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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 ofaccess. One seldom stressed but important advantage of the
the mechanisms of natural protein folding, there remain somefree energy functional based theories over simulations is that
rather general questions that still need to be resolved. Athe approach simultaneously treats unfolded ground state
guestion plaguing experimental studies is to what extent the effects, which are often present in experiments owing to
folding transition state is malleable rather than fixéd2), partial residual structure in the denaturant state, which may
that is, is it better to think of the transition state ensemble require carefully calibrated studieg (Simulations have even
(TSE} as a collection of structures that is “movable” by greater problems fairly sampling the entropy dominated
energetically perturbing along a reaction coordinate? Or unfolded states than they do for the transition state ensembles.

should we ascribe to the TSE some rather configurationally g jjlystrate the power of free energy functionals to address
well-defined specific states? Experimental studies of folding transition state malleability, we examine the free energy
transition states require great care in execution and delicateprof”es of protein U1A with a variational method developed
finesse in interpretatiorB( 4). Meanwhile computer simula- by Portman, Takada, and Wolyne§—10). The PTW
tions of protein folding have already provided some vivid yariational method expresses the conformational free energy
pictures and word descriptions of folding transitiobs ). of a protein using a small set of constraining varialeg

Yet because of worries about the accuracy of the force field nympering not more than the number of residues. A reference
and sampling problems, simulators often shy away from trial Hamiltonian, f5% = f%n + 31(28)SCi(fi — F1)?
making explicit quantitative predictions of laboratory folding jefines these constraining variables that reflect the local
kinetics. The small free energy differences detectable by Debye-Waller factors for main chain motions. Hei
experiments through protein engineering kinetic studies are; Jicates the native position of residiieand %/Ch is the

very hard to resolve computationally given the statistical backbone Hamiltonian. Using these variables, the free energy

sampling errors of current simulations. Direct routes to profile is easy to access and relatively smooth. The starting
calculating free energy profiles on the other hand can resolve oint of the PTW method is the (nonlocal) Hamiltonian of

e i . proten thatcny contans (e naive corias a
tions Iea)gin to. perhaps. svstematic errors thgirr) lack of that uses the native structure as input information, that is,
o g1, p PS, Sy L . the target Hamiltonian i8.% = % + % The contact
statistical errors gives an advantage over simulations in many ; deled b - e -
cases. While direct free energy evaluations do not have the® 1<, &Y 'S Modeled by a pairwise potentiay = 3 ju(F

= Tjl) with u(r) = Yk=sii vk expf—3/(2a®)}our?. The

burden of the sampling problem confronting simulations, they parameters; andou come from a tuning procedurd)( This

gsgnsnurepa:?evrlddeeigiel" m'acrzozcg/plfcgf i?r:g)';?ré;fetri?n;?tlzc:n starting model has a perfect funnel landscape—(3). In
9 P P such a simplified landscape, the interplay between stability
: : and entropy alone determines the TSE. Of course, the real
I'é‘é??e'ggowngfngfovéﬂfﬁol:y NEIngirI?m Ev(\’lélﬁ"\é'gé@“j?gm sesd.edy. TSE will contain effects from nonnative interactiorsfy
Phone: (858) 822-4825. Fax: (858) 822-4560. ' DA gr)d nonaddltlv[ty of contact formation e_r?ergldgﬁ)(.'Sme
“# University of California at San Diego and Center for Theoretical it is not convenient to calculate the partition functionaf
Bl(glogl_cal Physics. we use the FeynmarGibbs—-Peierls-Bogoliubov varia-
Dﬂﬂg‘éﬁarsﬁ?\?e?;tgo“ma' tional principle based on the reference Gaussian Hamiltonian,
1 Abbreviations: TSE, transition state ensemble: PTW, Portman /v, 10 obtain the free energy landscape as a function of the

Takada-Wolynes; MSD, mean-square deviation. constraint parametef<C}, that is,F[{C}] = —ksT In Z, +
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e — 9,1, whereZ, is the partition function of the reference '
Hamiltonian. 6

The experimental manifestation of TSE malleability shows
up in the so-called “chevron plots” for various mutations 4,
(3). For reversible two state folders, fast mixing and
relaxation experiments yield directly the sum of the forward
and backward rates, that ig,+ k. 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 sumk; + k,, against the denaturant concentration,
At low denaturant concentrations, the folding rate,
dominates the relaxation process, whil@lominates at high
denaturant concentrations. The resulting often stylized V-
shaped curve is the so-called “chevron plot”. If the TSE is 4
not malleable, the chevron plot appears to be intersecting L

free energy

|
straight lines. But generally the plots do show curvature,  -150 -100 -50

o

. . . . " energy
which implies that either one or both of the transition state Fioure 1@ The wild-type folding pathways a with backbone

ensemble and denatured ensemble (or even the native Statec?ontact map (definition (i), curves with cross@s= 1.578 kcal/

are malleable 5, 17)- Qurved CheVron p_|0_t5 can also be (mol-R)) and side chain contact map (definition (ii), dotted-dashed
the results of the folding intermediates. This is often observed curve with squares;; = 2.033 kcal/(molR)). The circle line, based

in the case of larger proteins. Our small protein U1A clearly on the capillary model, serves as a comparison with the results
shows simple two-state behavior from exponential relaxation Using backbone contacts.

dynamics. There is no evidence of populated folding he land , he | ber of I
intermediates in this case. Our calculations do show fine tN€ landscape is. The larger number of contacts generally

structures of the free energy profile, which could be termed INcréases the self-averaging and makes the contact network
“high free energy intermediates”. more robust against mutation and more cooperative, that is,

The protein that we chose for our present study is U1A. it gives a somewhat higher transition barrier and a simpler

. . . transition pathway. Since the folding process is a battle
U1A consists of a four-stranded antiparaffetheet with two : . :
a-helices packed on one sidg. It is one of the most between downhill lowering energy and decreasing entropy,

. . X . . we use for convenience the contact energy as a global
opular RNA-interacting motifs, and it has been the subject : . . ; .
(F;f Fr)nany experimental gstudieiq—zz). For a theoreticaf reaction coordinate. It is approximately proportional to the

. " - ver number of nativ ntacts formed. When there i
analysis of transition state malleability, U1A offers a average number of native contacts formed eh mere i1s a

articular advantage by displaying characteristic nonlineari- fine structure along the folding profile, local reaction
P ge Dy displaying coordinates may be introduced and have already been studied
ties/curvatures of the chevron plot that change both upon

: Lo . with this method as highlightened by Portman et &D)(
mutation and upon destabilization by chemical denaturants.AS shown in Figure 1, the free energy profile obtained with

FREE ENERGY PROFILES AND FOLDING OF the smallller_tr;utr;bero_f”contaclts :Ja;_sed or;_dﬁfir)ition 0] agg_rlees
R very well with the capillary calculation, which gives a profile
WILD-TYPE U1A AND ITS MUTATIONS B ~ (—aB® — (~ab)) and which also provides a
Being based on a native contact only Hamiltoniarm (Go parameter-free prediction of the peak positids, ¢ Ep)/
model), the PTW variational method uses the native contact (Ex — Ep) = 857 (23). Here D and N label the denaturant
information as inputg). While the overall picture of folding ~ and native state, respectively. The dense contacts, based on
processes is not sensitive to the details of the definition of definition (ii), also shift the peak positigh somewhat to a
the contact map (such as cutoff distance, whether to yse C more native position.
atoms, G atoms, or any atoms of heavy-side chains, etc.), Occasionally the calculated folding path has “backtrack-
the fine structure of the free energy profiles depends to someing” when the path includes a part with a transition state
extent on the precise definition of a native contact. that has fewer contacts than both the minima it connects (i.e.,
In Figure 1, we compare our results for the pathways where the two unstable directions of the saddle point on the
obtained with two different definitions of the contact map: free energy landscape lead to.) In these cases, the protein
(i) Cy's being within a cutoff distance of 6.5 A of each other has to unfold a bit before proceeding to fold to the native
and (i) heavy atoms of side chains being within 4.0 A, structure. This is an example of “topological” frustration. In
supplemented by some additional contacts found in the tablethe present case of U1A, the backtracking arises from two
of ref 22. The definition (i) gives a sparse set of contacts contact regions: (1) the turn connecting to the N-terminus
with a folding transition temperature for wild-type UTR of al (residues 2622) with the turn connecting to the
= 1.578, while for definition (i) there are more contacts C-terminus off32 (residues 4548) and (2) the turn con-
leading to a highefl; = 2.033. Note that, throughout the necting to the C-terminus ¢f2 (residues 4447) with the
current work, we express energy and temperature in unitsturn connecting to the N-terminus ¢8 (residues 5255).
of kcal/mol. Since the contact definition (ii) is consistent Similar results were also obtained for protein S6 with the
[while (i) is not] with the reported residue contact table for same folding topology.
mutations designed in r&f2, we focus on the results from The folding routes for wild-type U1A and its mutants for
definition (ii) below. The smaller the number of mean several differenttemperatures are shown in Figures 2 and 3,
contacts per residue is, the more delicate and complicatedrespectively. On the basis of these profiles, we conclude that
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Ficure 2: The wild-type folding pathway at different temperatures
([0.92-1.06] x T4,
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FIGURE 3: The folding pathways of mutants at different temper-
atures ([0.941.05] x T4,

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 barriﬁé =
(Ef — Ep)/(En — Ep), moves with changing the temperature.
HereE* is the contact energy of the transition state with the
highest*. 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
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Ficure 4: The movement of transition states with changing

temperatures. Most of the mutants are quite movable. Some mutants
(I114A, L17A, 134A) with a highp value move less than others.
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Ficure 5: The mean-square-deviation plot for different states of
wild-type U1A atT; along the folding route. The unit is scaled by
a factor of (3.8 A3,

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.

bottlenecks do not change much with denaturant, but relative Here the MSD of residueis defined as how much residue

barrier heights do change. In particular, the height of the

i fluctuates around its mean position in structures belonging

dominant barrier changes easily with the change of the to the TSE, that is, the diagon#h element of the covariance
temperature. Typically, at low temperatures, crossing an earlymatrix M. HereM; = [{f; — mL)(f; — [ML)/a2 anda =

transition state is rate-limiting, but gradually the barrier from

3.8 A. The MSD as a function of residue number is

late transition states grows faster and becomes dominant withshown in Figure 5. Similar information is contained in the
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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 ratdg andk, even for cases only having

a slightly asymmetric pathway at the conditi@y = Gp.

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 energyWe 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 that= k, for Gy = Gp,
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

5 Th d face & 0.005) at th v and | the basins and the barriers.
FiGURE 6: The isodensity surface .005) at the early and late . .
transition states for wild-type U1A &. The early (top panel, two We compare our calculated rates with the experimental

views) and late (bottom panel, two views) transition state are TS1 chevron plots, where the logarithm of the skm+ k, is
and TS3, which are labeled in Figure 1 and in the previous figure. plotted against the denaturant concentratmnthat is,

P(c) = In[ki(c) + ky(c)]. If we assume Arrhenius kinetics,
k(c) = A exp[-AG(c)/(ksT)], with a constant prefactoh,
isodensity plot shown in Figure 6. The density field e have
surrounding the protein is obtained frgstf) &~ ¥i(+/M; %)
exp(—3/(2a9)M; (F; — MLJ))?), whereM; * is the localization ~ P(c) = In[exp(—[G*(c) — Gp(0))/(kgT)) +
parameter for residuie They are obtained directly from the reE A
variational calculations for each state. A high number density exp(-[G(e) — Gu(@l(keT))] + const

(of residues) region will correspond to a more solid and more . . .
completely formed part of the protein. By displaying a In experimental studies, the chevron plots are used to derive

surface of the same density, we can view the contour of the primarily t_h.ree parameters: (1) protein s_tability, (2) transition
region corresponding to a classic folding nucleus. In Figure State position along the reaction coordingte= m/mp -y,

6, we can see how the folding nucleus grows along the @nd (3)¢ values for mutants.

pathway, since different states along the folding path will 1. Protein Stability.One thing to remember is that the
give different density fields. Relatively speaking, the early concentration of the minimum poirt,, of the chevron curve
transition state is less structured and has a small region ofP(C) is not precisely the concentration of unfoldimg(which
density higher than the contour surface of the specified we define byGn(c) = Gop(cr)). Experimentallyc: is often
fiducial density value; the later transition state is more formed called the midpoint concentration, MP, which is obtained
and has a larger contour surface of the same density valuegeometrically by the interception point of the linear extra-
In this case, the delocalized nucleus centered arfesicand ~ polations of the two wings of the chevron plot. We can
3 and its connection with strand 2 and strand 1. The overall €stimate the relation between and ¢, by linearizing the
picture is consistent with the gestalt obtained from the effects of concentrations close ¢owith ¢x = ¢i + dc. Here
experiments Z2). oc satisfies the equation

(alac)[exp —(bpoc + AG/(KsT)) +
exp—(bydc + AG/(kgT))] = 0

KINETICS AND CHEVRON PLOTS

Once we have free energy profiles, we can calculate the

folding and unfolding rates and free energjinetics rela- whereAG, = G*(¢) — Gp(c) is the barrier height at. This
tions. Here we will approximate the folding rate for ULA equation give®c = ¢, — ¢ = (by — bp)* In(—bn/bp). We

by estimating the rate of crossing the TSE with the largest have definedkgThon = (3/dc)(G* — Gpp)le=c. We have
free energy barrier. As we have already noted, we do notgenerallybp, > 0 andby < 0 indicating higher folding
find any deep intermediate states: the free energy profile is barriers and lower unfolding barriers with increasing dena-
two-state-like with one broad barrier in the big picture. This turant concentrations. We have zero shift,= 0, whenbp
one-barrier approximation makes our rate calculation straight- + by = 0. For earlier transition state§p is more likely
forward. If the routes, however, were rougher and clear coshifting withG* rather tharGy, and thugbp| < |by|, which
intermediate states were present, we would need to use othemeans they have a tendency to exhibit negative (left) shifts,
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Ficure 7: The thermal chevron plots of wild-type U1A and 0
different mutants.
Cx < ¢, and vice versa positive (right) shifts, > ¢, for N 7
late transition states.
The calculations presented do not directly deal with 2 7
denaturant-induced unfolding; rather they probe the thermal
denaturation curve: £3r A
. i
P(T) = In[exp(—[G'(T) — Gp(M/(kgT)) + 4 .
+ L
exp(-[G(T) — G\(M]/(kgT))] + const il ) |
As in the case of the chemical denaturation, the midpoint I | e |
temperaturely (the temperature of the lowest point of the o T ' ; 10

1]
thermal chevron plot) ant (the folding temperature defined X (NG DT il

by Gu(Ty) = Go(Ty) will generally be different. Note that _ G 2 R HATe Eoer B o pondita, vales. -
there is a temperature dependence in the denominator as Welf.j pondi@on '
After a similar calculation as for the chemical cases, the

— 0,
relation betweerT, and T, is mutants|Tx — T¢|/T; has a value of about 1%. We also plot

the chevron values as a function of the stabilk®py in

1 dyT;+ AG,\] 2 Figure 9.
T=T{1- d.—d In{— d-T.+ AG For a comparison between the calculations and experi-
NP Df ° ments, we plot the experimental midpoint concentrations
Here AG, = G(T;) — Go(Ty) is the barrier height aTy. versus the folding temperatures of_theorgtical c_hevron curves
Likewise, we definekedon = (/8T)(GF — Gpp)lr=r, With in Figure 10. The correlat!on cogfﬂment including all points
do > 0 anddy < 0 as before. is Q.73. AII_ the correlatl_ons listed here and below are

In Figure 7, we show the thermal (calculated) chevron achieved without any tuning of the parameters.
plots of wild-type ULA and its mutants. If a mutation shifts 2. Transition State Positiofi*. Instead of the microscopic
a chevron plot to the left of the wild-type, it means the protein definition ﬁ*E = (E* — Ep)/(Ex — Ep) given in the section
will be less stable; if it shifts to the right of the chevron plot above and shown in Figure 4, the experimental values for
of the wild-type, it means the protein will be more stable. j* are estimated from the ratio of the slopes of the chevron
As we can see, the minima of all of the mutants that we plot. In Figure 11, we plot the theoreticAf also obtained
chose (designed to delete contacts) shift to the left of the from the slopes of the calculated chevron plot near the
wild-type minimum indicating a decrease in protein stability. transition region versus the corresponding results from

In Figure 8, we also plot the chevron curve with experiments at the midpoint region. Without the clear outlier
translational movements of the individual curves shown 140A, the correlation coefficient is 0.85.
above by centering the points at the folding temperatures of 3. ¢ Values.Though free energy perturbation for idealized
the individual mutationsT™ that is, T — T — T]f““t and chevrons allows a uniquely well-defined value for=
P(T) — P(T) — P(T™). It can be seen that most curves AAG:p/AAGyp = log(k'/k)/log(K™KY), it is quite chal-
have their minimdy at slightly lower temperatures than their lenging to definep values in a unique fashion for mutants
folding temperatures and three mutants, 114A, L17A, and of curved chevron plots ab initio. As detailed in &%, rates
I34A, have minima at slightly higher values. These observa- from different concentrations for wild-type and mutants are
tions are expected from our analysis and are consistent withused to calculate with the constraint of matchjéig The
the information from Figure 4 (part B) that late transition alternate averagegl™ is defined by obtaining all thi: at a
states havel, > T;. Practically, we found that for most fixed low concentration anki, at a fixed high concentration
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Ficure 11: The comparison of experimental valuegaft midpoint
regions vs the corresponding values calculated from slopes of
theoretical chevron curves.

of denaturants1(7). We show in Figure 12 the comparison
of ¢ values obtained by experimental curved chevron fits
with theoretical calculations given ly"?. Here 143V is not
shown in the figure since this mutation produces very small
stability changes giving large experimental errors and thus
leading to an apparent abnormgalvalue larger than one.
The corresponding theoreticalfor 143V is 0.662. We also
did not show I114A and L17A in Figure 12. Both have
negative¢’s (—0.40 and—0.62, respectively) because the
theory predicts faster folding ratdés 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 143V, 114A, 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

Shen et al.
1.1 : : .
*
5 40A 45A
08 | E
* 12V
=
Q
s 05| i
£ % B80A
* B34A
02| E
£ 69A
£ SN x 26A
-0.1 : ; '
-0.1 0.2 05 0.8 1.1
exp. phi (beta=0.5)
FIGURE 12: The comparison of experimental and theoretigal
values.
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Ficure 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 r@2 Note that the published
experimental data are not shown here.

order of plots as in Figure 3 of the experimental wa2R)(
For the majority of the mutants, experiment and theory agree

fashion between wild-type and mutants. We use the samereasonably well as to how mutations change the chevron plot
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from that of the wild-type. The exceptions are 140A (which support was provided in part by the Center for Theoretical
fails for both wings), 112V, and I14A (both fail on the left  Biological Physics.

wing). For 112V, we have a slower folding wing than the

experiment does, while for 114A, we have a faster folding REFERENCES

wing than the experiment does. Still, the theoretical calcula-
tions of 140A show a highp 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. 140A
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 I140A than it is for other mutants. Also, unlike those
for any other mutation, the calculations @f from the two
definitions give very different results for 140A. 112V 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 coordingtebut 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 tendencyl8:

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.

ACKNOWLEDGMENT

We thank Dr. J. J. Portman for providing us with the
variational code and for helpful discussions. We also thank
Dr. R. W. Hall and Dr. J. Gullingsrud for the help on the
visualization of density fields with VMD. Computational

1.

2.

Yang, W. Y., and Gruebele, M. (2003) Folding at the speed limit,
Nature 423 193—-196.

Sachez, I. E., and Kiefhaber, T. (2003) Evidence for sequential
barriers and obligatory intermediates in apparent two-state protein
folding, J. Mol. Biol. 325 367-376.

. Fersht, A. (19995tructure And Mechanism In Protein Science:

A Guide To Enzyme Catalysis And Protein Folding. H.
Freeman, New York.

4. Nolting, B. (1999)Protein folding kineticsSpringer, Berlin.
5. Sato, S., Religa, T. L., Daggett, V., and Fersht, A. R. (2004) Protein

6.

7.

folding funnels: A kinetic approach to the sequence-structure
relationship,Proc. Natl. Acad. Sci. U.S.A. 106952-6956.
Wolynes, P. G. (2004) Latest folding game results: Protein A
barely frustrates computationalis®roc. Natl. Acad. Sci. U.S.A.
101, 6837-6838.

Sachez, I. E., and Kiefhaber, T. (2003) Hammond behavior versus
ground-state effects in protein folding: Evidence for narrow free
energy barriers and residual structure in unfolded stdtelgol.

Biol. 327, 867—884.

. Portman, J. J., Takada, S., and Wolynes, P. G. (1998) Variational

theory for site resolved protein folding free energy surfabéys.
Rev. Lett. 81 5237-5240.

. Portman, J. J., Takada, S., and Wolynes, P. G. (2001) Microscopic

theory of protein folding rates. I. Fine structure of the free energy
profile and folding routes from a variational approaghChem.
Phys. 1145069-5081.

10. Portman, J. J., Takada, S., and Wolynes, P. G. (2001) Microscopic

11.

theory of protein folding rates. Il. Local reaction coordinates and
chain dynamics). Chem. Phys. 114082-5096.

Ga N. (1983) Theoretical studies of protein foldingnnu. Re.
Biophys. Bioeng. 1,2183-210.

12. Leopold, P. E., Montal, M., and Onuchic, J. N. (1992) Protein

13.

14.

15.

folding funnels: A kinetic approach to the sequence-structure
relationship,Proc. Natl. Acad. Sci. U.S.A. 88721-8725.
Wolynes, P. G., Onuchic, J. N., and Thirumalai, D. (1995)
Navigating the folding routesScience 26,71619-1620.

Viguera, A. R., Vega, C., and Serrano, L. (2002) Unspecific
hydrophobic stabilization of folding transition stat®pc. Natl.
Acad. Sci. U.S.A. 9%349-5354.

Eastwood, M. P., and Wolynes, P. G. (2001) Role of explicitly
cooperative interactions in protein folding funnels: A simulation
study,J. Chem. Phys 114702-4716.

16. Oliveberg, M. (2001) Characterisation of the transition states for

protein folding: Towards a new level of mechanistic detail in
protein engineering analysi§urr. Opin. Struct. Biol. 1194—
100.

17. Otzen, D. E., and Oliveberg, M. (2002) Conformational plasticity

19.

20.

21.

22.

23.

in folding of the split beta-alpha-beta protein s6: Evidence for
burst-phase disruption of the native stateMol. Biol. 317 613—
627.

Price, S., Evans, P. R., and Nagai, K. (1998) Crystal structure of
the spliceosomal U2ZBU2A' protein complex bound to a fragment
of U2 small nuclear RNANature 394 645-650.

Allain, F. H.-T., Gubser, C. C., Howe, P. W. A., Nagai, K.,
Neuhaus, D., and Varani, G. (1996) Specificity of ribonucleopro-
tein interaction determined by RNA folding during complex
formation, Nature 380 646—650.

Silow, M., and Oliveberg, M. (1997) Transient aggregates in
protein folding are easily mistaken for folding intermediafasc.
Natl. Acad. Sci. U.S.A. 946084-6086.

Silow, M., and Oliveberg, M. (1997) High-energy channeling in
protein folding,Biochemistry 367633-7637.

Ternsti, T., Mayor, U., Akke, M., and Oliveberg, M. (1999)
From snapshot to movie: phi analysis of protein folding transition
states taken one step furthéroc. Natl. Acad. Sci. U.S.A. 96
14854-14859.

Wolynes, P. G. (1997) Folding funnels and energy landscapes of
larger proteins within the capillarity approximatioRroc. Natl.
Acad. Sci. U.S.A. 946170-6175.

BI0500170



