JA0761939
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