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ABSTRACT: Using a variational free energy functional, we calculate the characteristics of the transition
state ensembles (TSE) for the folding of protein U1A and investigate how they respond to thermal and
mutational changes. The functional directly yields predicted chevron plots both for the wild-type protein
and for various mutants. The detailed variations of the TSE and changes in chevron plots predicted by the
theory agree reasonably well with the results of the experiments. We also show how to visualize the
folding nuclei using 3D isodensity plots.

While a consensus is emerging on the main features of
the mechanisms of natural protein folding, there remain some
rather general questions that still need to be resolved. A
question plaguing experimental studies is to what extent the
folding transition state is malleable rather than fixed (1, 2),
that is, is it better to think of the transition state ensemble
(TSE)1 as a collection of structures that is “movable” by
energetically perturbing along a reaction coordinate? Or
should we ascribe to the TSE some rather configurationally
well-defined specific states? Experimental studies of folding
transition states require great care in execution and delicate
finesse in interpretation (3, 4). Meanwhile computer simula-
tions of protein folding have already provided some vivid
pictures and word descriptions of folding transitions (5, 6).
Yet because of worries about the accuracy of the force field
and sampling problems, simulators often shy away from
making explicit quantitative predictions of laboratory folding
kinetics. The small free energy differences detectable by
experiments through protein engineering kinetic studies are
very hard to resolve computationally given the statistical
sampling errors of current simulations. Direct routes to
calculating free energy profiles on the other hand can resolve
the small free energy changes that are measurable in the
laboratory. While such calculations must make approxima-
tions, leading to, perhaps, systematic errors, their lack of
statistical errors gives an advantage over simulations in many
cases. While direct free energy evaluations do not have the
burden of the sampling problem confronting simulations, they
can still provide the microscopic description of the TSE in
even greater detail than a typical kinetic experiment can

access. One seldom stressed but important advantage of the
free energy functional based theories over simulations is that
the approach simultaneously treats unfolded ground state
effects, which are often present in experiments owing to
partial residual structure in the denaturant state, which may
require carefully calibrated studies (7). Simulations have even
greater problems fairly sampling the entropy dominated
unfolded states than they do for the transition state ensembles.

To illustrate the power of free energy functionals to address
transition state malleability, we examine the free energy
profiles of protein U1A with a variational method developed
by Portman, Takada, and Wolynes (8-10). The PTW
variational method expresses the conformational free energy
of a protein using a small set of constraining variables{Ci}
numbering not more than the number of residues. A reference
trial Hamiltonian, âHv ) âHch + 3/(2a2)∑Ci(rbi - rbi

/)2,
defines these constraining variables that reflect the local
Debye-Waller factors for main chain motions. Hererbi

/

indicates the native position of residuei and Hch is the
backbone Hamiltonian. Using these variables, the free energy
profile is easy to access and relatively smooth. The starting
point of the PTW method is the (nonlocal) Hamiltonian of
the protein that only contains the native contacts∑[ij ] and
that uses the native structure as input information, that is,
the target Hamiltonian isâHt ) âHch + âHint. The contact
energy is modeled by a pairwise potential,Hint ) ∑[ij ]u(|rbi

- rbj|) with u(r) ) ∑k)s,i,l γk exp[{-3/(2a2)}Rkr2]. The
parametersγk andRk come from a tuning procedure (9). This
starting model has a perfect funnel landscape (11-13). In
such a simplified landscape, the interplay between stability
and entropy alone determines the TSE. Of course, the real
TSE will contain effects from nonnative interactions (14)
and nonadditivity of contact formation energies (15). Since
it is not convenient to calculate the partition function ofHt,
we use the Feynman-Gibbs-Peierls-Bogoliubov varia-
tional principle based on the reference Gaussian Hamiltonian,
Hv, to obtain the free energy landscape as a function of the
constraint parameters{C}, that is,F[{C}] = -kBT ln Zv +

† Funding was provided by NIH Grant R01 GM044557.
* Corresponding author. E-mail: pwolynes@chem.ucsd.edu.

Phone: (858) 822-4825. Fax: (858) 822-4560.
‡ University of California at San Diego and Center for Theoretical

Biological Physics.
§ Universidad de Colima.
⊥ Umea University.
1 Abbreviations: TSE, transition state ensemble; PTW, Portman-

Takada-Wolynes; MSD, mean-square deviation.

6433Biochemistry2005,44, 6433-6439

10.1021/bi0500170 CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/06/2005



〈Ht - Hv〉v, whereZv is the partition function of the reference
Hamiltonian.

The experimental manifestation of TSE malleability shows
up in the so-called “chevron plots” for various mutations
(3). For reversible two state folders, fast mixing and
relaxation experiments yield directly the sum of the forward
and backward rates, that is,kf + ku. The labels f and u refer
to the dynamic processes of folding and unfolding, respec-
tively. Commonly one plots the logarithm of the relaxation
rate sum,kf + ku, against the denaturant concentration,c.
At low denaturant concentrations, the folding rate,kf,
dominates the relaxation process, whileku dominates at high
denaturant concentrations. The resulting often stylized V-
shaped curve is the so-called “chevron plot”. If the TSE is
not malleable, the chevron plot appears to be intersecting
straight lines. But generally the plots do show curvature,
which implies that either one or both of the transition state
ensemble and denatured ensemble (or even the native state)
are malleable (16, 17). Curved chevron plots can also be
the results of the folding intermediates. This is often observed
in the case of larger proteins. Our small protein U1A clearly
shows simple two-state behavior from exponential relaxation
dynamics. There is no evidence of populated folding
intermediates in this case. Our calculations do show fine
structures of the free energy profile, which could be termed
“high free energy intermediates”.

The protein that we chose for our present study is U1A.
U1A consists of a four-stranded antiparallelâ-sheet with two
R-helices packed on one side (18). It is one of the most
popular RNA-interacting motifs, and it has been the subject
of many experimental studies (19-22). For a theoretical
analysis of transition state malleability, U1A offers a
particular advantage by displaying characteristic nonlineari-
ties/curvatures of the chevron plot that change both upon
mutation and upon destabilization by chemical denaturants.

FREE ENERGY PROFILES AND FOLDING OF
WILD-TYPE U1A AND ITS MUTATIONS

Being based on a native contact only Hamiltonian (Goj
model), the PTW variational method uses the native contact
information as input (9). While the overall picture of folding
processes is not sensitive to the details of the definition of
the contact map (such as cutoff distance, whether to use CR

atoms, Câ atoms, or any atoms of heavy-side chains, etc.),
the fine structure of the free energy profiles depends to some
extent on the precise definition of a native contact.

In Figure 1, we compare our results for the pathways
obtained with two different definitions of the contact map:
(i) Câ’s being within a cutoff distance of 6.5 Å of each other
and (ii) heavy atoms of side chains being within 4.0 Å,
supplemented by some additional contacts found in the table
of ref 22. The definition (i) gives a sparse set of contacts
with a folding transition temperature for wild-type U1ATf

) 1.578, while for definition (ii) there are more contacts
leading to a higherTf ) 2.033. Note that, throughout the
current work, we express energy and temperature in units
of kcal/mol. Since the contact definition (ii) is consistent
[while (i) is not] with the reported residue contact table for
mutations designed in ref22, we focus on the results from
definition (ii) below. The smaller the number of mean
contacts per residue is, the more delicate and complicated

the landscape is. The larger number of contacts generally
increases the self-averaging and makes the contact network
more robust against mutation and more cooperative, that is,
it gives a somewhat higher transition barrier and a simpler
transition pathway. Since the folding process is a battle
between downhill lowering energy and decreasing entropy,
we use for convenience the contact energy as a global
reaction coordinate. It is approximately proportional to the
average number of native contacts formed. When there is a
fine structure along the folding profile, local reaction
coordinates may be introduced and have already been studied
with this method as highlightened by Portman et al. (10).
As shown in Figure 1, the free energy profile obtained with
the smaller number of contacts based on definition (i) agrees
very well with the capillary calculation, which gives a profile
F(E) ≈ ((-aE)2/3 - (-aE)) and which also provides a
parameter-free prediction of the peak position, (Eq - ED)/
(EN - ED) ) 8/27 (23). Here D and N label the denaturant
and native state, respectively. The dense contacts, based on
definition (ii), also shift the peak positionâq somewhat to a
more native position.

Occasionally the calculated folding path has “backtrack-
ing” when the path includes a part with a transition state
that has fewer contacts than both the minima it connects (i.e.,
where the two unstable directions of the saddle point on the
free energy landscape lead to.) In these cases, the protein
has to unfold a bit before proceeding to fold to the native
structure. This is an example of “topological” frustration. In
the present case of U1A, the backtracking arises from two
contact regions: (1) the turn connecting to the N-terminus
of R1 (residues 20-22) with the turn connecting to the
C-terminus ofâ2 (residues 45-48) and (2) the turn con-
necting to the C-terminus ofâ2 (residues 44-47) with the
turn connecting to the N-terminus ofâ3 (residues 52-55).
Similar results were also obtained for protein S6 with the
same folding topology.

The folding routes for wild-type U1A and its mutants for
several different temperatures are shown in Figures 2 and 3,
respectively. On the basis of these profiles, we conclude that

FIGURE 1: The wild-type folding pathways atTf with backbone
contact map (definition (i), curves with crosses,Tf ) 1.578 kcal/
(mol‚R)) and side chain contact map (definition (ii), dotted-dashed
curve with squares,Tf ) 2.033 kcal/(mol‚R)). The circle line, based
on the capillary model, serves as a comparison with the results
using backbone contacts.
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U1A and its mutants generally should show quite good two-
state behavior without any significant population of inter-
mediates.

Figure 4 shows how the position of the barrier,âE
q )

(Eq - ED)/(EN - ED), moves with changing the temperature.
HereEq is the contact energy of the transition state with the
highestFq. It is clear from Figure 4 as well as from the routes
shown in Figure 3, that individually most of the profiles
exhibit signs of malleability. The locations of individual
bottlenecks do not change much with denaturant, but relative
barrier heights do change. In particular, the height of the
dominant barrier changes easily with the change of the
temperature. Typically, at low temperatures, crossing an early
transition state is rate-limiting, but gradually the barrier from
late transition states grows faster and becomes dominant with

increasing temperatures. However, some mutants, such as
L17A, show relatively more fixed transition states.

A more microscopic structural interpretation of the TSE
can be made by examining the mean-square deviation (MSD)
of each residue as predicted by the variational algorithm.
Here the MSD of residuei is defined as how much residue
i fluctuates around its mean position in structures belonging
to the TSE, that is, the diagonalith element of the covariance
matrix M . HereMij ) 〈(rbi - 〈rbi〉v)(rbj - 〈rbj〉v)〉v/a2 anda )
3.8 Å. The MSD as a function of residue number is
shown in Figure 5. Similar information is contained in the

FIGURE 2: The wild-type folding pathway at different temperatures
([0.92-1.06] × Tf

wild).

FIGURE 3: The folding pathways of mutants at different temper-
atures ([0.94-1.05] × Tf

wild).

FIGURE 4: The movement of transition states with changing
temperatures. Most of the mutants are quite movable. Some mutants
(I14A, L17A, I34A) with a highâ value move less than others.

FIGURE 5: The mean-square-deviation plot for different states of
wild-type U1A atTf along the folding route. The unit is scaled by
a factor of (3.8 Å)2.

Scanning Malleable Transition State Ensembles Biochemistry, Vol. 44, No. 17, 20056435



isodensity plot shown in Figure 6. The density field

surrounding the protein is obtained fromF(rb) ≈ ∑i(xMii
-1)3

exp(-3/(2a2)Mii
-1(rbi - 〈rbi〉v)2), whereMii

-1 is the localization
parameter for residuei. They are obtained directly from the
variational calculations for each state. A high number density
(of residues) region will correspond to a more solid and more
completely formed part of the protein. By displaying a
surface of the same density, we can view the contour of the
region corresponding to a classic folding nucleus. In Figure
6, we can see how the folding nucleus grows along the
pathway, since different states along the folding path will
give different density fields. Relatively speaking, the early
transition state is less structured and has a small region of
density higher than the contour surface of the specified
fiducial density value; the later transition state is more formed
and has a larger contour surface of the same density value.
In this case, the delocalized nucleus centered aroundâ-strand
3 and its connection with strand 2 and strand 1. The overall
picture is consistent with the gestalt obtained from the
experiments (22).

KINETICS AND CHEVRON PLOTS

Once we have free energy profiles, we can calculate the
folding and unfolding rates and free energy-kinetics rela-
tions. Here we will approximate the folding rate for U1A
by estimating the rate of crossing the TSE with the largest
free energy barrier. As we have already noted, we do not
find any deep intermediate states: the free energy profile is
two-state-like with one broad barrier in the big picture. This
one-barrier approximation makes our rate calculation straight-
forward. If the routes, however, were rougher and clear
intermediate states were present, we would need to use other

ways of estimating the relaxation rates such as the use of
steady-state approximations. Steady-state approximations
allow us to treat a multistep first-order reaction network as
a single effective forward and backward rate process, but
the steady-state approximation introduces its own problems.
It does not respect the detailed balance principle, and one
may obtain different rateskf andku even for cases only having
a slightly asymmetric pathway at the conditionGN ) GD.
Note that we use the Gibbs (constant pressure) free energy
G from here on since Gibbs free energies are experimentally
measured whereas all the theoretical calculations are based
on the Helmholtz (constant volume) free energy,F. We do
not distinguish between these two in the current context since
the volume change is small.

Also the steady-state rates are sensitive to the finer details
of the pathway, making the comparison of results from
different approximations to the pathways difficult. Our one-
barrier approximation guarantees thatkf ) ku for GN ) GD,
and its more robust behavior eases the comparison of results
referring to different temperatures and point mutations. To
estimate rates, we use a constant dynamical prefactor and
thus ignore changes of rates due to the changing shapes of
the basins and the barriers.

We compare our calculated rates with the experimental
chevron plots, where the logarithm of the sumkf + ku is
plotted against the denaturant concentrationc, that is,
P(c) ) ln[kf(c) + ku(c)]. If we assume Arrhenius kinetics,
k(c) ) A exp[-∆G(c)/(kBT)], with a constant prefactorA,
we have

In experimental studies, the chevron plots are used to derive
primarily three parameters: (1) protein stability, (2) transition
state position along the reaction coordinate,âq ) mf/mD-N,
and (3)φ values for mutants.

1. Protein Stability.One thing to remember is that the
concentration of the minimum point,cx, of the chevron curve
P(c) is not precisely the concentration of unfolding,cf (which
we define byGN(cf) ) GD(cf)). Experimentallycf is often
called the midpoint concentration, MP, which is obtained
geometrically by the interception point of the linear extra-
polations of the two wings of the chevron plot. We can
estimate the relation betweencf and cx by linearizing the
effects of concentrations close tocf with cx ) cf + δc. Here
δc satisfies the equation

where∆Go ) Gq(cf) - GD(cf) is the barrier height atcf. This
equation givesδc ) cx - cf ) (bN - bD)-1 ln(-bN/bD). We
have definedkBTbD,N ) (∂/∂c)(Gq - GD,N)|c)cf. We have
generally bD > 0 and bN < 0 indicating higher folding
barriers and lower unfolding barriers with increasing dena-
turant concentrations. We have zero shift,δc ) 0, whenbD

+ bN ) 0. For earlier transition states,GD is more likely
coshifting withGq rather thanGN, and thus|bD| < |bN|, which
means they have a tendency to exhibit negative (left) shifts,

FIGURE 6: The isodensity surface (F ) 0.005) at the early and late
transition states for wild-type U1A atTf. The early (top panel, two
views) and late (bottom panel, two views) transition state are TS1
and TS3, which are labeled in Figure 1 and in the previous figure.

P(c) ) ln[exp(-[Gq(c) - GD(c)]/(kBT)) +

exp(-[Gq(c) - GN(c)]/(kBT))] + const

(∂/∂c)[exp -(bDδc + ∆Go/(kBT)) +
exp-(bNδc + ∆Go/(kBT))] ) 0
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cx < cf, and vice versa positive (right) shifts,cx > cf, for
late transition states.

The calculations presented do not directly deal with
denaturant-induced unfolding; rather they probe the thermal
denaturation curve:

As in the case of the chemical denaturation, the midpoint
temperatureTx (the temperature of the lowest point of the
thermal chevron plot) andTf (the folding temperature defined
by GN(Tf) ) GD(Tf)) will generally be different. Note that
there is a temperature dependence in the denominator as well.
After a similar calculation as for the chemical cases, the
relation betweenTx andTf is

Here ∆Go ) Gq(Tf) - GD(Tf) is the barrier height atTf.
Likewise, we definekBdD,N ) (∂/∂T)(Gq - GD,N)|T)Tf with
dD > 0 anddN < 0 as before.

In Figure 7, we show the thermal (calculated) chevron
plots of wild-type U1A and its mutants. If a mutation shifts
a chevron plot to the left of the wild-type, it means the protein
will be less stable; if it shifts to the right of the chevron plot
of the wild-type, it means the protein will be more stable.
As we can see, the minima of all of the mutants that we
chose (designed to delete contacts) shift to the left of the
wild-type minimum indicating a decrease in protein stability.

In Figure 8, we also plot the chevron curve with
translational movements of the individual curves shown
above by centering the points at the folding temperatures of
the individual mutations,Tmut, that is,T f T - Tf

mut and
P(T) f P(T) - P(Tf

mut). It can be seen that most curves
have their minimaTx at slightly lower temperatures than their
folding temperatures and three mutants, I14A, L17A, and
I34A, have minima at slightly higher values. These observa-
tions are expected from our analysis and are consistent with
the information from Figure 4 (part B) that late transition
states haveTx > Tf. Practically, we found that for most

mutants|Tx - Tf|/Tf has a value of about 1%. We also plot
the chevron values as a function of the stability∆GDN in
Figure 9.

For a comparison between the calculations and experi-
ments, we plot the experimental midpoint concentrations
versus the folding temperatures of theoretical chevron curves
in Figure 10. The correlation coefficient including all points
is 0.73. All the correlations listed here and below are
achieved without any tuning of the parameters.

2. Transition State Positionâq. Instead of the microscopic
definition âE

q ) (Eq - ED)/(EN - ED) given in the section
above and shown in Figure 4, the experimental values for
âq are estimated from the ratio of the slopes of the chevron
plot. In Figure 11, we plot the theoreticalâq also obtained
from the slopes of the calculated chevron plot near the
transition region versus the corresponding results from
experiments at the midpoint region. Without the clear outlier
I40A, the correlation coefficient is 0.85.

3. φ Values.Though free energy perturbation for idealized
chevrons allows a uniquely well-defined value forφ )
∆∆GqD/∆∆GND ) log(kf

m/kf
w)/log(Km/Kw), it is quite chal-

lenging to defineφ values in a unique fashion for mutants
of curved chevron plots ab initio. As detailed in ref22, rates
from different concentrations for wild-type and mutants are
used to calculate with the constraint of matchingâq. The
alternate averagedφmp is defined by obtaining all thekf at a
fixed low concentration andku at a fixed high concentration

FIGURE 7: The thermal chevron plots of wild-type U1A and
different mutants.

P(T) ) ln[exp(-[Gq(T) - GD(T)]/(kBT)) +

exp(-[Gq(T) - GN(T)]/(kBT))] + const

Tx ) Tf[1 - 1
dN - dD

ln(- dNTf + ∆Go

dDTf + ∆Go
)]-1

FIGURE 8: The shifted thermal chevron plots of wild-type U1A
and different mutants by adjusting the origin of the plot with mutant
Tf and its corresponding value (see text).

FIGURE 9: The thermal chevron plots of wild-type U1A and
different mutants as functions of the corresponding∆GDN values.
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of denaturants (17). We show in Figure 12 the comparison
of φ values obtained by experimental curved chevron fits
with theoretical calculations given byφmp. Here I43V is not
shown in the figure since this mutation produces very small
stability changes giving large experimental errors and thus
leading to an apparent abnormalφ value larger than one.
The corresponding theoreticalφ for I43V is 0.662. We also
did not show I14A and L17A in Figure 12. Both have
negativeφ’s (-0.40 and-0.62, respectively) because the
theory predicts faster folding rateskf for mutants than the
corresponding values for the wild-type, which are the results
of the shift of barrier positions to relative late transition states.
For L17A, this increase seems related to the fact that the
mutations removed the backtracking. With the nine points
shown in Figure 12, the correlation coefficient is 0.65. With
all 12 points (including I43V, I14A, and L17A), the
correlation coefficient is 0.66.

Finally in Figure 13, to make a direct comparison with
experiments, we replotted the chevron data in a pairwise
fashion between wild-type and mutants. We use the same

order of plots as in Figure 3 of the experimental work (22).
For the majority of the mutants, experiment and theory agree
reasonably well as to how mutations change the chevron plot

FIGURE 10: The comparison of experimental values of midpoint
concentration vs computational values ofTf (normalized byTf for
wild-type) for various mutants.

FIGURE 11: The comparison of experimental values ofâ at midpoint
regions vs the corresponding values calculated from slopes of
theoretical chevron curves.

FIGURE 12: The comparison of experimental and theoreticalφ
values.

FIGURE 13: The thermal chevron plot comparisons. Mutation data
are colored red; wild-type is colored black. They are listed in the
same order as in Figure 3 of ref22. Note that the published
experimental data are not shown here.
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from that of the wild-type. The exceptions are I40A (which
fails for both wings), I12V, and I14A (both fail on the left
wing). For I12V, we have a slower folding wing than the
experiment does, while for I14A, we have a faster folding
wing than the experiment does. Still, the theoretical calcula-
tions of I40A show a highφ value, consistent with experi-
ments. This mutant has the most serious loss of contacts
found among all mutants, and thus finding deviations
between the calculation (which is fundamentally a perturba-
tion approach) and the experiment is understandable. I40A
displays the largest distortions of the chevron slopes, which
indicates that the barrier fine structure plays a critical role
for the observed kinetics. The transition state barrier shift is
larger for I40A than it is for other mutants. Also, unlike those
for any other mutation, the calculations ofâq from the two
definitions give very different results for I40A. I12V is the
most selective probe because it only involves one carbon
and is thus more sensitive to local errors than the others.

CONCLUSIONS

We used the PTW variational method to investigate the
malleability of the protein folding transition state ensemble
for the well-studied system U1A. At a very coarse-grained
level, the TSE emerges as “one” movable state with
perturbations due to temperature, denaturant, and mutations.
Zooming in, we can view it as arising from transitions among
many fixed individual transition states. These states do not
move significantly along the reaction coordinateâ, but they
do change their height (i.e., their relative free energy values)
easily when the system is perturbed. Thus collectively they
appear as one movable state. Because individual fine
structures are sensitive to how the contact maps are defined,
overall, we believe describing the system as having “one”
movable TSE is a more robust formulation.

The overall gestalt is quite robust to the definition of the
contact map. But we can learn in a perturbative sense from
the results with a sparse contact map. The trend that we find
from comparing the results from different definitions of the
contact map is consistent with those that we have found in
looking at other proteins (Hofmann et al., to be published):
generally, having more contacts leads to a higher barrier and
a more cooperative folding transition. Systems having more
contacts are more likely to follow commonly observed two-
state folding with a single broad barrier. On the other hand,
when the systems have fewer contacts, they have a tendency
to exhibit more parallel paths, some involving backtracking,
and possibly the emergence of high free energy but visible
intermediates. Proteins with sparse contact maps will have
complicated folding routes.

Free energy functional methods allow one to calculate the
chevron plot and compare the result directly with experi-
ments. For U1A, this direct comparison shows that theory
and experiment agree reasonably well and in a quantitative
and not just qualitative fashion.
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