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Here, we describe the folding/unfolding kinetics of a3D, a small
designed three-helix bundle. Both IR temperature jump and ultra-
fast fluorescence mixing methods reveal a single-exponential pro-
cess consistent with a minimal folding time of 3.2 = 1.2 us (at
~50°C), indicating that a protein can fold on the 1- to 5-us time
scale. Furthermore, the single-exponential nature of the relaxation
indicates that the prefactor for transition state (TS)-folding models
is probably =1 (us)~! for a protein of this size and topology.
Molecular dynamics simulations and IR spectroscopy provide a
molecular rationale for the rapid, single-exponential folding of this
protein. azD shows a significant bias toward local helical structure
in the thermally denatured state. The molecular dynamics-simu-
lated TS ensemble is highly heterogeneous and dynamic, allowing
access to the TS via multiple pathways.

Proteins fold along a conformational landscape that begins
with a largely disorganized, unfolded structure and proceeds
to a highly compacted native state with greatly reduced confor-
mational freedom. One model for protein folding posits a
conformational search that proceeds via an initial hydrophobic
collapse with further folding occurring within a restricted vol-
ume (1). Although many proteins exhibit multiple stages of
folding, some small, topologically simple proteins fold without
detectable intermediates, indicating that the conformational
search and collapse are sometimes essentially synchronous pro-
cesses, which is described by the nucleation—condensation mech-
anism (2). This folding process can shift to the framework model
with increasing secondary structure propensities (2). The folding
of small proteins by either mechanism can occur on the milli-
second time scale or faster (3—14). De novo peptide and protein
design provides an attractive approach for probing the kinetics
of protein folding because it allows one to define both the
sequence and its resulting interactions. Unstructured peptides
have been used to determine the rate of formation of the first
contact between amino acid side chains in the random coil state
(15-17). Also, studies on monomeric helices revealed that the
formation of isolated helices occurs with a time constant of
100-300 ns (depending on the sequence) near room temperature
(18, 19) and can be characterized by a relatively rough landscape
(20). In contrast, B-hairpin formation in a model peptide occurs
in ~6 us (21). Finally, the role of electrostatic complementarity
has been probed by examining the second-order rate of folding
of designed coiled-coil peptides (22).

Here, we report folding/unfolding studies of a3D, a de novo
designed three-helix bundle protein (23). azD is an excellent
system for probing the maximal rate of folding in a small globular
protein. It was designed to be stabilized only by the packing of
hydrophobic side chains and lacks buried polar residues or
structured loops that might introduce significant kinetic barriers
to folding (24). This protein adopts a well defined tertiary
structure in which most of its solvent-inaccessible side chains
adopt predominantly a single conformation (25). Also, the
observed rates of amide hydrogen—deuterium exchange and the
thermodynamic parameters for folding are within the range
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expected for a protein of its size, indicating that its core is
relatively well packed (26).

Materials and Methods

The amino acid sequence of a3D is given in ref. 25. The protein
was expressed and purified as described (23). CD data were
collected on an AVIV 62DS spectropolarimeter by using a 1-mm
quartz cell. Fourier transform IR spectra were collected on
a Nicolet Magna-IR 860 spectrometer by using 2-cm ™! resolu-
tions and a thermostated two-compartment CaF, sample cell
(52 wm) (20).

The 3-ns, 10-mJ, 1.9-um, and 10-Hz temperature jump (7-
jump) pulse was generated by Raman shifting the Nd:YAG
fundamental, 1,064 nm (Infinity, Coherent, Santa Clara, CA), in
a mixture of H, and Ar pressurized at 750 psi. A T-jump of
10-15°C can be obtained routinely in an ~40-nl laser interaction
volume, and the final temperature in the current study ranges
from 45 to 84°C. A continuous wave lead salts IR diode laser
(Laser Components, Wilmington, MA) was used as the probe.
Transient absorbance changes of the probe induced by the
T-jump pulses were detected by a 50-MHz mercury cadmium
telluride detector (Kolmar Technologies, Newburyport, MA).
Digitization of the signal was accomplished by using a Tektronix
TDS 3052 digital oscilloscope (20).

For continuous-flow fluorescence measurements, we used a
capillary mixer similar to that described (27). Mixing efficiency
and dead time (103 = 10 us for experiments at or above room
temperature and 168 = 10 us for those at 12°C) were determined
by monitoring the quenching of N-acetyltryptophanamide flu-
orescence by N-bromosuccinimide in the presence of urea, which
results in somewhat longer dead times compared to aqueous
buffer. Folded a3;D (in 2 M urea, pH 2.6) was mixed with a
10-fold excess of concentrated urea solution in 200 mM phos-
phoric acid at pH 2.6 to final urea concentrations between ~5.5
and 9 M. Final protein concentration was 40-50 uM.

Molecular dynamics (MD) simulations were performed by
using ENCAD (28) and established protein (29) and water (30)
potential functions. All simulations began with the NMR solu-
tion structure 2A3D (25). Two simulations each were performed
at 100 and 225°C at low pH (Glu, Asp, and His protonated), as
well as a 25°C control at neutral pH (Glu, Asp, and His ionized).
The protein was solvated with water molecules extending at least
8 A from any protein atom, yielding 2,893-2,994 waters. The box
volume was adjusted to reproduce the experimental density
appropriate to that temperature: 0.997, 0.958, and 0.829 g/ml
for 25, 100, and 225°C, respectively (31). Several steps were
performed to further prepare the system for MD. First, water
alone was minimized for 5,001 steps, followed by 5,001 steps of
MD and another 1,001 steps of minimization. The protein was

Abbreviations: T-jump, temperature jump; TS, transition state; MD, molecular dynamics;
En-HD, engrailed homeodomain.
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Fig.1. (a)IRspectraof asDin D0 (50 mM phosphate buffer, pH* 2.2 uncorrected pH reading in D,0) were collected every 7°C, from 2.5 to 86.5°C. Representative
IR spectra in the amide I’ region (O) are shown. These spectra (total 13) were modeled (solid lines) globally by 6 G with the following parameters: v1 = 1,587.5
cm™, Avy =26.8cm™; 1, = 1,606.6 cm~ !, Av, = 18.6 cm™'; 13 = 1,628.6 cm™', Avz = 25.7cm ™", vy = 1,644.2 cm™, Avg = 23.4cm™"; v5 = 1,660.1 cm~ ', Avs =
32.8cm~"; and vg = 1,705.7 cm ™", Avg = 49.0 cm~"'; where v is band position and Av is full width at half maximum. The bands that make up the fit for the 9.5°C
spectrum are shown. The bands at 1,705 and 1,587 cm~' are due to protonated and deprotonated carboxylates, respectively, and the band at 1,606 cm~" arises
from amino acid side chains. The remaining three bands are due to amide C=O0s. (b) Difference IR spectra generated by subtracting the spectrum collected at
2.5°Cfrom the spectrain a. Arrows indicate the direction of changes when temperature is increased. (c) Relative band areas of the three amide bands as a function
of temperature.

then subjected to 501 steps of minimization. Finally, the entire ~ components (Fig. 1a), three of which are related to significantly
system was minimized for 501 steps. Production simulations were ~ populated backbone conformations and three of which are
then performed. A nonbonded cutoff of 8 A with smooth,  associated with side-chain vibrations. All three main-chain com-
force-shifted truncation was used (29), and the nonbonded list ~ ponents show a pretransition baseline, followed by a thermal
was updated every two to five steps. Slightly different setups  unfolding transition, which occurs at the same Ty, as when the
were used for the duplicate trajectories, which is equivalent to  transition is followed by CD (Fig. 1c).
changing the random number seed for MD. Periodic boundary Based on isotopic labeling, the bands at 1,628 and 1,644 cm ™!
conditions and the minimum image convention were used to  have been assigned to fully and/or partially hydrated and
reduce edge effects within the microcanonical ensemble. The  dehydrated amides (33), respectively. In the pretransition region,
simulations were then performed by using a 2-fs time step, fora  the hydrated amide peak decreases in intensity in a linear
total of 409 ns or 0.409 ws. Structures were saved every 0.2 psfor ~ manner as a function of temperature. These changes appear to
analysis, resulting in 250,000 structures for each 50 ns. The actual ~ be related to the weakening of the hydrogen bonds with solvent
simulation times were: neutral pH, 298 K, 10 ns; low pH, 373_.1,  molecules and fraying of the helices (33) (see also MD Simula-
50 ns; 373.2, 182 ns; 3733, 72 ns; and 498_1, 25 ns; 4982, 50 ns;  tions). The peak at 1,660 cm ™!, which is associated with nonhe-
49823, 20 ns (10 A instead of 8 A nonbonded cutoff was used for  lical amides, also increases linearly with temperature up to the
this s1mulat10n) Putative transition state (TS) ensembles were  onset of the thermal unfolding transition after which it shows a
identified by using a conformational clustering procedure (32).  sigmoidal increase typical of thermal unfolding curves. We
assign this peak of the thermally unfolded state to amides that
Results are not involved in stable secondary structures. Its peak position
Equilibrium Thermal Unfolding of asD. Thermal unfolding of azD at (1,660 cm ™) differs from the value of ~1,645 cm~! reported for
neutral pH occurs only at temperatures >90°C. Therefore, we  fully unstructured peptides but is close to that expected for short
studied the folding at pH™ 2.2, which lowered its melting  3;¢ helices and type I turns (34), which are frequently found near
temperature (Tn) to 73°C. The '*C-'H heteronuclear single  the ends of well structured helices and in noncooperatively
quantum coherence spectrum at ambient temperature indicates ~ formed “nascent” helices (35). These residual structural pref-
that the protein retains a uniquely folded structure at acidic pH  erences in the denatured state of azD may contribute to its rapid
(data not shown). Also, the thermodynamic parameters for rate of folding.
thermal unfolding of a3;D at pH* 2.2 (T, = 73.2°C, AHy, = -36
kcal'mol™!, and AS,, = —104 cal'mol~“K~!), measured as Kinetics of Unfolding of asD. The relaxation kinetics of azD was
described (26), are characteristic of small globular proteins  measured by time-resolved IR spectroscopy after a laser-induced
(Fig. 6, which is published as supporting information on the  nanosecond T-jump (20). When monitored at 1,631 cm™%, the
PNAS web site). The computed value of AC,, approximately  relaxation kinetics exhibit an initial instantaneous component
—650 cal'mol~ K1, is similar to that observed at higher pH  followed by a first-order relaxation (Fig. 2). The instantaneous
(Fig. 6, which is published as supporting information on the = component is faster than the 10-ns rise time of our IR detection
PNAS web site). system and is attributed to very rapid changes in solvation and
IR spectroscopy provides an excellent probe of not only the  fraying of the ends of the helices. The slower phase is well
secondary structure of a protein but also its degree of hydration  resolved with a relaxation time constant of a few microseconds
(33). As a prelude to the kinetic measurements, we examined the ~ around the thermal T}, (=73°C). Because the longest delay time
equilibrium thermal unfolding of azD at pH* 2.2 by monitoring  used in this study was ~20 us, we cannot rule out the possibility
the amide I' band (Fig. 1a), which arises mainly from the amide  that additional kinetic events occur on a longer time scale.
C=O0 stretching vibration. The IR difference spectra (Fig. 1) in =~ However, the kinetic amplitudes at all temperatures are within
this region indicate that increasing temperature results inamajor ~ >90% of the expected equilibrium values, suggesting that there
decrease in IR absorbance at ~1,630 cm™! with a concomitant  are no major relaxation processes taking place on a longer time
increase of ~1,660 cm™!. By using a global analysis technique,  scale. Thus, we attributed the microsecond relaxation phase to
the IR spectra for the amide I’ region were decomposed into six ~ the folding—unfolding transition of the azD tertiary structure.
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Fig.2. T-jump-induced relaxation kinetics of asD measured by time-resolved
IR spectroscopy at 1,631 and 1,665 cm~' aswell as different final temperatures.
The fast phase rose instantaneously and was not resolvable with our instru-
ment setup, whereas the slow phase was modeled by a single-exponential
function. The relaxation time constants corresponding to different final tem-
peratures are 7 (45.4°C) = 2.8 us, 7(70.0°C) = 2.6 us, 7(81.0°C) = 1.2 us, and 7
(72.3°C) = 2.2 ps. The T-jump amplitude was ~10°C for each case, and the final
temperature is indicated.

The kinetic measurements were extended to lower tempera-
ture in a series of experiments in which the intrinsic Trp
fluorescence was monitored to report the overall tertiary struc-
ture of the protein. These experiments were conducted by using
an efficient capillary mixer with a dead time of ~100 us (27) for
continuous-flow measurements of the rate of unfolding as a
function of both temperature and urea concentration (Fig. 3).
Equilibrium measurements of the fluorescence of the single Trp
vs. urea concentration (pH 2.6) showed an unfolding transition
characterized by a sigmoidal decrease in fluorescence between
3 and 6 M urea with a midpoint, Cp,, of 4.6 M (Fig. 7). The
fluorescence changes associated with unfolding, triggered by a
rapid jump in urea concentration from 2 to 6 M, or above, exhibit
a single-exponential decay over the 100- to 800-us time range
(Fig. 3a). The rate of unfolding increases as a function of both
urea concentration and temperature (Fig. 3b). At each temper-
ature measured (12-38°C), the unfolding rate in the absence of
urea was obtained by linear extrapolation (Fig. 3b). Similarly,
refolding from the urea-denatured state (7 M) to final concen-
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Fig.3. Unfolding kinetics of azD measured by continuous-flow fluorescence.
(a) Representative continuous-flow fluorescence traces, including unfolding
experiments at 12, 31, and 38°C and a final urea concentration of 6.5 M. Solid
lines represent single-exponential fits. (b) Semilogarithmic plot of the rate
constant of unfolding vs. urea concentration; representative data at three
temperatures are shown. The rates in the absence of urea, obtained by linear
regression (lines), are included in Fig. 4b.
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Fig.4. (a) Arrhenius plots of the observed (@), folding (O), and unfolding (»)
rate constants. Lines are fits to the Eyring equation, i.e., In(k) = In(D)-AG* /RT,
where Dis a constantand AG” is the free energy of activation thatis a function
of temperature, as described by the following function: AG* = AH*(T,,) +
ACp* (T — Tr) — T[ASH(Tin) + AGo™ In(T/Tm)], where T is 73.2°C. Global fitting
of the folding and unfolding kinetics yields the following thermodynamic
parameters of activation when D = 108 s~ is used: (/) for folding, AH*(T) =
—6.1 kcal'mol~', AS*(Trm) = —20.5 cal'mol ="K, AC,* = —255 cal'mol K~ ";
(if) for unfolding, AH*(T) = 29.8 kcal-mol~', AS*(T,,) = 83.1 cal'-mol~"-K~',
ACp* = 392 cal'mol~"K~'. (b) Same as a but with an extended x axis. For
comparison, unfolding rate constants (CJ) measured in mixing experiments are
also shown. These data show that both folding and unfolding rates exhibit
nonlinear temperature dependence. The folding time at 25°C is predicted to
be ~4.8 us according to the fit in a, and the unfolding time at 100°C is
predicted to be ~100 ns. The times required to reach the TS in two indepen-
dent simulations at 100°C are shown as m.

trations between 2.5 and 4.5 M (12°C) showed single-exponential
kinetics consistent with a two-state mechanism [linear depen-
dence of log(k) vs. urea concentration joining the rate of
unfolding near C,]. However, at lower urea concentrations,
deviations from strict two-state behavior are observed at 12°C.
This may be due to accumulation of partially folded intermedi-
ates or increased ruggedness of the energy landscape. Transient
association is unlikely to be responsible for the complex folding
behavior because recent continuous-flow fluorescence experi-
ments (data not shown) indicate that the folding kinetics at 12°C
is independent of protein concentration over the 10- to 100-uM
range.

Fig. 4a illustrates an Arrhenius plot of the logarithm of the rate
constants vs. 1/T for the T-jump data. The folding and unfolding
rate constants (kf and k,, respectively) were calculated from the
observed rate constant (kons) based on the relationships kops =
ki + ky and Keq = ki/k,. The plots show strong deviations from
linearity; the plot for the folding rate is curved downward with
a maximum near 49°C and a folding time of 3.2 = 1.2 pus.
Conversely, the unfolding curve shows upward curvature (Fig.
4a). Such nonlinear behavior has also been observed with other
proteins (36-38) and in HP lattice models (39). Non-Arrhenius
temperature dependence of folding may be the result of local
traps on the energy landscape that retard folding under condi-
tions where the driving force for folding is small (40). Another
possibility is that the curvature originates from the difference in
heat capacity between the folded or unfolded states and the TS
(36-38, 41). Our results appear to be consistent with this
interpretation: AG” for both the folding and unfolding of azD
(Fig. 4) was calculated by using an equation similar to that
commonly used to characterize the equilibrium thermal folding—
unfolding transition. The extrapolated rates obtained from the
continuous-flow measurements are in excellent agreement with
the predicted values from 7-jump down to room temperature

Zhu et al.
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Fig.5. Representative structures from the MD simulations. (a) Loss of helical
and tertiary structure as a function of time for two of the simulations. The
regions of the native helix are red (HI), green (HII), and blue (HllI). Thickened
ribbons denote helical structure, as determined by using the pssp algorithm
(58). (b) A representative structure from each TS ensemble, identified by using
a conformational clustering procedure (32), is displayed along with a side
chain contact pay with native contacts shown above the diagonal and non-
native below. The map shows the average population of the contacts over a
5-ps TS ensemble, moving from blue to green to red for the most to least
populated contacts.

(Fig. 4b). This agreement suggests that secondary and tertiary
structure, which are probed by the 7-jump IR and continuous-
flow fluorescence methods, respectively, are essentially formed
in parallel (kinetically indistinguishable). Furthermore, the
equivalence of the rates of folding from the thermally unfolded
and urea-unfolded states suggests that folding is occurring from
a relatively unstructured state. As in the folding measurements,
some divergence is observed at 12°C, possibly due to deviations
from strict two-state behavior.

Folding involves the burial of hydrophobic residues, which
leads to a change in the heat capacity of the system. Therefore,
the difference in heat capacity between the unfolded and the
TSs, i.e., AC,*, provides a measure of how similar the TS
structure is to the folded state. For azD, AC,* was —255 (£50)
cal'mol~!-K~! for folding. This value corresponds to ~40% of
the full heat capacity change between the folded and unfolded
states, which is smaller than the values observed for many other
small proteins, suggesting that the TS ensemble encountered
during folding of a3D is relatively disordered or at least has a
high solvent accessible surface area. In addition, the net enthalpy
gained (approximately —6 kcal-mol~!) at the TS is only ~16%
of that gained on formation of the native state, which is also
consistent with a relatively open, poorly packed TS.

MD Simulations. MD simulations of thermal unfolding were
performed at 100 and 225°C to provide a structural framework
for interpretation of the experimental results (Fig. 5). The
protein reached the TS for folding within 1 ns at 225°C (75 and
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410 ps, in two independent simulations) and later at 100°C (15.7
and 100.1 ns for two different simulations). The times to reach
the TSs are in agreement with experiment (Fig. 4b). Extrapo-
lation of the T-jump data to 100°C yields a time constant for
unfolding (ensemble kinetics) ~100 ns (Fig. 4b), which predicts
probabilities (1 — e *7) of 15% and 63% for single-molecule
trajectories to reach the TS within 16 and 100 ns, respectively.

Consistent with our interpretation of the IR data, the number
of main-chain water hydrogen bonds dropped (48 and 35 at
100°C and 225°C, respectively) and both the intra- and inter-
protein hydrogen bonds were weakened with increasing temper-
ature in the pre-TS region. These effects are due to the lower
solvent density and increased water and peptide motion/
entropy.

The TS structures show increases in total solvent-accessible
surface area of 30-50% of the total change on unfolding, a value
somewhat smaller than the ~60% increase seen in AC, mea-
surements, which are more closely related to changes in nonpolar
surface area. The significance of this discrepancy is not clear at
this time. The overall properties of the four independently
derived TS ensembles are similar, despite the large spread in
temperature, as observed for other proteins (8, 13, 42, 43). At a
more detailed level, dynamic contacts between hydrophobic side
chains stabilize the TS, but because of the nonspecific nature of
these interactions, the nucleus is fairly delocalized, involving
different residues at different times in various TS ensembles, as
reflected in the helix packing angles and side-chain packing
(Fig. 5b).

After the TS, the protein unfolds further, particularly at the
higher temperature, at which improved sampling is achieved
(Fig. 5a). The pathway of unfolding was quite variable with
respect to loss of the helices. For example, in 373_1, HI was
retained much longer than the other two helices and HIII was
more stable than HIT (HI >> HIII > HII). A similar pattern
was found for the 498_1 simulation (HI ~ HIII >> HII), whereas
the other two simulations showed a different order (373.2,
HIII ~ HII > HI and 4982, HII > HI > HIII). The protein
unfolds through an intermediate in some simulations; e.g., in
4982 an intermediate with altered helix packing was populated
from 0.88 to 4.8 ns (see the 3.5-ns snapshot in Fig. 5a). Further
unfolding led to a denatured state with residual helical structure
[=38% at 225°C by consideration of (¢, ¢) angles (44) and 8%
if we require that segments form =6 hydrogen bonds]. Thus,
much of the sequence remains within the helical region of
conformational space, but little well ordered and extended
helical structure is formed. In addition, both 31¢- and #-helical
structure are populated in the denatured state, as reflected by
the average number of i — i + 3 (6.7) andi — i + 5 (7.7)
hydrogen bonds, respectively. This type and degree of residual
structure is in agreement with the IR data.

Discussion and Conclusions

The folding of a3D brings side chains into tertiary contacts that
are separated by up to 50 residues in sequence. Two residues
separated by this distance in sequence would be expected to
collide on the 1- to 3-us time scale (15-17, 45-47), yet asD is able
to achieve the fully folded state in which all tertiary contacts are
in place on this same time scale. This finding demonstrates the
importance of the sequence in guiding and accelerating the
folding process. azD folds faster than any globular protein
directly measured to date, forming its native structure at a rate
that is roughly equivalent to the time scale of formation of a
highly helical intermediate in the natural three-helix bundle
protein (1.5 us), the engrailed homeodomain (En-HD) (13). The
acquisition of native structure in En-HD occurs on a somewhat
longer time scale at room temperature: ~15 us (8, 13). Further-
more, mutants of A-repressor headpiece fold with double expo-
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nential kinetics; only the phase with the lower amplitude is as fast
as OL3D (48)

TS theory for two-state protein folding predicts that the
observed folding rate constant (kioq) is given by kfold = Kmol
exp(—AG*/kgT), where AG¥ is the activation-free energy and
kmor 1s @ molecular correlation time (48). This equation breaks
down at very low activation free energies, leading to kinetic
curves that are no longer well described by single exponentials
and instead require multiple or stretched exponential to ade-
quately describe the data. Thus, the finding that a3D displays
single-exponential kinetics would predict that there is significant
free energy of activation, thereby indicating that the effective
molecular correlation time is <3 ps. What then is the limiting
value of knyo for a protein of this size and topology? Recently,
we demonstrated that monomeric helix formation can be best
described by a stretched exponential with a correlation time of
~100-500 ns (19), depending on the sequence and temperature.
Furthermore, the observed rate constant depends rather weakly
on the chain length. Thus, we expect knyo to be similar to this
value for small helical proteins, i.e., 106 to 107 s~!. Recently, Li
et al. (49) also argued that ~1 (us)~! should be a reasonable
estimate for the prefactor of the TS theory expression of the
folding rate.

Finally, we ask what features contribute to the exceptionally
fast folding of a3D. Its relatively simple topology is one
important factor, although its rate of folding is under-
predicted by approximately a factor of 10 by consideration of
contact order (50) alone. More specifically, the extreme speed
of folding can be attributed to the design of the azD sequence;
the helical regions are already predisposed toward this con-
formation in the unfolded state by virtue of their intrinsic
helical potential as well as numerous medium-range interac-
tions between residues separated by a single helical turn.
Native-like contacts in unfolded states are likely to speed up
the search for the final conformation because preexisting
hydrophobic clusters would help to reduce the entropic cost
associated with folding, as well as to narrow the conforma-
tional space that must be searched along the folding pathway
(51-53), provided they are not too strong (54). Our IR thermal
melting results support such a scenario in the case of a3D.
Furthermore, the helices can be increasingly stabilized as their
apolar side chains become buried during the consolidation of
the hydrophobic core. In addition, the core of asD lacks
interactions between buried polar side chains, which require
more precise and hence less probable orientations of the
interacting groups (24). Consequently, the packing in the TS
ensemble is dynamic and variable, leading to a heterogeneous
but topologically native-like TS, as illustrated in Fig. 5b.
Interestingly, a heterogeneous TS has also been experimen-
tally elucidated in a fast-folding, two-stranded coiled coil
peptide (55).

Itis also interesting to compare the folding process observed
for azD with that of En-HD, which folds by means of a highly
structured intermediate in a manner predicted by the frame-
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ing appears to be due to the heterogeneity of the packing
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the denatured state. So, unlike En-HD, folding of a3D pro-
ceeds from a disordered, but biased, denatured state, thereby
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