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ABSTRACT: For many decades, protein folding experimentalists have worked with no information about
the time scales of relevant protein folding motions and without methods for estimating the height of
folding barriers. Protein folding experiments have been interpreted using chemical models in which the
folding process is characterized as a series of equilibria between two or more distinct states that interconvert
with activated kinetics. Accordingly, the information to be extracted from experiments was circumscribed

to apparent equilibrium constants and relative folding rates. Recent developments are changing this situation
dramatically. The combination of fast-folding experiments with the development of analytical methods
more closely connected to physical theory reveals that folding barriers in native conditions range from
minimally high (~14RT for the very slow folder AcP) to nonexistent. While slow-folding (.2l ms)
single-domain proteins are expected to fold in a two-state fashion, microsecond-folding proteins should
exhibit complex behavior arising from crossing marginal or negligible folding barriers. This realization
opens a realm of exciting opportunities for experimentalists. The free energy surface of a protein with a
marginal (or no) barrier can be mapped using equilibrium experiments, which could resolve energetic
factors from structural factors in folding. Kinetic experiments on these proteins provide the unique
opportunity to measure folding dynamics directly. Furthermore, the complex distributions of time-dependent
folding behaviors expected for these proteins might be accessible to single-molecule measurements. Here,
we discuss some of these recent developments in protein folding, emphasizing aspects that can serve as
a guide for experimentalists interested in exploiting this new avenue of research.

In folding to their biologically active 3D structures, detection of single-protein molecules with full atomic detail
proteins must coordinate the vast number of degrees ofand subnanosecond resolution during long periods of time.
freedom of their polypeptide chains by forming complex Obviously, such measurements are well beyond our current
networks of noncovalent interactions. Therefore, understand-experimental capabilities.

ing protein folding involves determining the relations 14 complicate matters further, protein folding reactions
between the energetics of weak interactions and protein ;,near deceivingly simple in traditional thermodynamic and

conformatiqn and the co!lective chain dynamics that govern j;asic experimentsi(0). Accordingly, it has been customary
the search in conformational space. In modern rate theory, interpret folding experiments as elementary chemical

these issues are resolved by mapping the potential EnergYeactions. Protein thermodynamics are then discussed in

'?'Lthg mole_cule astr? function Ofttr&e relde_}?an'_[ coordlnatr?s. terms of chemical equilibria between a series of discrete
€ dynamics aré then represented as diffusion on suc ar}nacrostatesl(l), which interconvert with activated kinetics

energy surfacel( 2). For folding reactions, however, even A : s
the solvent-averaged free energy surface is hyperdimensionaPVer arbitrarily high free energy barrierk). The simplicity

due to the large number of relevant coordinates (i.e., of the c.hem.ical approach has .made i gxtremely popglar in
thousands of atomic coordinates for a small proteB)) ( the foIdmg field (lO). However, mterpretlng 'prqt'eln folding
Folding hypersurfaces should also be topographically com- as a simple chem_|cal re_act|o_n carries a significant gmount
plex due to frustration among the myriad of possible of baggage. The dlmensmnaht_y anq §hape of the folding free
interactions 8, 4). Moreover, molecular simulation$+<8) energy surface are assumed implicitly and, thu;, cannqt be
and NMR dynamics experiment8)(indicate that protein investigated exp_erlmentally. Fu_rthermo_re,_ the mforma‘_u_on
conformational motions span a wide range of time scales that can be obtained from_ expe_nments IS I|.m|ted to e_qun|b-
(i.e., from picoseconds to milliseconds). The implication is UM and rate constants in which energetic, dynamic, and

that measuring folding surfaces experimentally would require Structural factors are all intertwined. In other words, by
describing folding in chemical terms, we are giving up the

T  described here has b od bv NIH Grant GM opportunity to measure experimentally the very same fun-
e researc escripe ere nas peen supporte Yy ran - H H H H
066800 and NSE Grant MCB.0317294. damental properties that determine folding mechanisms and
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ment of computer simulation${8, 14—16) together with 15

a shift in experimental focus toward fast-folding proteins _

(17-22). The microsecond folding time scales of these Tt s:"/“"\'“"“

proteins make it possible to connect with modern simulations, 3

which are finally reaching comparable time scales. Further- % s

more, work of fast-folding proteins has produced significant s fast phase
evidence indicating that folding barriers are small, sometimes ? ol

even absent altogether. Such observations have confirmed =

critical theoretical predictions. Moreover, the existence of

small folding barriers opens a new realm of opportunities " s 10 15 20

for the experimental analysis of protein folding. With Ficure 1: One-dimensional free energy surface farhelix

marginal folding barriers, it becomes possible to extricate formation obtained by projecting the free energy of all of the species
dynamic factors from energetic factors in kinetic experiments from the detailed kinetic model as a function of the number of

and resolve energetic contributions and structural ensembleshelical peptide bonds. The arrows represent the main flux involved
in equilibrium folding experiments. Here we discuss recent in €ach of the two observable kinetic phases.

developments in this area, which are paving the way for a o . )

shift from the traditional biochemical paradigm to a physical the projection of the multidimensional free energy surface

paradigm in experimental protein folding. onto one order parameter (i.e., the number of helical peptide
bonds) reproduced the observed kinetics with surprising
Free Energy Projections and Reaction Coordinates accuracy. The agreement went to the level of matching the

relative amplitudes for the characteristic slow and fast phases

Hyperdimensional free energy surfaces can be greatl ' NN X . e
yp 9y g yof helix—coil kinetics. Furthermore, the diffusion coefficient

simplified by projecting them onto one or a few order ) : . ,
parameters. The resulting low-dimensional free energy from the surfacg analysis Was_essentlally |dent|_cal to the
projections then provide a bridge that connects theory, e_Iem_entary pe_pt|qle k_)ond rotation rate 1f(2 ns)] n the_
simulation, and experiment. The application of this approach Kinetic theory, indicating that the number of helical peptide
to protein folding, which was pioneered by Wolynes and bonds is a good reactllon coordmat@T fmhelllx formation
collaborators 3, 4, 23, 24) and has become a very popular (30). These results validate a one-dimensional free energy

tool for the analysis of computer simulatior&s( 25—27), projectiqn on a folding-related problem for which the
explains the two-state-like folding exhibited by many mechanism is reasonably well understood. The free energy

proteins. It also predicts the existence of barrierless folding Surface analysis ai-helix formation also exemplifies some
and other complex kinetic behavior8)(In principle, the of the features expected for protein folding reactions with

approach should be extensible to the direct interpretation Ofmhargirllal barriers. Because the barrier is ver?/ SMRDE
folding experiments. What is not so clear a priori is whether th€ relaxation process is expected to exhibit two phases
a surface of very low dimensionality, or even of one (Figure 1). The fast phase involves the relaxation in the broad

dimension, can reproduce folding reactions effectively or helical minimum, which is diffusive. The somewhat slower

what order parameters might behave as reaction coordinatesPNase consists of the re-equilibration between both sides of

Here, it is interesting to note that the chemical two-state the barrier and, thus, has diffusive and activated terms. This

model is a simplified representation of a one-dimensional S28Me kinetic behavior has recently been observed in fast-
free energy surface with a high barrier separating two folding mutants ofl repressor35). From the emergence of

minima. Therefore, the apparent success of two-state analyse&" additional, faster, kinetic phase in the mutants, Gruebele
already suggests that even one-dimensional projections may?nd collaborators concluded that these proteins folded by
suffice in describing coarse folding properties. The first direct r0SSing a marginal folding barrie8). The same mutants
evidence supporting the validity of one-dimensional folding 10t the slow kinetic phase when highly stabilized by
surfaces has come from the analysis of simulations in the COSolvents, suggestive of downhill folding under those
cubic lattice £8). Further support comes from the reasonable conditions 86). _ _
success in calculating relative folding rates from protein __Protéin folding is obviously more complex than helix
structures using one-dimensional free energy surfaz@s ( formation, involving large changes in overall shape and
More recently, the performance of one-dimensional free cOmpaction. The greater complexity in folding is likely to
energy projections has been tested empirically for the caseresult in diffusion coefficients that change with the value of

of a-helix formation @0). The analysis took advantage of a € order parameter. These changes would reflect the
detailed kinetic theory foo-helix formation that explains d|ﬁerent_dynam]c modes controlling overall protein motions
quantitatively the complex observations of Gai and col- and the increasing surface roughness as thg protein _becomes
laborators in laser-induced temperature-jump experimentsMore folded (i.e., more compactp)( Effective diffusion

with isotopically labeled helical peptide8¥-33). This coefficients for folding onaone—dlmensmna! energy surface
allows for direct comparison among experiment, detailed &€ therefore expected to be complex functions of the order
theory, and the free energy projection approach. The kinetic Parameter, including both dynamic and energetic te@8 (
theory is an extension of nucleatiorlongation helix-coil
equilibrium models in which helix segments nucleate at any
point in the sequence and grow longer from their ergd. ( Although most experimentalists have focused on the
The nucleatior-elongation mechanism produces complex energetic and structural aspects of folding, the dynamic
kinetics with hundreds of thousands of coupled differential modes that govern polypeptide chain motions are critical
equations and a myriad of possible pathways. Remarkably,components of folding mechanisms. The time scales for the

Motions in Protein Folding
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relevant folding motions provide upper limits for the effective
diffusion coefficient for folding, which are required for
estimation of barrier heights from folding rates using the
simple rate expression
k= D exp—AG'/RT) 1)

This is far from being a trivial point. Without an independent
estimate of either the diffusion coefficient or the barrier
height, protein folding rates can be analyzed in only relative

Current Topics

in eq 1, is on the microsecond time scale for natural proteins
near 298 K. These values are surprisingly close to the original
estimate of Eaton and co-worke&2], which was based on
the rate of contact formation in chemically unfolded cyto-
chromec, and~7 orders of magnitude slower than the gas-
phase frequency factokgT/h).

It is important to keep in mind the fact that the diffusion
coefficient should depend on experimental conditions (e.g.,
temperature and solvent viscosity), protein structure, protein
sequence and size, and the position of the top of the barrier

terms [e.g., differences between the wild type and mutant along the reaction coordinate. For example, hyperfast-folding
(37)]. Furthermore, an Arrhenius analysis of the temperature mutants or de novo designed proteins, in which secondary
dependence of the folding rate can be seriously misleadingstructure propensities are typically maximized, are likely to
because (i) the barrier and the diffusion coefficient have both tip the top of the folding barrier toward the unfolded state,
temperature-dependent and temperature-independent contrithereby changing the relevant dynamic regime to that of a

butions, (ii) the hydrophobic effect results in large enthalpy
entropy compensation88), and (iii) glassy dynamics may
arise at low temperature8)(

Fortunately, our understanding of protein folding motions
has improved significantly in recent years. The detailed
kinetic analysis ofi-helix ands-hairpin formation indicates
that local motions (i.e., peptide bond rotations) with time
scales of~1—10 ns control secondary structure formation
(39, 40). These local motions presumably dominate the
dynamics of expanded random coil polypeptides, in which
there are not significant structural correlations. It is note-

less compact ensemble (i.e., faster dynamics). Some of these
engineered proteins might fold in less thamud (563). By

the same token, the use of a simple rate equation (eq 1) yields
reasonable results when the barrier is sufficiently high (i.e.,
severaRT). Under those conditions, the diffusion coefficient
reflects the dynamics at the top of the barrier. However, this
treatment breaks down as the barrier heights decrease. For
proteins with marginal barriers, the rate becomes increasingly
diffusive and separates into two observable phases (see
Figure 1). Although it may seem counterintuitive, for
downhill-folding proteins the observed folding rate might

worthy that this peptide bond rotation rate already has an actually decrease again, the reason being that under strongly

energetic term (i.e., activation energy) equivalent20—

native conditions the diffusive downhill relaxation will be

25 kJ/mol @0), which arises from chain steric hindrance and dominated by slow dynamics near the native well. Equation
changes in water viscosity. The rate of end-to-end contact1 should be used only for slow-folding proteins (millisecond
formation in unstructured chains has been measured foror longer folding times) and while keeping in mind the fact
several sequences and conditions, and with a variety ofthat the use of an average diffusion coefficient inevitably
methods 41—45). The time scales cluster in the few tens of introduces error into the estimation of the folding barriers.
nanoseconds, providing a good estimate for the concerted
motions leading to loop formation in protein folding2).
The overall motions of a denatured but collapsed polypeptide The application of eq 1 parametrized with the empirical
are even slower. A time scale 6fL00 ns has recently been estimates of the diffusion coefficient [i.e., from 1/(20 ns) to
measured for the random collapse of a 40-residue proteinl/(5 us)] to several proteins previously catalogued as two-
(46). This collapse time scales to500 ns for a protein  state (CI2, protein L, FKBP12, Im9, CspB, and GCN4)
domain of 100 residues. The slower time scales of theseindicated that their barrier heights under native conditions
motions reflect coupling of many local rotations into a single are typically<10RT (54). These barriers are sufficiently high
global mode, which slows as the protein becomes more to result in apparent two-state kinetics, in agreement with
compact 46). The chain dynamics of collapsed denatured their classification as two-state-like. However, for some of
proteins are probably similar to the dynamics in early stages them, the barrier is sufficiently low to suggest that strongly
of folding, in which the protein is already compact but has destabilizing mutations might result in departures from two-
few specific tertiary interactions. state behavior. The rate analysis for these six two-state
As the protein becomes more folded and tertiary interac- proteins offered another valuable piece of information.
tions more consolidated, chain motions should slow further Namely, it confirmed experimentally that folding barriers
because the changes in conformation are likely to involve arise from the nonsynchronous decrease in conformational
breaking of preformed interactions. At this point, the entropy and gain in stabilization free energy (Figure 2). The
energetic terms in the diffusion coefficient (i.e., the roughness origin of the folding barriers became apparent when the
of the landscape) might be quite largd).(A dramatic activation free energy as a function of temperature derived
demonstration of this effect is seen in the rate of collapse of from eq 1 was analyzed thermodynamically with the ap-
unfolded cytochromec, in which the strong nonspecific  proach developed by Freire and co-workers for equilibrium
interactions with the heme slow the collapse rate to hundredsthermal unfolding $5). This analysis produced very similar
of microseconds47—50). The experiments with the fast- results for the six proteins: at the top of the folding barrier,
folding mutants ofA repressor (see the previous section) these proteins had lost36% of their conformational entropy
suggest that the effective diffusion coefficient for folding of and gained only-27% in stabilization free energy. This very
this protein is~1/(2us) at 340 K 85). A diffusion coefficient small relative difference can still result in barriers of several
of ~1/(8 us) has also recently been estimated for cycto- RT because both compensating terms are large (i.e., for a
chromec at 298 K 61). It is thus clear that the average protein of 65 residues with a cost in conformational entropy
folding speed limit, and therefore the dynamic term to use of 17.5 J mot! K~1 per residue the 36/27 ratio produces a

Free Energy Barriers to Folding
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FIGURE 2: Representation of a one-dimensional folding free energy N (chain length)
surface: stabilization free energy (— —), conformational entropy
contribution ¢-+), and global free energy—). The height of the
free energy barrier is-20 kJ/mol.

Ficure 3: Plot of then, parameter vs the number of amino acids
(N) for several proteins witfT, values near 333 K. Proteins are
named with their Protein Data Bank code. The solid line shows

; ~ ; ; the average, at 333 K obtained using AH of 2.92 kJ/mol per
barrier of ~12RT at a midpoint temperature of 300 K). residue and aC, of 58 J mol K1 per residue &3). The two

Incider_lta_lly_, the 27% stabilization energy derived from this dotted lines show the averaggvalues at 318 and 348 K to provide
analysis is in very close agreement with the averagelue the swath off,,, values for the proteins used in the plot. The dashed
for these proteins5g). The striking similarity among six  line atn, = 3 sets an approximate threshold between two-state-
different proteins, which vary widely in size, structure, like and marginal barriers.

sequence, and thermodynamic parameters, immediately sug-

gested a fundamental principle at work. It would be interest- energies approach the real barrier heights. The barriers
ing to further explore this idea by extending the analysis to obtained with this method are consistent with the estimates

other slow two-state f0|d|ng proteins_ from eq 1. In faCt, a plOt of the barrier helghtS calculated

This simple analysis provides a quantitative picture of the from eq 2 at 333 K versus the logarithm of experimental
nature and heights of folding barriers that is consistent with folding rates (in energy units) crosses the zero barrierlt
physical theory. It is important, however, to develop methods (1 #s), providing an independent estimate of the average
for extracting folding barrier heights that do not require an diffusion coefficient for folding 61). Another interesting
empirical estimate for the diffusion coefficient. Barrier aspect of this analysis is that it is entirely based on
heights obtained with independent methods can be comparedhermodynamic properties. Thermodynamic parameters ob-
to test for consistency in the results. Moreover, once the tained in equilibrium unfolding experiments are everything
barrier height has been measured with a different approach that is needed to catalog proteins according to their folding
eq 1 could be used backward to estimate effective diffusion behavior. This is illustrated in Figure 3, which shows a plot
coefficients from folding rates. Two independent methods Of experimentally determinea, values versusl for a series
that move in that direction have been recently developed. of proteins with midpoint temperatures near 333 K. The

The first procedure is based on Sca"ng arguments from = 3line in the figure delimits the threshold Separating two-
polymer physics. Scaling laws have been invoked to indicate State-like proteins from those that fold crossing marginal (or
that folding times should increase wilit, whereN is the no) barriers. The figure reveals that individual proteins follow
number of residues in the protein andn exponent smaller ~ the general trend quite closely. Moreover, it indicates that
than 1 67—60). This predicted scaling behavior became Proteins with fewer than 55 residues are expected to fold by
clearly apparent once a folding database with sufficient Crossing marginal barriers. For many of the proteins below
dynamic range in size was ava”abﬁll_ The correlation the threshold in Figure 3, kinetic data showing foIdlng on
between rates antll gives a ruler for calculation of the the microsecond time scale are available. It is also interesting
average increase in barrier height per residue, but it doesthat the de novo designed protei8D (2A3D in Figure 3)
not provide the absolute magnitude of the barriers. The iS @ clear outlier in the plot, featuring am smaller than
magnitude was estimated by noticing that the exponent of that expected for its size. This observation suggests that the
1/2 proposed by Thirumalab{) can be interpreted thermo- ~Parametem, could be used to gauge the compliance of

dynamically with the expression designed proteins with their “natural” counterparts.
In the second method, thermodynamic barrier heights for
n,= AH('I')/«/R'I'ZACp (2) folding are obtained from the analysis of DSC daéa)(

The fundamental idea here is to extract the probability density
whereAH(T) is the equilibrium unfolding enthalpy at a given as a function of an order parameter by taking advantage of
temperature and\C, the change in heat capacity upon the known connection between the DSC thermogram of a
unfolding ©1). n, represents the frequency at which the protein and its folding partition function. Measuring the
excess enthalpy fluctuations in the unfolded state reachprobability density is equivalent to mapping the complete
enthalpy values characteristic of the native state. It is one-dimensional free energy surface for folding (not just the
converted into free energy by calculating the height difference between the minimum and the maximum). In a
standard deviations from the minimum in a harmonic thermogram without additional sources of fluctuations (i.e.,
potential. These energies are temperature-dependent, but atxperimental noise, protein vibrational modes, and sotvent
333 K, their values scale witR with exactly the same slope  protein fluctuations), the probability density is obtained by
as the folding times (the ruler). The matching of slopes calculating the inverse Laplace transform. When handling a
suggests that at 333 K solvation terms At and AC, real protein DSC thermogram, however, one must fit the
compensate exactly in eq 2 so that the calculated freeexperimental data to an idealized mathematical description
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of the free energy surface. In this particular case, the free 0.8
energy surface was represented by a Landau polynomial A
using enthalpy as the order parame®®)( The procedure 0.6 |
is quite simple and involves fewer fitting parameters than
even a chemical two-state fit. Of course, its great advantage
is that it provides the folding free energy surface and with it
the folding barrier height. Because it is an equilibrium
method, it is ideally suited to the study of proteins with small n
barriers for which there is significant probability density at 0.0 "agl2
the saddle point. Indeed, the application of this procedure ' : . :
to many of the proteins for which, < 3 in Figure 3 has
confirmed that these proteins have marginal folding barriers
or fold globally downhill €3). Perhaps more surprisingly,
the method seems to effectively detect barriers of up@RT

(20 kJ/mol), indicating that it can be used for many of the
available two-state-like proteins. Furthermore, the thermo-
dynamic barrier heights measured with this analysis strongly
correlate with the experimental folding rates with a slope
close to 1 63). This important observation supports the
validity of the free energy surface analysis of protein folding 0.0
and suggests that folding energy landscapes of natural Temperature (K)

proteins are very smooth. The interesting question is then FIGURE 4: Analysis of far-UV CD spectra as a function of protein
whether protein landscapes are fundamentally smooth (du€ynolding for the two-state protein myoglobin (A) and the global
to intrinsic properties of the interactions driving folding) or  downhill protein BBL (B): average helical conterl(left scale)
have been designed to be smooth by natural selection. Thisand average helix lengthO( right scale). Experiments were
question can now be addressed experimentally by Comparingﬁlerformed in 20 mM phosphate buffer (pH 7.0). Each CD spectrum

. as fitted to the expressiom(1)0= xu[6,°(1 — In/k)] + (1 —
the folding energy surfaces of natural versus de novo Xn)0;°1 wherex is the helix fraction|y, is the average helix length,

designed proteins5). 0~ is the mean residue ellipticity of an infinite length helix as a
. . . . . . function of wavelength (obtained from réfl), and k is the
Manifestations of Folding with Marginal (or No) Barriers  \yavelength-dependent helix dependence of the CD spectrum (from

: ; ; ; ref 71, and then further fitted to the lowest-temperature CD spectrum
From the developments described in the previous Sectlons’vvith the knownxy andly values from the structure). The latter

it is apparent that a significant number of proteins that have was required to fine-tune structural details on each particular protein.
been, and will be, investigated are likely to have marginal i is the mean residue ellipticity as a function of wavelength of
folding barriers. Small proteins (i.e., fewer than 55 residues), a random coil (taken as the CD spectrum of the protein under fully
particularly a-helical ones, are likely to have marginal denaturing conditions).

folding barriers. All proteins that fold on the microsecond ) ) .
time scale are expected to fall directly into this category or €nergy surface lead to large displacements in the position

even in the global downhill extreme case (see the next@nd depth of its minima. The properties of the ensemble
section). An important practical issue is how to distinguish Should change in complex patterns, leading to potentially
between proteins that cross marginal barriers and those thaflifferent observations with techniques that probe different
can be reasonably well treated as two-state systems. This itructural features. The differences can be observed in both
important not only from the standpoint of reclassifying some €quilibrium and kinetic experiment§§). In its equilibrium
of the proteins previously described as two-state but also in version, this concept was exploited for the characterization
rationalizing observed deviations from two-state-like behav- Of global downhill folding 67) (see the next section). The
ior. In the chemical paradigm, some of the deviations from kinetic manifestations have been thoroughly investigated in
two-state behavior are tackled by introducing an additional recent experiments and simulatior@8<-70). The apparent
chemical state (i.e., an intermediate). A typical example is lack of probe dependence is also frequently used as indication
the interpretation of two observed kinetic phases as an Of two-state folding, but a negative criterion is always a much
indication of a kinetically populated intermediate. Other weaker criterion §5). A thorough application of nuclear
deviations are just ignored, or blamed on experimental magnetic resonance can eliminate this limitation altogether
uncertainties@5). In principle, the marginal barrier and two- ~ (See the next section), but it is also possible to exploit the
state folding regimes could be simply distinguished by Spectroscopic properties of some of the commonly used low-
measuring the free energy barrier in a DSC experiment. resolution techniques. Far-helical proteins, for example,
However, it is also convenient to define an additional set of circular dichroism (CD) is particularly convenient. Exciton
empirical criteria based on standard protein folding experi- effects from the coupling of amide dipoles in thehelix
ments. This set of criteria could be used as a checklist for structure make its CD spectrum change linearly as the helix
experimentalists. Recent efforts along these lines havelength increases/(l). Therefore, the spectroscopic analysis
crystallized into a series of empirical criteria. of protein CD spectra can provide independent estimates of
The dependence of the observed folding behavior on thetheo-helix content and average helix length. Figure 4 shows
specific experimental probe is possibly the best-known the results of such analysis for myoglobin (panel A) and the
indicator of folding with marginal barriers6). If folding downhill-folding protein BBL (panel B). The CD spectra of
barriers are very small or absent, perturbations in the free myoglobin at different temperatures are consistent with a

04 .
Myoglobin  \
n

Fraction Helix
<Helix Length>

310 330 350 370

Fraction Helix
<Helix Length>

280 300 320 340 360
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helix signal constant in length-(L1 residues) and a sigmoidal 18 55
decrease in helix content, as expected for an all-or-none - \/\
transition. For BBL, however, the helix content decays s
sigmoidally while the helix length decreases almost linearly 147
across the whole temperature range. This observation is the
basis for the CD wavelength dependence previously reported
for BBL (65, 67) and indicates that the three helices of BBL
are unfolding in the complex manner expected for barrierless

unfolding. A similar analysis in several other-helical ¢ B

proteins suggests that this is a robust criterion for distin- 5 20 300 320 340 360
20

guishing between two-state and marginal (or no) barrier »
folding (unpublished data). 1

Another manifestation of folding with marginal barriers \/\/
is the observation of significant unfolding occurring in the
pre- and post-transition regions of the still sigmoidal unfold-
ing curve. This behavior can be detected in a standard
chemical two-state analysis by inspecting the physical
properties of the native and unfolded phenomenological
baselines. In a truly two-state system, the baselines should 6
represent the properties of each of the two states as a function 18
of the unfolding variable. If the folding reaction involves
crossing a marginal (or no) barrier, these baselines embed
some degree of unfolding and, thus, have values indicating
structural changes as a function of the unfolding variable.
The expected changes are highly sloped baselines that might
even cross near the unfolding transition. This effect has been
documented in CD baselinegd), but it is in the DSC
experiment that it becomes very informati2), The reason Leeneest . 0 Rewcin Coord 1
is that the DSC baselines dlrec_tly report the energy quctqa- 280 300 320 340 360
tions of the system, and the difference between the native Temperature (K)
and unfolded base_zllnes renders theC, of l_meIdmg' Ficure 5: Simulated DSC thermograms for proteins with different
Furthermore, baseline effects on DSC experiments can befolding barriers: (A) two-state-like (midpoint barrier 618 kJ/
analyzed theoretically and have, indeed, been the subject ofmol), (B) marginal barrier (midpoint barrier of2 kJ/mol), and
intense theoretical investigations by Chan and collaborators(C) global downhill (no barrier at midpoint). The solid curves are
(73). Figure 5 shows DSC thermograms for free energy two-state fits to the simulated data with solid and dashed lines

- . . - e representing the phenomenological baselines for the native and

surfaces with a high barrier{18 kJ/mol at the midpoint;  nfoided states, respectively. The dotted line shows the theoretical
see the inset), a marginal barrierg kJ/mol at the midpoint;  native heat capacity. Insets show the free energy barrier at the
see the inset), and fully downhill. The three DSC thermo- midpoint.
grams can be fit well to a chemical two-state model (solid
lines), as it has been discussed previously for experimentaltwo-state system7@). For a protein with a marginal folding
DSC data 62, 65). However, comparison with the true barrier, the coupling is more complex because the two agents
theoretical DSC baseline reveals that the fitted native baselinechange the properties of the ensemble in different wagks (
becomes increasingly sloped and shifts to higher values (i.e.,This phenomenon can be observed by simply plotting the
more disorder) as the barrier decreases. Furthermore, thechange in unfolding enthalpy at a reference temperature (e.g.,
native and unfolded baselines cross at increasingly lower 298 K) as a function of the other denaturing agent (e.qg., urea).
temperatures. In fact, the baselines cross in the middle of The plot should be linear for a two-state system, while a
the unfolding process for proteins with marginal barriers. protein with a marginal barrier or no barrier produces a
This is unphysical because it implies that th€, changes curved profile 65). Another interesting criterion of two-state
sign in the middle of the transition. Thermograms with these versus marginal (or no) barrier is provided by the sensitivity
features should be rigorously interpreted with the new to chemical denaturants. A two-state protein should display
methods for DSC analysis (see the previous section).the same sensitivity to chemical denaturants (irevalue)
However, even a simple two-state analysis of DSC data in equilibrium and kinetic experiments. By the same token,
(measured in absolute heat capacity units so that baselinesonservative single-point mutations of a two-state protein
can be compared to pretabulated values) provides a firstare expected to havea values similar to that of the wild
useful check. type 7). It has been recently found that proteins with

The analysis of other classical equilibrium and kinetic marginal (or no) free energy barriers are characterized by
experiments with the chemical two-state model provides an underestimation of the equilibrium value when mea-
additional criteria for marginal (or no) barrier folding. One sured kinetically. The underestimation is directly connected
such example is obtained from double perturbation equilib- to the height of the barrier so that it becomes more severe
rium unfolding experiments. The coupling between two as the barrier becomes smaller. The same effect is observed
denaturing agents (e.g., temperature and chemical denaturant)y comparing mutants of the same protein. Namely, the faster
is defined by straightforward Maxwell relationships for a the relaxation rate of the mutant at its chemical midpoint,
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correct for fast-folding proteins. Of course, this interpretation
would be further strengthened if the protein complies with
some of the other criteria for marginal barriers outlined
above.

Two-State

Marginal
Barrier

Global )
Downhill

Global Downhill (One-State) Folding and Molecular
Rheostats

Normalized Amplitude

| The progress made in recent years in our understanding
ittt of folding barriers puts the experimental identification of

- - global downhill, or one-state, foldingé?) in the right
perspective. Global downhill folding results from a free
energy surface with only one well under all conditions. Under
highly stabilizing conditions, the minimum of the well is
located on the far right side of the reaction coordinate (i.e.,
native structure). As the native bias decreases, the minimum
progressively shifts toward lower values of the reaction
coordinate (i.e., more disorder). Under this one-state scenario,
the unfolding transition is structurally continuous and the
conformational ensemble populated under each condition
corresponds to a different stage of the folding react®). (

) o ' ) ) The experiments and analyses described above demonstrate
Ficure 6: Folding kinetics at different barrier heights: (A) 4t global downhill and two-state-like folding constitute the
normalized relaxation kinetics in the folding direction-) and . . : ) .
unfolding direction ) to the same final condition (near the WO extremes of a continuous folding scale in which barrier
midpoint) and (B) normalized relaxation kinetics with added noise heights range from significantly highL5RT) to nonexistent.
and best fits to single-exponential decays. Single-domain proteins that fold on the millisecond time scale
or longer time scales are likely to behave in a two-state
the smaller then value observed kinetically (A. N. Naga-  fashion. On the other hand, fast-folding small domains might
nathan, U. Doshi, and V. Mz, unpublished results). This  fold crossing marginal barriers and, thus, display an appar-
is a simple criterion that can be applied directly to data ently more complex folding behavior. The barrier might be
analyzed in the traditional chemical two-state fashion. negligible for some of the small fast-folding proteins, leading
Finally, it is important to investigate some of the classical to the global downhill folding exhibited by BBL.

kinetic tests for two-state behavior. This can be done by The discovery of one-state folding provides a unique
simulating the kinetics of two-state, marginal barrier, and opportunity to resolve folding mechanisms experimentally.
downhill folding as diffusion on the free energy surfaces The absence of a free energy barrier eliminates many of the
shown in the insets of Figure 5. Figure 6 shows some of the technical limitations inherent to two-state folding. The three
results of such simulations at 324 K. The simulations show resolution requirements (structure, time, and statistics) can
clearly that for a protein with a large barrier the relaxation be split apart for global downhill folding because the
rate is exponential and identical whether it is measured in properties of the ensemble are easily tuned. High-resolution
the folding or unfolding direction. The global downhill NMR experiments can be used in equilibrium to characterize
protein folds much faster and with a relaxation that ap- the average structural properties of the protein ensemble with
proximates a slightly stretched exponential. The marginal atomic resolution. Under different stability conditions, the
barrier protein displays a biexponential relaxation with two ensemble populates specific subgroups of conformations
phases that differ by approximately 1 order of magnitude. corresponding to the various stages of the reaction. The
For both marginal and global downbhill folding, the apparent apparent unfolding curves of individual protein atoms can
relaxation is faster when measured in the folding direction then show distinct behaviors depending on how their
(panel A). The deviations from exponential kinetics are chemical shifts are perturbed by the varying structural
apparent even in noisy experimental kinetics traces (see panefeatures of the ensemblé5, 66). If the degree of thermo-
B). For the marginal barrier case, deviations concentrate ondynamic coupling between protein atoms is simply deter-
the early times (missing the fast phase), while they are spreadmined by their spatial proximity in the native structure, the
throughout the whole time course for global downhill folding. distribution of atomic unfolding behaviors would be ap-
These results show that biexponential relaxations are aproximately Gaussian and span the global unfolding transi-
trademark of folding with marginal barriers. The two phases tion. Figure 7, in which the darker gray area defines the swath
merge again into a more complex relaxation decay when thecorresponding to behaviors within one standard deviation of
barrier disappears. The observation of biexponential kinetics the average unfolding curve (the circled line) and the lighter
has been documented in several fast-folding protedss (  gray delimits the maximal spread expected for individual
75—-80). Gruebele and co-workers have interpreted this atoms, depicts this scenario. Measurement of 158 atomic
behavior as arising from a marginal barrier in the engineered unfolding curves for the BBL protein using NMR shows a
A repressor35). However, a more common trend has been distribution such as that of Figure B1). In addition to
to discuss this observation in terms of a folding intermediate providing a structural confirmation of global downhill
(i.e., a three-state systen¥)5 76, 78—80). Given what we folding, these observations can be exploited to measure
presently know about folding diffusion coefficients, the folding cooperativity and map out the networks of interac-
marginal barrier interpretation is much more likely to be tions that stabilize protein structur8l). The NMR results

Normalized Amplitude
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Ficure 7: Equilibrium global downhill unfolding at atomic
resolution. The circled line represents the average atomic unfolding
behavior or global unfolding behavior (i.e., the behavior observed
with a low-resolution technique). The dark gray swath corresponds
to atomic unfolding behaviors within one standard deviation of the
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increased ligand concentrations induce a continuous change
in conformation (and thus a gradual response). To explore
these possibilities in more depth, it is important to identify
other one-state folding domains with potential to work
biologically as rheostats. From a functional standpoint, small
domains that perform multiple functions within large su-
pramolecular assemblies are promising targets. From a
folding standpoint, these small proteins will be more likely
to fold in a one-state fashion if their structure is mostly
o-helical and have very few aromatic residues in their
hydrophobic core. Wang and collaborators have recently
proposed a simple structural criterio®2, which could be
used in combination with the other ideas outlined here in
the pursuit of new examples of global downhill folding.

average. The light gray swaths represent the maximal spread of REFERENCES

individual atomic unfolding behaviors, which should roughly
correspond to the broadness of the global unfolding transition.

in BBL demonstrate that it is possible to resolve folding
mechanisms in equilibrium experiments. Similarly, kinetic
experiments of downhill folding could be used to directly
measure folding diffusion coefficients as a function of the
reaction coordinate. Global downhill folding is also well
suited for analysis with single-molecule spectroscopic meth-
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nase multienzyme compleg?). Other functionalities could

be easily imagined: building a single-molecule instantaneous

sensor simply requires coupling the binding of the molecule
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