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1. Introduction

Globular proteins often exhibit cooperative unfolding
transitions in which only folded (native) and unfolded
(denatured) molecules are populated at equilibrt@nfhis
two-state behavior is thought to be a consequence of the fact
that the native structure is stabilized by a large number of
weak interactions that are cooperative in nature so that
partially folded states are inherently unstablEven when
partially structured states accumulate as transient intermedi-
ates in kinetic experiments, these are generally not suf-
ficiently stable to be observable under strongly denaturing
equilibrium unfolding conditions. On the other hand, non-
native states with spectroscopic and hydrodynamic properties
intermediate between those of the fully native and unfolded
states (the so-called molten-globule state) often accumulate
under mildly denaturing conditions, such as acidic or basic
pHA® In some cases, deviations from simple two-state
behavior can also be observed in denaturant-induced or
thermal unfolding equilibri&’” Although a stable native state
that is energetically well separated from denatured states is
expected to favor rapid folding into a unique structtitéhere
is growing evidence that kinetic intermediates are very
common, even in small, single-domain proteifi$? Thus,
conformational states distinct from both the fully native and
unfolded populations are readily accessible for many proteins,
making them structurally less cooperative than thought
previously.

The study of protein folding pathways is more than an
academic exercise. Insight into the structural, thermodynamic,
and kinetic properties of protein folding intermediates is
critical for understanding a wide range of diseases that can
be linked to aggregation of partially denatured or misfolded
forms of proteing> 20 Issues related to protein stability and
folding also play a central role in understanding the biological
consequences of mutatidhand for designing proteins with
new or modified functional properti¢$23 Studies of protein
folding mechanisms in vitro further provide the necessary
framework for elucidating the folding of proteins in their
cellular environments and other cellular processes, such as
protein trafficking and degradatich?®

Theoretical models and computer simulations describe the
process of protein folding in terms of a diffusive motion
of a particle on a high-dimensional free energy sur-
face?5-28 This “landscape” description of protein folding
predicts that a protein can choose among a large number of
alternative pathways, which eventually converge toward a
common free energy minimum corresponding to the native
structure. In contrast, the time course of protein folding
monitored by optical and other experimental probes generally
shows relaxation kinetics with one or a few exponential
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Progress in understanding dynamic and mechanistic as-
pects of protein folding has been closely linked with advances
in kinetic methods. The development of commercially
available stopped-flow instruments in the 196G8enabled
the first quantitative kinetic studies of protein folding
reactions’>3” The combination of quenched-flow methods,
initially developed for the study of enzyme reaction mech-
anisms® with hydrogen exchange labeling and NMR has
proven to be particularly fruitful for the structural charac-
terization of transient folding intermediat&#! Dielectric
and ultrasonic relaxation measurements gave early insight
into the dynamics of helixcoil transitions in homo-
polypeptides?43and more recent studies on model peptides,
using laser-induced temperature-jump methd@stablished
that the time window for formation of isolated helices and
p-hairpins ranges from about 50 ns to several microsec-
onds?~48 Together with other laser initiation techniqé®
and dynamic NMR method®;5?laserT-jump studies have
also been a rich source of information on the dynamics of
folding on the microsecond time scale (reviewed in refs
53—56). In particular, a number of small proteins and do-
mains were shown to undergo two-state folding/unfolding
transitions with relaxation times as short as a few microsec-
onds®” %5 These fast-folding proteins not only are of interest
in an effort to find the ultimate “speed limit” for protein
folding®® but also serve as bench marks for computer simu-
lations of protein folding, which have advanced to the stage
where conformational transitions on the microsecond time

phases, which are adequately described in terms of a simplescale can be described with atomic resolufibtf: 6°

kinetic scheme with a limited number of populated states

The dynamics of secondary structure formation and two-

(the chemical kinetics description). These apparently con- state folding on the microsecond time scale has been
flicting models can be consolidated if the free energy surface reviewed extensive®j 5% and is not the main subject of this

is divided into several regions (basins) separated by sub-review. Instead, we will focus on recent advances in rapid
stantial free energy barriers due to unfavorable enthalpic mixing methods and their application to studies of early
interaction or entropic factors (conformational bottlenecks). stages of protein folding, drawing mainly from work
The protein can rapidly explore conformational space within published since 1997. Solution mixing techniques have
each basin comprising a broad ensemble of unfolded orexperienced a renaissance due to advances in mixer design
partially folded states but has to traverse substantial kinetic and detection methods, which made it possible to extend the
barriers before entering another basin. This type of free time resolution well into the microsecond time rarig§e?
energy surface can thus give rise to multiexponential folding Efficient turbulent mixers coupled with a variety of detection

kinetics.

methods have yielded a wealth of information on early stages
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of protein folding®%7%74°1 Although rapid mixing techniques in practice is difficult to quantify, but also by the delay
cannot compete with the perturbation methods mentionedbetween mixing and observation. The effective delay between
above in terms of time resolution, they remain the method initiation of the reaction and the first reliably measurable
of choice for studies of protein folding reactions far from data point is defined as the dead time,. In both stopped-
the equilibrium transition region where intermediate states and continuous-flow experiments, any unobservable volume
are most likely to accumulate. (dead volume),AV, between the point where mixing is
complete and the point of observation contributes an incre-
2. Rapid Mixing Techniques for Protein Folding mentAt = AV/(dV/dt) to the dead time (d/dt is the flow
rate). Additional contributions to the effective dead time

Studies ; , ;

include the time delay to stop the flow and any artifacts that

As with any complex reaction, time-resolved data are can obscure early parts of the kinetic trace.

essential for elucidating the mechanism of protein folding.  |ncreasing the flow rate promotes more efficient mixing
Even in cases where the whole process of folding occurs inpy generating smaller turbulent eddies and yields shorter time
a single step, which is the case for many small prot#ins, gejays, At, and thus should lead to shorter dead times.
the kinetics of folding and unfolding provide valuable pHowever this trend does not continue indefinitely. Aside from
information on the rate-limiting step in folding, which, in  practical problems due to back pressure and, in the case of
analogy to chemical or enzymatic reaction mechanisms, is stopped-flow measurements, various stopping artifacts, the
often described as an ensemble of transition stét®e  time resolution of a rapid mixing experiment is ultimately
effects of temperature and denaturant concentration givejimjted by cavitation phenomeri& Under extreme condi-
insight into activation energies and solvent accessibility of tjons, the pressure gradients across turbulent eddies can
the transition state ensemBI¥,and by measuring the kinetic  pecome so large that the solvent begins to evaporate, forming
effects of mutations, one can gain more detailed structural smgaj| vapor bubbles that can take a long time to dissolve.
insight?*™7 If the protein folding process occurs in stages, The result is an intensely scattering plume that makes
thatis, if partially structured intermediate states accumulate, meaningful detection of the kinetic signal virtually impos-
kinetic studies can potentially offer much additional insight sjple. Rapid mixing experiments involving large changes in
into the structural and thermodynamic properties of inter- genaturant concentration, which is often the case in studies
mediate states and intervening barrigrs.# 101 of protein folding or unfolding, pose additional challenges
related to the increase in solvent viscosity, which slows down
the mixing process, convective flow due to density gradients
across the mixer, and the heat of mixing, which can give

2.1. Turbulent Mixing

Most rapid mixing schemes rely on turbulent mixing to @ ]
achieve complete mixing of two (or more) solutions. Mixers Tise to thermal artifacts.
of various designs are in use, ranging from a simple To achieve efficient turbulent mixing conditions requires
T-arrangements to more elaborate geometries, such as th&igh flow rates and relatively large channel dimensions (the
Berger ball mixe%2 The goal is to achieve highly turbulent ~ practical limit below which back-pressure becomes prohibi-
flow conditions in a small volume. The turbulent eddies thus tive seems to lie around 100m), which can consume
generated can intersperse the two components down to thegsubstantial amounts of material. An interesting alternative
micrometer distance scale. However, the ultimate step in anyto turbulent mixing with improved sample economy uses
mixing process relies on diffusion to achieve a homogeneoushydrodynamic focusing to mix solutions under laminar flow
mixture at the molecular level. Given that the diffusion time conditions!®+1%By compression of a fluid phase into a thin
t varies as the square of the distan@er which molecules  layer, the technique can potentially achieve mixing times in
have to diffuse, it takes a molecule with a diffusion constant the low microsecond range. However, the slow onset of
D = 105 cm?/s about 1 ms to diffuse over a distance of 1 mixing has so far limited practical applications of hydrody-
um (t = r2/D). Thus, the mechanical mixing step has to namic focusing to dead times near 1 fA&2.107
intersperse the two components on a length scale of less than
1 um to achieve sub-millisecond mixing times. The onset 2.2. Stopped-Flow Methods
of turbulence is governed by the Reynolds numhre,

defined as The simple but versatile stopped-flow technique, coupled

with optical detection (typically fluorescence, absorbance,
1) or circular dichroism), has long been the primary source of

kinetic insight into protein folding reactiortg36.98.99,108,109
wherep is the density (g/c), v is the flow velocity (cm/s), In a typical stopped-flow experiment, a few hundred
d describes the characteristic dimensions of the channel (cm),microliters of solution are delivered to the mixer via two
andy is the viscosity of the fluid (e.g., 0.01 P for water at syringes driven by a pneumatic actuator or stepper motors.
20°C). To maintain turbulent flow conditions in a cylindrical ~ Flow rates in the range of5L5 mL/s with channel diameters
tube,Rehas to exceed values of about 2000. of the order of 1 mm ensure turbulent flow conditiof®e(

Turbulence is important not only for achieving efficient > 5000). After delivering a volume sufficient to purge and

mixing but also for maintaining favorable flow conditions fill the observation cell with freshly mixed solution, the flow

Re= puvd/n

during observation. In stopped-flow and quenched-flow
experiments, turbulent flow ensures efficient purging of the
flow lines. In continuous-flow measurements, turbulent flow

is stopped abruptly when a third syringe hits a stopping block
or a valve is closed. Commercial instruments can routinely
reach dead times of a few milliseconds. Recent improvements

conditions in the observation channel lead to an approximatein mixer and flow-cell design by several manufacturers of

“plug flow” profile, which greatly simplifies data analysis stopped-flow instruments resulted in dead times well under
compared to the parabolic profile obtained under laminar 1 ms. The upper end of the time scale that can be reliably
flow conditions. The time resolution of a rapid mixing measured in a stopped-flow experiment is determined by the
experiment is governed not only by the mixing time, which stability of the mixture in the flow cell, which is limited by
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convective flow or diffusion of reagents in and out of the can be achieved with this mixer design. More recently,
observation volume. For slow reactions with time constants several laboratories reported continuous-flow resonance
longer than a few minutes, manual mixing experiments are Raman and fluorescence studies of enzyme and protein
generally more reliable. Stopped-flow mixing is usually folding reactions on the sub-millisecond time scale, using
coupled with real-time optical observation using absorbance machined mixers with dead times in the L@®range/:7>120
(UV through IR), fluorescence emission, or circular dichro- More widespread use of these methods has been hampered
ism (CD) spectroscopy. In addition, the stopped-flow tech- by a number of technical and experimental difficulties.
nigue has been implemented in conjunction with many other Continuous-flow experiments involving a free-flowing
biophysical technigues, such as fluorescence lifetime mea-jet’®7%120121gre fraught with difficulties due to instability
surementdl011INMR,1213and small-angle X-ray scatter- and scattering artifacts. The use of a conventional camera
ing.*** An extension of the stopped-flow technique makes with high-speed monochrome film for fluorescence detec-
use of two or more consecutive mixing steps to prepare thetion’ is inadequate due to the low sensitivity of the film in
system in a particular initial state (double-jump stopped- the UV region, limited dynamic range, and the nonlinearity
flow), which can provide important information on kinetic  of the film response. Finally, prohibitive sample consumption
mechanisms in protein foldirf§:'1° makes continuous-flow experiments that record a kinetic
The interpretation of stopped-flow data requires a careful trace one point at a time feasible only for highly abundant
calibration of the instrumental dead time by measuring a proteins’t.7479:84
pseudo-first-order reaction tuned to the time scale of interest We were able to overcome many of these limitations by
(i.e., a single-exponential process with a rate constantcombining a highly efficient quartz capillary mixer, inspired
approaching the expected dead time) and an optical signalpy the design of Regenfuss et & with a flow cell and an
matching the application. Common test reactions for absor-improved detection system involving a digital camera system
bance measurements include the reduction of 2,6-dichlo-with a UV-sensitized CCD detectét.A diagram of the
rophenolindophenol (DCIP) or ferricyanide by ascorbic experimental arrangement is shown in Figure 1. For solution
acid!® A convenient test reaction for tryptophan fluorescence

measurements is the irreversible quenchinyl-aicetyltryp- Syringes Inner
tophanamide (NATA) byN-bromosuccinimide (NBS). For a Outer - capillary ~_ b
fluorescence studies in or near the visible range, one can capillary \
follow the pH-dependent association of the ¥Mgon with \
8-hydroxyquinoline, which results in a fluorescent che- — Pt sphere
late ' or the binding of the hydrophobic dye 1-anilino-8- (200 um)
naphlalene-sulfonic acid (ANS) to bovine serum albumin  Syringe drive /
(BSA), which is associated with a large increase in fluores- \ Y

cence yield18

1317x1035

2.3. Continuous-Flow Techniques CCD detector

Arc lamp
In a continuous-flow experiment, the reaction is again Momngf;‘rm'

triggered by turbulent mixing, but, in contrast to stopped- L[ :mr: “
flow, the progress of the reaction is sampled under steady- I | \ Lens
state flow conditions as a function of the distance down- Cylindrical Filter

. 119 . . . (250 pm)
stream from the mixe¥'°This avoids artifacts related to lens Channel
arresting the flow and makes it possible to use relatively . o

c Position/Reaction time

insensitive detection methods. Thus, continuous-flow mea-
surements can achieve shorter dead times compared to
stopped-flow, but this comes at the expense of sample Mixer =
economy. Earlier versions of this experiment involved point-

by-point Sampllng_ of the reaction prof_ll_e_whlle maintaining Figure 1. Continuous-flow capillary mixing apparatus in fluores-
constant flow at high rates (several milliliters per second for ¢ence mode: (a) schematic of the solution delivery system, mixer,
a conventional mixer). The prohibitive amounts of sample opservation cell, and optical arrangement; (b) expanded view of
consumed limited the impact of continuous-flow techniques the mixer; (c) diagram illustrating continuous-flow measurement.
until advances in mixer design made it possible to achieve
highly efficient mixing at lower flow rate§727512%and an delivery, we use a motor-driven syringe pump (Update,
improved detection scheme allowed simultaneous recordingMadison, WI), which injects the reagents to be studied at
of a complete reaction profile in a few secoriélsSThese  high rate into each of the two coaxial capillaries (typically
developments lowered both the dead time and sampleusing volume ratios of 1:5 or 1:10). The outer capillary
consumption by at least an order of magnitude and madeconsists of a thick-walled quartz tube, which is pulled to a
routine measurements on precious samples with dead timesine tip (~200xm i.d. at the end) using a glassblowing lathe
as short as 5@s possible. or a simple gravity method. A smaller inner capillary (360
In 1985, Regenfuss et &described a capillary jet mixer ~ um o.d., 156-180 um i.d.) with a platinum sphere~250
consisting of two coaxial glass capillaries with a platinum um diameter) suspended at the tip is positioned inside the
sphere placed at their junction. The reaction progress wastapered end of the outer capillary. Solid glass rods fused to
monitored in a free-flowing jet, using conventional photog- the inner wall of the outer capillary (tapering down to
raphy to measure fluorescence vs distance from the mixer.diameter of~20 um) prevent the sphere from plugging the
Measurements of the binding kinetics of ANS to bovine outlet. The reagents are forced through the narrow gap
serum albumin indicated that dead times less than /490 between the sphere and the outer wall where mixing occurs
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under highly turbulent flow conditions. The mixture emerg-
ing is injected into the flow channel (250m x 250um) of

a fused-silica observation cell joined to the outer capillary
by means of a hemispherical ground-glass joint. Typical flow
rates are 0.61.5 mL/s, resulting in linear flow velocities of
10—25 m/s through the 0.2% 0.25 mn? channel of the
observation cell.

The reaction progress in a continuous-flow mixing experi-
ment is measured by recording the fluorescence profile vs
distance downstream from the mixer. A conventional light
source consisting of an arc lamp, collimating optics, and
monochromator is used for fluorescence excitation. Rela-
tively uniform illumination of the flow channel over a length
of 10—15 mm is achieved by means of a cylindrical lens. A
complete fluorescence vs distance profile is obtained by
imaging the fluorescent light emitted at a°9@ngle onto
the CCD detector of a digital camera system (Micromax,
Roper Scientific, Princeton, NJ) containing a UV-coated
Kodak CCD chip with an array of 131%¥ 1035 pixels. The
camera is equipped with a fused silica magnifying lens and
a high-pass glass filter or a band-pass interference filter to
suppress scattered incident light.

In a typical continuous-flow fluorescence experiment, a
raw reaction profile,l(d), is obtained by averaging the
emitted light intensity across the flow channel vs the distance
d downstream from the mixer. To account for the nonuniform
distribution of incident light intensity).(d), a matching
intensity profile is recorded for a “fluorescent control” (e.qg.,
dilution of the unfolded protein solution with denaturing
buffer or dilution of NATA with buffer without quencher).
The scattering backgroundi(d), is measured by passing
water (or buffer) through both capillaries. Distance is
converted into time on the basis of the known flow rate and
cross-sectional area of the flow channel (0.0625%imour
setup) and the length of the channel being imaged. Finally,
a corrected fluorescence tracee), is obtained by taking
a ratio of the background-corrected reaction and control
traces,

ﬂrelz(lr_ Ib)/(lc_ Ib) (2

To estimate the dead time of the continuous-flow experi-
ment, we routinely measure the pseudo-first-order NATA
NBS quenching reaction at a final NATA concentration of
40 uM and several NBS concentrations in the range32
mM. Figure 2a shows a plot of the relative fluorescence,
fl,e, calculated according to eq 2, along with exponential
fits (solid lines). Since fl; = 1 corresponds to the un-
quenched NATA signal expected tat= 0, the intercept of
the fits with fle = 1 indicates the time poirtt= 0 where
the mixing reaction begins. The delay between this point
and the first data point that falls onto the exponential fit
corresponds to the dead time of the experimamg, which
in this example is 5& 5 us. In Figure 2b, the rate constants
obtained by exponential fitting are plotted as a function of

Roder et al.
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Figure 2. Continuous-flow measurements of the quenching of
NATA fluorescence by NBS used to determine the experimental
dead time: (a) plot of NATA fluorescence 824 nm) vs time at
several NBS concentrations; (b) NATANBS reaction rates from
exponential fitting of the data in panel a vs NBS concentration.
Linear regression (line) yields a second-order rate constant of 7.9
x 1P M~tst,

tion due to a combination of viscosity-dependent decreases
in mixing efficiency and thermal mixing artifacts. Thus, it
is important to calibrate mixer performance for each set of
solution conditions and flow rates used, for example, by
including the appropriate denaturant and buffers in a NATA
NBS quenching experiment. A straightforward method for
assessing mixing efficiency is to compare the reaction profile
measured during continuous-flow mixing of NATA with
water (under the appropriate buffer/denaturant conditions)
with that of a premixed solution at the same final NATA
concentration. For an efficient mixer at sufficiently high flow
rates, we find that the ratio of these flow profiles approaches
unity within a fraction of a millimeter downstream of the
mixing region (Figure 1). Alternatively, mixing efficiency
could be assessed using a very fast reaction completed within
the dead time, such as the quenching of tryptophan (or
NATA) by sodium iodide. To detect any flow-related
artifacts, such as cavitation, we simply compare the flow
profiles of a dilute NATA solution (introduced into both inner
and outer capillary) recorded during continuous flow and
immediately after stopping the drive.

Although capillary mixers remain highly competitive in

NBS concentration. The slope of a linear fit (solid line) yields terms of mixing efficiency and dead time, some of the
a second-order rate constant for the NBS-induced chemicaldrawbacks of this design are the challenging manual
guenching of NATA of 7.9x 10° M~? s, which agrees manufacturing process, limited reproducibility, and difficulty
well with the rate constant obtained from stopped-flow of cleaning after a blockage. Several groups have relied on
measurements at lower NBS concentrafiiT.ogether with various micromachining techniques to construct mixers
the linearity of the second-order rate plot (Figure 2b), this consisting of thin £100u«m) channels, often using a simple
documents the accuracy of the continuous-flow measurementT-arrangementl75.79.8491,123.124A  racent example is the
Instrumental dead times can be substantially longer if one microfluidic mixer design by Bilsel at &k illustrated in

or both of the solutions contains a denaturant, such asFigure 3. Using laser micromachining, they introduced a
guanidine hydrochloride (GuHCI) or urea at high concentra- series of fine (56-125 um diameter) channels into a thin



Early Events in Protein Folding

Protein

Stainless steel
holder

e
: . Teflon gasket

Quartz window

Buffer

Chemical Reviews, 2006, Vol. 106, No. 5 1841

troscopic measurements for longer time intervals limited only
by the capacity of the solution delivery system. Table 1 lists
common detection methods used in rapid mixing studies of
the kinetics of folding, which are illustrated in this section
with selected examples.

3.1. Tryptophan Fluorescence

The fluorescence emission properties of tryptophan and
tyrosine side chains provide information on the local

environment of these intrinsic chromophores. For example,
a fully solvent-exposed tryptophan in the denatured state of
a protein typically shows a broad emission spectrum with a
maximum near 350 nm and quantum yield~ed.14, similar

to that of free tryptophan or its derivative, NATA. Burial of
the tryptophan side chain in an apolar environment within
the native state or a compact folding intermediate can result
in a substantial blue shift of the emission maximum (by as
much as 30 nm) and enhanced fluorescence yield. These
changes are a consequence of the decrease in local dielectric
constant and shielding from quenchers, such as water and
Stainless steel polar side chains. In other cases, close contact with certain
holder (polar) side chains gives rise to a decrease in fluorescence
yield upon folding. Many polar amino acid side chains (as

Figure 3. Schematic of a microfluidic mixer designed by Bilsel well as main chain amino groups)_are k_nown to guench
et al%! The 127um-thick mixer is sandwiched between quartz tryPtophan fluorescence, probably via excited-state electron
windows and is sealed in a stainless steel holder using Teflon OF proton transfet?>*2°Thus, the straightforward measure-

gaskets (1.6 mm thick). Solutions are delivered to and from the ment of fluorescence intensity vs folding or unfolding time
mixing region through holes in the upper layers (arrows). Reprinted can provide useful information on solvent accessibility and
of Physics. Complications due to the presence of multiple fluorophores
can be avoided by using mutagenesis to replace any addi-
tional tryptophang?”1?8Because tryptophan is a relatively
rare amino acid, proteins with only one tryptophan are not

bisecting the two, resulting in a large fluid momentum change Uncommon: in the case of tryptophan-free proteins, a unique
fluorophore can be introduced by using site-directed mu-

that promotes turbulent mixing. Bilsel et al. incorporated this .

er i : tagenesig?9.130
mixer in a laser-based optical setup capable of both steady- '
state and time-resolved fluorescence detedidising the The use of tryptophan fluorescence to explore early stages
corded a dead time of 5@s, which is comparable to that results for staphylococcal nuclease (SNase) recently ob-

obtained with our capillary mixer and shorter than those tained in our laboratory. A variant with a unique tryptophan
reported using other microfluidic mixers. fluorophore in the N-termingd-barrel domain (Trp76 SNase)

was obtained by replacing the single typtophan in wild-type
; SNase, Trp140, with histidine in combination with tryptophan
3. Detection Methods substitution of Phe76. The fluorescence of Trp76 is strongly
A major strength of rapid mixing methods is that they can enhanced and blue-shifted under native conditions relative
be readily combined with a wide range of detection methods. to the denatured state in the presence of urea (panel a),
Data acquisition in the stopped-flow mode requires rapid indicating that upon folding the indole ring of Trp76 moves
sampling of the signal at intervals shorter than the dead time,from a solvent-exposed location to an apolar environment
while continuous-flow experiments permit steady-state spec- within the native structure. An intermediate state with a

. PEEK mixer
Mixing

region

Teflon gasket

film (127 um thick) made of a hard, chemically inert polymer
(PEEK) sandwiched between two fused silica windows. The
two inlet channels meet at a 9a@ngle with the outlet channel

Table 1. Common Detection Methods Used in Rapid Mixing Studies of Protein Folding

method probe properties probed sensitivity
fluorescence Trp, Tyr solvent shielding +++
tertiary contacts (quenching)
ANS hydrophobic clusters, collapse +++
FRET donor-acceptor distance ++
absorbance Trp, Tyr, cofactor polarity, solvent perturbation ++
far-Uv CD peptide bond secondary structure - =
near-UVvV CD Tyr, Trp, cofactor side chain packing, mobility - =
IR, Raman peptide bond secondary structure +
cofactor metal coordination
SAXS heavy atoms siz&R(), shape -
NMR, H/D exchange labile hydrogens H-bonding, solvent accessibility -

EPR unpaired electrons environment of free radicals, -

paramagnetic metals
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Figure 4. Folding mechanism of SNase probed by tryptophan

Roder et al.

to WT* SNase (P47G, P117G, and H124L background),
which shows no changes in tryptophan fluorescence prior
to the rate-limiting folding step~100 ms), the F76W/
W140H variant shows additional changes (enhancement)
during an early folding phase with a time constant of about
80 us (Figure 4b). The observation that the main folding
phase has essentially the same rate for both variants (10.4
s 1 for WT* and 11.3 s? for the Trp76 variant) indicates
that the overall folding mechanism is not perturbed by the
F76W/W140H mutations (the differential behavior at long
times suggest that the mutations modulate a slow-folding
species containing non-native peptide-bond isomers). Thus,
the observed amplitude differences can be largely attributed
to the fact that Trp76 reports on the rapid formation of a
hydrophobic cluster in the N-terminglsheet region while
the wild-type Trpl140 is silent during this early stage of
folding.

3.2. ANS Fluorescence

Valuable complementary information on the formation of
hydrophobic clusters at early stages of folding can be
obtained by using ANS as an extrinsic fluorescence
probe¥~133 Figure 4c illustrates this with recent results on
the Trp76 variant of SNase introduced ab&V€ontinuous-
flow measurements showed a major enhancement in ANS
fluorescence during early stages of SNase folding to fully
native conditions (U— N), and also during formation of
the compact acid-denatured state of SNase—<W). For
comparison, we also measured the kinetics of ANS binding
to the preformed A-state. While the rate of ANS binding to
the A-state shows the linear dependence on ANS concentra-
tion characteristic of a second-order binding process, the rates
observed during refolding reactions ending either in the
native state or the A-state level off a120 uM ANS. The
limiting ANS-independent rate at higher concentrations is
thus due to an intramolecular conformational event that
precedes ANS binding. The rate of this process closely
matches that of the earliest phase detected by intrinsic
fluorescence of Trp76 (Figure 4b), confirming that both
processes reflect a common early folding step. This agree-
ment confirms that ANS can serve as a faithful probe for
detecting early folding intermediates. This is especially
important in view of the fact that ANS has been shown to
perturb the kinetics of late folding stéf%and is known to
shift folding equilibrium transition$3

fluorescence: (a) fluorescence emission spectra of the Trp76 variant Maki et al®” also observed a major enhancement in ANS
of SNase under native and denaturing conditions (solid) and a flyorescence during folding of WT* SNase with a time

folding intermediate populated at equilibrium (dashetlje spec-

trum of the intermediate was determined by global analysis of the
fluorescence spectra as a function of urea concentration (pH 5.2

15°C); (b) time-course of folding (triggered by a pH jump from 2
to 5.2) for wild-type SNase (Trp140) and a single-tryptophan variant
(Trp76) measured by continuous-flow {072 s) and stopped-flow

(> 10 s) fluorescence; (c) ANS fluorescence changes during ANS
binding/folding of Trp76 SNase measured by continuous-flow
experiments at 18C in the presence of 160M ANS—U — A
indicates salt concentration jump from®1 M KCl at pH 2.0, U

— N indicates refolding induced by a pH jump from 2.0t0 5.2, A
+ ANS — A-ANS indicates ANS binding kinetics in the presence
of 1 M KCl at pH 2.0, and native control indicates ANS binding
kinetics under the native condition (pH 5.2). Adapted from ref 87
(Figures 3 and 5).

fluorescence emission spectrum similar to but clearly dis-
tinct from the native state was detected in equilibrium

constant of 8Qus, which closely matches that of the Trp76
mutant. This further supports the notion that this rapid
'process reflects an intrinsic conformational event rather
than being a consequence of the amino acid changes
(F76W/W140H). Taken together, the tryptophan and ANS
fluorescence data are consistent with the rapid accumulation
of an ensemble of states containing a loosely packed
hydrophobic core involving primarily thg-barrel domain.

In contrast, the specific interactions in thehelical domain
involving Trp140 are formed only during the final stages of
folding.

3.3. Fluorescence Energy Transfer

Fluorescence resonant energy transfer (FRET) can poten-
tially give more specific information on the changes in

unfolding experiments (dashed line in Figure 4a). In contrast average distance between fluorescence donors and acceptors.
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For example, horse cytochrorécyt c) contains an intrinsic a lle86 / C-terminus
fluorescence doneracceptor pair, Trp59 and the covalently
attached heme group, which quenches tryptophan fluores-
cence via excited-state energy transfénWe have made
extensive use of this property to characterize the folding
mechanism of cyt*01361%including the initial collapse of
the chain on the microsecond time sc&l€.

We recently combined ultrafast mixing experiments with
FRET to monitor large-scale structure changes during early
stages of folding of acyl-CoA binding protein (ACBP), a
small (86-residue) four-helix bundle protéshACBP con-
tains two tryptophan residues on adjacent turns of helix 3,
which served as fluorescence donors. An AEDANS fluoro-
phore covalently attached to a C-terminal cysteine residue
introduced via mutagenesis was used as an acceptor (Figure p
5a). Earlier equilibrium and kinetic studies, using intrinsic
tryptophan fluorescence, showed a cooperative unfolding
transition and single-exponential (un)folding kinetics con-
sistent with an apparent two-state transition. Even when using
continuous-flow mixing to measure intrinsic tryptophan
fluorescence changes on the sub-millisecond time scale
(Figure 5b), we found only minor deviations from two-state
folding behavior. However, when we monitored the fluo-
rescence of the C-terminal AEDANS group while ex-
citing the tryptophans, we observed a large increase in
fluorescence during a fast kinetic phase with a time con-
stant of 80us, followed by a decaying phase with a time
constant ranging from about 10 to 500 ms, depending on
denaturant concentration (Figure 5c). The large enhance-
ment in FRET efficiency is attributed to a major decrease
in the average distance between helix 3 and the C-ter-
minus of ACBP. The fact that the early changes are
exponential in character suggests that the initial compaction
of the polypeptide is limited by an energy barrier rather than
chain diffusion. The subsequent decrease in AEDANS
fluorescence during the final stages of folding is attributed
to a sharp decrease in the intrinsic fluorescence yield of the ]
two tryptophans due to intramolecular quenching. The 1A
specific side chain interactions responsible for quenching are 0 02040608 1 20 40 60 80 100
established only in the close-packed native structure and are :
not present during the initial folding event. These observa- Time (ms)
tions indicate that the early (&) folding phase marks the  Figure 5. FRET-detection of an early folding intermediate in a
formatlon of a Co”apsed but |Oose|y packed and h|gh|y hellX'bUndle prOteIn, ACBP: (a.) Rlbbon dlagl’am Of ACBP, based
dynamic ensemble of states with overall dimensions (in terms 2" @1 NMR structure the two tryptophan residues and the mutated

1 d tor dist imilar to that of C-terminal isoleucine are shown in ball-and-stick; the two lower
of fluorescence doneracceptor distance) similar to that o panels show refolding kinetics of unmodified ACBP (b) and

0.8
0.6

0.4

Relative fluorescence
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1.8 1
16 ¢
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the native state. AEDANS-labeled ACBP,I86C (c) in pH 5.3 buffer containing 0.34
M GuHCI at 26°C. In both panels, data from continuous-flo@)(
3.4. Continuous-Flow Absorbance and stopped-flow ¥) experiments were matched and combined.

Reprinted with permission from ref 83. Copyright 2002 National
Although fluorescence is inherently more sensitive, our Academy of Sciences, U.S.A.

capillary mixing instrument can also be adapted for continu-
ous-flow absorbance measurements on the microsecond time As a first application of absorbance-detected continuous-
scale. The fully transparent flow cell used for fluorescence flow mixing, we measured the changes in heme absorbance
measurements is replaced with a custom-made partiallyin the Soret region4360-430 nm) associated with the
opague absorbance flow cell of the same dimensions (0.25folding of oxidized horse cyt.**8 The reaction was initiated
mm path length). Relatively uniform illumination with by a rapid jump from pH 2, where the protein is fully
minimal changes to the optical arrangement (see Figure 1)unfolded, to pH 4.7, where folding occurs rapidly with
was achieved by using a scattering cell containing an opaqueminimal complications due to non-native histidine-heme
solution (nondairy creamer works well). As in fluorescence ligands. A series of kinetic traces covering the time window
measurements, a complete reaction profile can be recordedrom 40 us to ~1.5 ms were measured at different wave-
in a single 2-3 s continuous-flow run by imaging the flow lengths spanning the Soret region (Figure 6). A parallel series
channel onto the CCD detector. Using the reduction of of stopped-flow experiments (data not shown) was performed
DCIP by ascorbic acid as a test reactidhywe measured  under matching conditions to extend the data to longer times
dead times as short as 48 at the highest flow rate tested (2 ms to 10 s). Global fitting of the family of kinetic traces
(2.1 mL/s). to sums of exponential terms yielded three major kinetic
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0.10 gence. Akiyama et dP were able to record CD at folding
405 nm : o e times as short as 4Q@s by coupling an efficient turbulent
s mixer (T-design) with a commercial CD spectrometer. Their
continuous-flow measurements of CD spectral changes in
the far-UV region revealed the formation of (helical) sec-
ondary structure during early stages of folding of c¥tand
apomyoglobirf®
Infrared spectroscopy is a promising alternative for
monitoring acquisition of secondary structure during protein
folding. The amide | band, which is dominated by backbone
carbonyl stretching vibrations, is a valuable source of
information on secondary structuf@especially after recent
work on peptides led to a firmer assignment of the spectral
contributions of specific secondary structure types and
degrees of hydratiot?? However, the implementation of IR
spectroscopy in conjunction with rapid mixing poses a series
2 of technical challenges, including the problem of rapidly
-0.25 I I T I I I sampling a wide spectral range and the design of a flow cell
00 02 04 06 08 10 12 with sufficiently short optical path lengths to allow transmis-
Time (ms) sion of infrared light through the solvent. The need for
Figure 6. Initial stages of refolding of acid-denatured oxidized Protein concentrations in the millimolar range is another
cyt c at pH 5 monitored by continuous-flow absorbance measure- impediment. Through the interface of a Fourier transform
ments at different wavelengths spanning the Soret heme absorbancenfrared (FTIR) spectrometer in rapid-scan mode with a
band. The lines represent a global fit of a four-state folding stopped-flow mixer, it is possible to record complete IR
mechanism to the family of kinetic traces. Reprinted with permis- spectra on transient states populated on the 10 ms time
sion from ref 138. Copyright 2004 Elsevier. scalel3-155 Marinkovic et al'?* were able record transient
IR spectra with a time resolution in the millisecond range
by using a synchrotron as an IR radiation source in
conjunction with a microfabricated mixer developed previ-
ously for resonance Raman studié another recent paper,
Kimura et al**® used FTIR-detected continuous-flow mea-
surements to monitor helix formation in palyg§lutamic acid)
in the sub-millisecond time range.

0.05

-0.05+
-0.10—

-0.15—

Absorbance change (OD)

-0.20—

phases with time constants of &, 500us, and 2 ms,
consistent with accumulation of two intermediate species, |
and M (Scheme 1), with absorbance properties distinct from

Scheme 1

3.6. Small-Angle X-ray Scattering
both the initial (U) and final (N) states. In previous con- . .
tinuous-flow fluorescence measurements on horse,&t’ Small-angle X-ray scattering (SAXS) experiments can
we also observed three kinetic phases with very similar time Provide unique information on the molecular dimensions and
constants, indicating that a basic four-state mechanism isShape of proteins, mcludl?%éjynamlc ensembles of partially
sufficient to describe the folding process of ayin the or fully denatured stat€§7:'% To monitor size and shape

absence of complications due to non-native heme ligation changes during early stages of folding, several laboratories
and other slow events. such as-eigns isomerization of  have combined synchrotron-based SAXS measurements with

eptide bonds. stopped-flow!41%%r continuous-flow instrumentéas well
pep as a novel hydrodynamic mixing meth&dt% Akiyama et
3.5. Probes of Secondary Structure Formation al® constructed a mixer/flow-cell assembly with a dead time

as short as 160s for continuous-flow SAXS measurements

CD spectroscopy in the far-UV (peptide) region, which on a synchrotron. This challenging experiment enabled them
pI’OVidES a measure of average secondary structure contenp follow the Changes in size (radius of gyratidﬁg) and
of a protein}**'4®has been an important tool for protein shape (pair distribution derived from scattering profiles)
folding research (reviewed in refs 10, 98, 99, 101, 141, and associated with refolding of cyt, myoglobin® ribonu-
142). Stopped-flow CD measurements on numerous proteinsclease A (RNase A¥C and single-chain monellit?
have shown that a substantial fraction of the overall change
in the far-UV CD spectrum associated with refolding can 3 7. Other Detection Methods
appear within the instrumental dead time, while changes in
the near-UV region of the CD spectrum often do not occur  Continuous-flow measurements have been coupled with
until the late stage of foldingf®> 5% Such observations have a number of other biophysical techniques, including reso-
been generally interpreted in terms of a model involving the nance Raman spectroscépgind EPRE®162|n their pioneer-
transient accumulation of early intermediates that appearing work, Takahashi et dk used resonance Raman spec-
nativelike in terms of the CD-detectable secondary structure troscopy to monitor changes in heme coordination during
but still unfolded in terms of the environment of aromatic folding of cyt ¢ on the sub-millisecond time scale. Their
side chains observed in the near-UV region of the CD findings confirmed and extended prior results on the involve-
spectrum. However, until recently the time resolution of ment of heme ligation in folding of cyt, based on stopped-
stopped-flow CD measurements has been limited to the 10flow absorbance and fluorescence measurentéhiss
ms range by the low inherent sensitivity of the technique Grigoryants et a® developed a unique capillary mixer for
and various flow artifacts, such as strain-induced birefrin- continuous-flow measurements in an EPR spectrometer. The
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short relaxation times (compared to NMR) of free radicals determine their residual NH intensity by recording one-
and paramagnetic metal centers makes it possible to recorddimensional’H NMR spectra. To vary aging time, the
EPR signals on short-lived species. Scholes and colleaguegapillary was raised from direct contact with the quench
have used this technique to measure the kinetics of folding solutions to a distance of about 40 mm corresponding to an
of spin-labeled yeast cyt on the sub-millisecond time  upper time limit of~1 ms. For Gly3 and Phe4, exponential

scalet®? fits of the decay in residual NH intensity with the incre-
mented time delay yields exchange rates of 5600 and 4400

4. Quenched-Flow H/D Exchange Studies of Ear[y s 1, respectively, in agreer_nent with published intrinsic

Folding Events exchange rate’$® Extrapolation of the fits up to the NH

intensity expected at= 0 (measured in a separate control)

Quenched-flow hydrogen exchange labeling experimentsindicates that the first measurement corresponds to an
coupled with NMR analys#§41166-168 continue to be the  effective exchange time of 6& 10 us, thus defining the
main source of residue-specific structural information on dead time of the measurement.
folding intermediate8?16%174 Mass-spectrometric analysis
has emerged as an alternative analytical technique for H/D4.2. H/D Exchange Labeling of Early Folding
exchange labeling studies of protein folding and other |ntermediates
conformational changég>17H/D exchange labeling meth-
ods and their application to protein folding have been
reviewed extensiveljP1-166.177181 We will, therefore, limit
our discussion to recent NMR-based H/D exchange studies
aimed at the structural characterization of early folding
intermediates.

A straightforward yet informative technique for measuring
amide protection patterns in early folding intermediates is
the burst-phase labeling method, which is closely related to
the competition method used in the first study of protein
folding by NMR-detected H/D exchang&ln contrast to the
pulse labeling protocol used for following the kinetics of

) protection at longer times>(5 ms), the competition method
ﬁélbeﬁngli)enn%fr]]:dMli:(l:?c\;vsx(e)tr?é)ql'i];gg I-IS/CDaEXChange requires only two sequential mixing steps, which can be

applied in rapid succession using the capillary quenched-
Most protocols for H/D exchange labeling rely on com- flow device®®® For a three-state folding mechanism with a

mercial quenched-flow equipment to carry out two or three populated intermediaté(, > 1), the competition experiment

sequential mixing steps, which limits the time resolution to can be described by Scheme 2, whkfeand k'c are the

a few milliseconds or longer. However, amide protons are

often found to become protected from H/D exchange within Scheme 2

the dead time of quenched-flow mixing{20 ms), indicat- o P 5 NP
ing that hydrogen bonded structure can form on the sub- k'L LK
millisecond time scalé$7.168.170,182185 R
Bokenkamp et al?® described a quenched-flow device ) )
with substantially improved time resolution~£00 us exchange rates of a given NH group in the unfolded and

minimum delay between sequential mixing events). They intermediates states, respectively. Teparameter corre-
constructed a series of mixers by etching 200 diameter ~ sponds to the intrinsic (chemical) exchange rfegstimated
channels into silicon chips, using a microfabrication method. on the basis of model peptid&8.If k, <k, that is, the NH
Each chip contains a pair of T-mixers connected by a delay group is protected in the intermediate, the proton occupancy,
line of variable length. Solutions are delivered at flow rates Yy, for a given amide proton will initially rise at a rakg +
sufficient for efficient turbulent mixing, using a BioLogic  ku and approach at long times a steady-state level determined
(Claix, France) quenched-flow apparatus. by the ratio of folding and exchange raté&&inder conditions
We recently devised an alternative approach for extending where exchange and folding ratésf are comparable, both
quenched-flow measurements into the microsecond timek: andky can, in principle, be determined from a series of
range'® The device uses a quartz capillary mixer similar to experiments involving variation of the competition time at
that used for optical measurements (Figure 1), but without constant pH. However, a more straightforward experiment
an observation cell, to generate a homogeneous mixture ofis to vary pH at a fixed competition tini# By minimization
two solutions (e.g., unfolded protein and refolding/exchange of the time period (competition time) during which the pH-
buffer). The mixture emerges from the capillary as a fine dependent competition between folding and H/D exchange
(200um diameter) jet with a linear velocity of up to 40 m/s ~ can occur, it is possible to measure protection factors in early
at the highest flow rate used (1.25 mL/s). A second mixing intermediates, even if amide protons are only marginally
event can be achieved simply by injecting the jet into a test protected®”¢8In this burst-phase labeling scheme, proton
tube containing a third solution (quench buffer); the high occupanciesyy, are measured as a function of labeling pH,
flow velocity ensures very efficient mixing. To determine Using a competition time of a few milliseconds. Any shift
the dead time (i.e., the shortest delay between the two mixingin the Yy vs pH profile to higher pH compared to that
events), we carried out a series of H/D exchange experimentsexpected for an unprotected proton (measured in a control
on a pentapeptide (YGGFL). Rapid exchange of the back- experiment in the presence of denaturant) provides an
bone amide protons with solvent deuterons was achieved byestimate for the effective protection from exchange due to
mixing a HO solution of the peptide with D buffered at accumulation of early intermediates within the competition
basic pH (9.7). The exchange reaction was quenched bytime. If the I-state is a relatively stable (late) intermediate,
injecting the mixture into ice-cooled acetate buffer at pH 3. the results are expressed in terms of protection fackrs,
Under these quench conditions, the rate of exchange for somek/K.,, whereks, andk,, are the effective exchange rates of
of the peptide NH groups (Gly3, Phe4, and Leu5) is a given amide protons in the unfolded population and
sufficiently slow (10, 45, and 70 min, respectively) to intermediate state, respectively (see also ref 187). Although
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the model-peptide ratek,, can be used to estimakgx, it is a
more reliable to measure this rate under destabilizing
conditions to account for any residual structure in the
denatured stat¥® This modification greatly improves the
accuracy of the results, making it possible to measure
protection factors as small as 2 (sinee= K,y + 1, this 6
corresponds to 50% population of a hydrogen-bonded
species).

To study structure formation on the sub-millisecond time
scale, one has to extend the competition experiment to pH

7

values above 10 where intrinsic exchange times are on the 175
7

rd

Fractional H-label

0.0 E
1.0 TE69
order of 1 ms or less. Under such extreme conditions, we
can no longer assume that the exchange reaction is limited T 0.5 ff 7
by the intrinsic exchange ratlk, (a limiting case commonly 7

4
referred to as EXexchange}®® If k. exceeds the rate of
folding (ku), the rate of unfoldingk(y) becomes rate-limiting
for exchange (EXexchange). Equation 3 is a more general

195

T T
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T T

T T T T T T T
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steady-state rate expression that covers both & EX / / 4/

exchange conditions (assumikg, > kyy, k).173188190 |n ‘MM

eq 3’ v T T T T T T T
8 9 108 9 108 9 108 9 10

Kyk(pH) Pulse pH
Yoa(pH) =1 — ex;{ t 3) _
" kIU + kUI + kc(pH) P b 100 -

ku andky are the rates of formation and unfolding of the

intermediate, respectively = kt’ is the intrinsic exchange
rate from the unfolded state, anglis the duration of the T
exchange/folding competition time. This analysis assumes 10+
60 80 100

2
that k. is the only pH-dependent rate and that any direct *\‘5
exchange from the I-staté(in Scheme 2) is negligible =

compared td<‘cJ. The rates of formation and unfolding of
intermediates are likely to become pH-dependent under very 1
basic conditions, which may give rise to deviations from the ]

behavior predicted by eq 3 at high pH. To describe situations
with marginally stable conformational statdg,(~ k), it 20 20

is necessary to use the full double-exponential solution for Residue Number
a three-state kinetic mechanidi.1e®

Figure 7. Characterization of an intermediate populated during
. . . ) folding of cytochromec (pH 6, 10°C):173 (a) fractional degree of
4.3. Probing the Stability of Folding Intermediates labeling vs pulse pH for a representative set of NH groups measured
by Pulse Labeling by 2D NMR analysis of refolding cytochrontesamples that were
. o . .. exposed to a 50 ms labeling pulse of increasing pH at a folding

Residue-specific information on the structure and stability time of 100 ms-solid lines represent a fit of the data yielding the
of intermediates populated at longer folding times (greater rates of formation and unfolding of the intermediate state (see text),
than millisecond) can be obtained by allowing the protein and dashed lines indicate the labeling profiles expected in the
to fold for a fixed refolding time before applying a short absence of structure; (b) equilibrium constant for formation of the
labeling pulse at variable pHo.173.1821901% This |abeling intermediateKy, = ku/ku, based on the fits of the labeling results

. . e in panel a. Values oKy, > 1 indicative of persistent hydrogen
protocol calls for three sequential timed mixing steps at pongeq structure are mainly found for residues in the N- and

accurately timed intervals ranging from a few milliseconds c-terminal helices. Cysl14, Alal5, and His18 (gray bars) are
to about 10 s, which can be achieved using commercially protected even in the unfolded state. Adapted from ref 173 (Figures
available quenched-flow instrumentation (shorter times are, 3 and 4) with permission of the authors.

in principle, accessible using a microfluidic devit® Figure

7 illustrates this approach with recent results by Krishna et The dashed lines indicate the pH profiles expected if a
al.}”*who used a pulse pH variation strategy to characterize particular NH group were unprotected in the intermediate.
the structural and dynamic properties of a late intermediate For many residues, especially those in the N- and C-terminal
populated during folding of cytochrome Previous pulsed  regions of the protein, the observed labeling profiles are
hydrogen exchange studies have shown that this intermediatadisplaced toward higher pH, indicating that they are involved
accumulates within about 10 ms of refolding at pH 6 or in stable hydrogen bonds that protect them from solvent
above, contains stable structure primarily in a pair of exchange. Elee and Rodéf°® have previously reported
interacting N- and C-terminal-helices, and is stabilized by  similar behavior for a subset of residues that can be resolved
the presence of a non-native histidine-heme lig&riée164 by 1D NMR and concluded that the complex labeling curves
The symbols in Figure 7a show the pH-dependent proton were indicative of a heterogeneous population of molecules
occupancy for selected residues monitored by 2D NMR folding along parallel pathways. Krishna et'&lwere able
analysis of samples that were exposed to a 50 ms labelingto fit the observed pH profiles quantitatively by using a
pulse at variable pH following a refolding delay of 100 #%s.  generalized version of eq 3. Assuming that exchange occurs
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from the unfolded state at the intrinsic exchange tafé® 081
the model has only two free parameteds, andkiy, which } S(U)pred a
reflect the dynamics and stability of individual hydrogen .
bonds. A plot of the equilibrium constant for formation of 06 ] burst phase
the I-state,Ky; = ku/ku, vs residue number (Figure 7b) : S(0)
indicates that the structured regions of the intermedigte (
> 1) are limited to the N- and C-terminal helices and a
handful of intervening residues. The gray bars indicate
residues (Cysl14, Alal5, and His18) involved in residual
hydrogen-bonded structure even under fully denaturing
conditions!®3168.193 The analysis of Krishna et &I3 can 02
account for the complex variation in the slope and saturation
behavior of the data in terms of a transition from EX
(exchange-limited) to EX(opening-limited) exchange kinet- 00 ' ' ' ‘ < S()
ics. Thus, the ensemble of intermediates populated over the %% 0.02 0.04 0.06 008 0.10
10—100 ms time window appears to be more homogeneous Time (s)
than we thought initially:° folded unfolded
4+“—> 4+—>

04 -
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5.1. Stopped-Flow Evidence for Rapid Folding
Events

The first indications of protein folding events on the
microsecond time scale came from stopped-flow experi-
ments, which often show unresolved changes in optical
signals occurring within the dead time of measure-
mentst45148.170.183,184196 Tq jllustrate this so-called burst-
phase effect, Figure 8 shows the kinetics of refolding of horse 1 S b
cytochromec (cyt c)'%¢ measured by stopped-flow fluores- 0.0
cence (panel a) along with equilibrium fluorescence data vs 0 1 5 3 4
denaturant concentration (panel b). The protein was unfolded [GuHCI] (M)

by addition of 4.5 M.GUHC|’ W.h'Ch lies In the baseline region Figure 8. Stopped-flow fluorescence evidence for an unresolved
above the cooperative unfolding transition, and the refolding rapid process (burst phase) during folding of cypH 5, 10°C):
reaction was triggered by 6-fold dilution with buffer (0.1 M (a) tryptophan fluorescence changes during refolding of acid-
sodium acetate, pH 5), resulting in a final GUHCI concentra- unfolded cytochrome (pH 2, ~15 mM HCI) at a final GUHCI

tion of 0.75 M, well within the folded baseline region. The concentration of 0.7 Mthe initial signalS0) att = 0 (deter-

data points in panel a were recorded by sampling the mined on the basis of a separate dead-time measurement) falls short
fluorescence emission above 325 nm (using a glass cutoffof the signal for the unfolded state under refolding conditions,

. . ; . . - . SiedU), obtained by linear extrapolation of the unfolded-state
filter) at logarithmically spaced time intervals. The firsttime |25 ine (see dashed line in panel b); (b) effect of the denaturant

point corresponds to the instrumental dead time of 2.5 ms, concentration on the initial) and final ©) fluorescence signal,
which was calibrated using the NATANBS test reaction  §0) and §»), measured in a series of stopped-flow refolding

(see Figure 2). The observed kinetics on the millisecond time experiments at different final GUHCI concentration. Reprinted with
scale describes a double-exponential decay (solid line)permission from ref 138. Copyright 2004 Elsevier.

comprising a major phase with time constants-@&ms and

a minor one with a time constant of about 500 ms. (provided that pre- and post-transition baseline values can
Extrapolation of the observed kinetics backtte 0 yields be defined). Similar observations for many different proteins
the initial signal,S(0), which is compared in panel b (arrow) Using various spectroscopic parameters gave clear evidence
with the equilibrium unfolding transition plotted on the same for the existence of rapid conformational events that cannot
fluorescence scale (relative to unfolded protein at 4.5 M be resolved with conventional mixing techniques and pro-
GuHCI). The initial signal observed in this and a series of vided a strong incentive for the development of faster
additional stopped-flow experiments at different final GUHCI methods for triggering and observing structural changes
concentrations is consistently below the relative fluorescenceduring the first millisecond of refolding: 2

of the unfolded stateS,{U), predicted by linear extrapola- A second line of evidence supporting accumulation of
tion from the unfolded baseline region to lower GUHCI early folding intermediates has been based on the dependence
concentrations (dashed line in panel b). The difference of folding rates on denaturant concentration (usually guani-
between the predicted and observed initial amplit\&igs: dine HCI or urea), as illustrated schematically in Figure 9.
= SyedU) — S0), reflects conformational events occurring In the absence of populated intermediates, a logarithmic plot
within the dead time of the stopped-flow experiment (the of the measured rate constant of folditkg, vs denaturant
so-called burst-phase amplitude). If the formation of inter- concentration (panel a) often describes a V-shape with a
mediate(s) during the dead time is kinetically well resolved decreasing linear dependence at denaturant concentrations
from slower folding steps, a pre-equilibrium is established below the midpoint of the unfolding transitiorC{), a
between unfolded and intermediate states, whose stabilityminimum atC,, and a linearly increase for the rate of
can be estimated from the denaturant dependen®.ef unfolding at denaturant concentrations ab&g(hence the

o
)
)
[m]

Fluorescence
N
i
w
°

o

N
11
Lk




1848 Chemical Reviews, 2006, Vol. 106, No. 5 Roder et al.

a b plot with a highly nonlinear unfolding branéh?26.163.172,204.205
_ U= N Uu==1 = N Sauder et 1% were able to fit this behavior quantitatively
2 on the basis of a kinetic model involving a poorly populated
§ but obligatory intermediate in unfolding, which leads to a

change in the rate-limiting transition state under strongly
destabilizing conditions. In the case of the cytochromes, this
effect can be attributed to cleavage of the ligand bond
between the sulfur of a methionine and the heme &4

C 4]

2 ! but a similar phenomenon has been reported for non-heme
2 proteins. For example, Walkenhorst ef®lused a mecha-

g nism involving a high-energy unfolding intermediate to
< 0l explain the nonlinearity observed in the unfolding kinetics

[denaturant] 0 [denaturant] of SNase. In a recent comprehensive survey of a_bout 25
Figure 9. Schematic log(rate) vs denaturant concentration plots proteins, Sanchez and Kiefhabeshowed that nonlmear.
(chevrons) for a two-state (a) and a three-state (b) folding/unfolding Chévron plots are a common feature, even for proteins
mechanism. The lower panels show the predicted amplitude for without detectable intermediates, and can be interpreted
the main folding phases{), the burst phase predicted for a three- quantitatively in terms of sequential folding mechanisms with
state process in panel d), and the equilibrium unfolding transition  high-energy obligatory intermediates. Nativelike intermedi-
(8eq)- ates can lead to curvature in the kinetics of unfolding, while

) ] less ordered high-energy intermediates account for complexi-
name “chevron plot’y>1971%As illustrated by Figure 9b,  ties in refolding. Although alternative models, such as a
accumulation of intermediate states prior to the rate-limiting sglvent-induced shift of a broad folding barrf&f,cannot
folding step can give rise to a nonlinear folding branch of pe ruled out in every case, a three- or four-state mechanism
the chevron plot, usually a downward curvature with jsthe simplest scenario and provides a consistent description

decreasing denaturant concentration. The discovery of thisgf the effects of mutations and solvent conditions on the
so-called rollover effect is often attributed to Matouschek et kinetics of folding and unfolding.

al.’® who found that the chevron plot for barnase showed a

pronounced curvature at low denaturant concentrations.5 2 B1 Domain of Protein G

However, Matthews and colleagues described similar com- ] o
plexities in the folding kinetics of the-subunit of tryptophan The observation of a burst phase, such as that in Figure
synthase as early as 198%.A quantitative connection 8 suggested deviations from two-state behavior for many
between folding intermediates and the rollover effect was protelne. This list includes not only large proteins with over
established by several groups in the mid-1990s who used100 residues but also several smaller offels,101129.200n
quantitative kinetic models to explain the curvature in the illustrative example is the 57-residues B1 domain of protein
log(k) vs denaturant concentration dependence in terms of G (GB1), which is among the smallest globular protein
accumulation of an early (obligatory) folding intermedi- domains that do not depend on disulfide bonds or metals
atel95.20020 horasanizadeh et &5 further showed that both ~ for stabilization?®® Like many other small proteirf8, GB1

the rollover and burst-phase effects can be modeled quanWwas initially thought to fold according to a two-state
titatively by a three-state folding mechanism (Scheme 3) mechanisn?!® However, continuous-flow fluorescence mea-
involving rapid formation of an intermediate prior to the rate- surements of the GB1-folding kinetiéshowed clear devia-
limiting formation of the native state. In this scenario, a tions from the first-order (single-exponential) kinetics ex-
partially folded state is sufficiently stable to become popu- Pected for a simple two-state process (Figure 10a). The time
lated at low denaturant concentrations and limits the overall course of refolding from the guanidine-denatured state
rate of folding, which gives rise to both deviation from revealed a prominent exponential phase W|t_h a time constant
linearity in the chevron plot (Figure 9b) and a drop in the ©f 600-700us followed by a second, rate-limiting process
observable kinetic amplitude of the main (rate-limiting) With @ time constant of 2 ms or longer, depending on

folding phase (Figure 9d). In many cases, the 0bser\,eddena}turant con_cen_tration (Figure 10b). The fas; phase
folding times at low denaturant concentrations approach dominates the kinetics at low denaturant concentrations and

values in the millisecond range, which rules out the pos- &ccounts for the total fluorescence change associated with
sibility that the rate-limiting process represents cis/trans the burial of Trp43 upon folding, including the previously
isomerization of a proline peptide boftR922°2Moreover, unresolved burst-phase sigi#.In Figure 11, the rate

the amplitude behavior shown in Figure 9d where the fast cOnstants obtained by fitting two exponential terms to the
kinetic phase is dominant at low denaturant concentrations observed traces and the corresponding amplitudes are plotted
(a0 approaching 1) and decreases in amplitude at the expens&©€rsus denaturant concentration. The biphasic kinetics of
of the slow phases) is characteristic of a sequential folding ~ folding observed over a range of GUHCI concentrations can
process with an on-pathway intermediate. In contrast, slow P& modeled quantitatively on the basis of a three-state folding
isomerization steps, such as proline isomerization, that Mechanism (Scheme 3), where | represents an ensemble of

precede the formation of the native state generally gain

amplitude under destabilizing conditions approaching the Scheme 3
midpoint of the unfolding transitioff3 LI
In other cases, a complex dependence of folding or Kiy Kni

unfolding rates can occur even without appreciable popula-

tion of intermediate statéS. For example, the rate of intermediate states with nativelike fluorescence properties
unfolding for several c-type cytochromes was found to level (i.e., Trp43 is buried). The dependence of elementary rate
off at high denaturant concentrations, giving rise to a chevron constantsk;;, on denaturant concentratior{dashed lines in
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Figure 11. GuHCI dependence of the rate constants (a) and kinetic
amplitudes (b) of the fastX) and slow Q) kinetic phases ob-
served during folding of GB1 and (c) free energy diagrams for
folding of GB1 under conditions where the intermediate, |, is well
populated (0 M) and unstable (2.5 M GuHCH.represents the
bl LA | LA | T change in solvent-accessible surface area relative to the unfolded
103 ] 102 10" state U. Reprinted by permission from Macmillan Publishers Ltd:
Time (s) Nature Structural Biologyhttp://www.nature.com/nsmb), ref 78.

Figure 10. Folding kinetics of GB1 at pH 5.0, 26C, in the ~ COPYright 1999.

presence of 0.4 M sodium sulfate. Panel a shows a representative

kinetic trace at 1.12 M GuHCI monitored by continuous-fla®) ( linear differential equations describing Scheme 3 were solved
and stopped-flow<) fluorescence, along with controls for fully by determining the eigenvalues and eigenvectors of the
unfolded (U) and folded (N) solutions. Single- and double- cqorresponding rate matrix using standard numeric meth-
exponential fits and residuals are shown with solid and dashed l'nes'ods?llmAlthough a three-state kinetic mechanism can be

respectively. Reprinted by permission from Macmillan Publishers . .
Ltd: Nature Structural Biologyhttp://www.nature.com/nsmb), ref solved analytically (e.g., ref 13), the rate-matrix approach

78. Copyright 1999. Panel b shows a family of refolding traces at has the advantage that it can be readily expanded to more
the final GUHCI concentrations indicated. Solid lines show the time complex first-order kinetic mechanisms. After optimization
course predicted on the basis of a three-state model (Scheme 3pf the four elementary rate constants and corresponding
using the following parameters’, = 2300 s; m},, = —0.6 kcal m-values, the two observable rates (eigenvalues) and associ-
mol-t M~%; k&, = 70 s%; m, = 1.15 kcal moftt M~2; K}, = 600 ated amplitudes predicted by the model (solid lines in Figure
sL my = 0; kS, = 0.14;m, = 0.3 kcal mot? M~ (see Figure  11a,b) simultaneously fit both the observed rate profile (log-
11a, ref 78). The relative signals for the N-, I-, and U-states were (rate) vs GUHCI concentration) and kinetic amplitudes at each
ZNb:egt'%fgi)tﬁco?'glt\;lgogt;e%mzc%ggifscn?l(L)st'ir%afat]tgdcmi?eigglcfztlﬁng denaturant concentration, as well as the midpoint and slope
on a linear extrapolation of the chevron plot between 1.5 and 3 M gf the equilibrium unfoldlng. transmon (dlamo.nds. In pane_l
GUHCI to lower denaturant concentrations (cf. ref 213). ). The three—state_ mechamsm explains the kinetic behavior
at low (<1 M) and intermediate (23 M) GuHCI concentra-
tions in terms of two distinct kinetic limits reminiscent of
the EX; and EX% limits of hydrogen exchang&® At low
— 1 1O + denaturant concentration, the intermediate is stable and
Ink; = Inkj + (m/(RM)e ) transiently populated (the free energy of | in Figure 11c is
lower than that of U), and the rate of the slower folding phase
where K represents the elementary rate constant in the approaches the elementary rate constant of the final folding
absence of denaturant ang] describes its dependence on step.kn. At the same time, the fast (sub-millisecond) folding
denaturant concentration (kinetic m-value). The system of phase gains amplitude at the expense of the slow (rate-

Figure 11) is governed by the following relationship:
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limiting) phase. At intermediate denaturant concentrations, predicted equilibrium behavior cannot be used to discriminate
the intermediate is destabilized (Figure 11c) and no longer between the two models. Finally, the folding kinetics of GB1
accumulates. However, if | is an obligatory intermediate, the was found to be independent of protein concentrad®®n,
observed folding rate approaches the limiting vakge= indicating that intermolecular interactions are not involved
Kuikin, whereKy, = kui/ky is the equilibrium constant of  in stabilizing the intermediate.
the U< | transition. Thus, the sharp decrease in the net As a further validation of the three-state model, we used
folding rate as the denaturant concentration approaches thehe elementary rate constants obtained by modeling the data
midpoint of the unfolding transition is explained in terms of in Figure 11a, along with the relative fluorescence values
the unfavorable U= | pre-equilibrium involving a high-  for the various states (panel b), to predict the time course of
energy intermediate. folding. The fact that we can simultaneously reproduce all
Three-state analysis of a complete set of kinetic data, suchOf the curves measured at different denaturant concentration

as that of GB1 reported by Park et &.provides a (solid lines in Figure 10b) is a compelling demonstration
comprehensive description of the folding mechanism in terms that Scheme 3 is fully consistent with all observations (see
intermediate from the unfolded and native states (labelad TS Modeling approach). Alternative three-state mechanisms with
and TS in Figure 11c) and the stability of the intermediate nonproductive or nonobligatory intermediates lead to some-
(AG = —RT In(ku/k). In addition, the denaturant depen- what poorer fits of the data_ a_t_low denaturant_concent_ratlon
dence of the four elementary rate constants provides valuabld?Ut cannot be ruled out definitively on the basis of available
insight into the changes in solvent-accessible surface aregdata (see section 6.4). However, a simple two-state mech-
associated with each transition. In Figure 11c, each state and@nism with a linear chevron plot (cf. ref 213) leads to poor
intervening transition state is labeled with the corresponding Predictions of the observed time course of folding at all
o-value (sometimes calle@r in reference to TanfoR) except the lowest and h|ghest GuHCI concentrations for
obtained by the cumulative kinetic m-values with respect to Which we have both continuous- and stopped-flow data
the total equilibrium m-value. According to this analysis, (dashed lines in Figure 10b).
the initial barrier, TS, represents a well solvated ensemble N
of states ¢ = 0.29), while both | and TSare nearly as  9-3- Ubiquitin
solvent—smelded as the native st{;me=€ 0.8_5). The relat|ve_ The 76-residuen/f protein ubiquitin is another well-
changes in fluorescence associated with the two folding g,gied small protein for which three-state folding behavior
phases of GB1 provide additional insight into the structural pa5 peen reported under some conditions. Khorasanizadeh
properties of.the intermediate. The large increase in fluo- ot 51129195¢gund deviations from two-state behavior in the
rescence during the fast phase (Figure 10b), which accounts|ging kinetics of a tryptophan-containing ubiquitin variant
for nearly all of the fluorescence change at equilibrium, (E45wW mutant), including a downward curvature in the rate
indicates that Trp43 becomes largely buried already during profile (log(rate) vs denaturant concentration plot) and a
the initial phgse of folding. Given the ce_ntral .Ioc.:atlon of oncomitant drop in the relative amplitude of the main
Trp43 at the interface between the C-termifidlairpin and  fo|ding phase at low denaturant concentration. They were
the a-helix, this indicates that the intermediate contains a gpje to account for both phenomena (rollover and burst
well-developed hydrophobic core. phase) in terms of a three-state mechanism with an obligatory
Krantz et al. recently questioned the validity of our analysis on-path intermediate (Scheme 3). As detailed above for GB1,
and argued that the folding kinetics of GB1 should be this simple scheme explains the leveling-off of the rate
modeled as a two-state procéssThis implies that the  constant and diminishing amplitude of the principal (rate-
complete time course of folding can be fitted by a single limiting) folding phase at GUHCI concentrations below 1 M.
exponential. In contrast, we find that a satisfactory fit of our However, alternative explanations cannot be ruled out
combined continuous- and stopped-flow data requires two without direct observation of the inferred fast folding phase.
exponential phases, while a single-exponential fit leads to Moreover, the uncertainty in the burst-phase amplitude is
nonrandom residuals on the order of 10%, which is unac- substantial if the main observable folding phase approaches
ceptable, given the quality of the data (Figure 10a). It should the dead time of the kinetic experiment, which is the case
be noted that the two phases differ sufficiently in rat&.6- for ubiquitin under stabilizing conditions. Krantz and Sos-
fold) to make their separation unambiguous. This conclusion nick?*4 remeasured the folding kinetics of F45W ubiquitin
is strengthened by the absence of additional slower phasesising a stopped-flow instrument with a dead time-df ms.
in GB1, which contains no proline residues. Below 1 M They found a linear rate profile for the main folding phase
GuHCI, where the slower phase of our double-exponential and no indications of a burst phase and concluded that our
fit levels off (Figure 11a), the apparent rate obtained by earlier evidence for a folding intermediate was based on
single-exponential fitting continues to increase, approximat- fitting artifacts.
ing the linear chevron behavior of a two-state system (cf.  In an effort to settle this debate, we recently revisited the
Figure 9a). This phenomenon is explained by the fact that folding kinetics of F45W ubiquitif} combining continuous-
the approximate rate obtained by fitting a single exponential flow fluorescence measurements with stopped-flow experi-
represents a weighted average of the rates obtained byments with an improved dead time, which allowed us to
double-exponential fitting (see section 5.3). Because the fastcontinuously monitor the time course of folding from about
phase dominates at low and the slow phase at higher100us to 100 s (see Figure 12a for two representative kinetic
denaturant concentrations, the result is a relatively linear ratetraces). The initial increase in fluorescence relative to the
profile. We further note that the population of the intermedi- GuHCI-unfolded state with a time constarg = 150 us
ate becomes negligible at GuHCI concentrations approachingoecomes more pronounced in the presence of sodium sulfate
the transition region, resulting in an apparent two-state (data not shown) and is consistent with a decrease in the
unfolding equilibrium. Thus, contrary to Krantz et #fthe solvent accessibility of the fluorophore, Trp45, at an early
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Figure 12. Comparison of quadruple (a) and triple (b) exponential fitting of the kinetics of refolding of F45W ubiquitin at final GuHCI
concentrations of 0.5 and 1.0 M (pH 5, 26). Fluorescence traces measured in continuous- and stopped-flow experiments were normalized
with respect to the unfolded protein &8 M GUHCI. The residuals (top two traces in each panel) indicate that four exponentials are required
to obtain a satisfactory fit of the data over the time window shown. Reprinted with permission from ref 14. Copyright 2005 Wiley-VCH.

stage of folding. However, further studies are required to
determine whether this process reflects formation of a folding 1000+
intermediate or a nonspecific collapse event. The subsequent

fluorescence decay is attributed to intramolecular quenching ] M Xe™s i Kiu
of Trp45 fluorescence upon foldirfg? A thorough kinetic . X >2\ el
analysis using multiexponential fitting functions indicates that T St o mmmo o
a minimum of four distinct phases are required to obtaina -, 1004 Kin
satisfactory fit of the data over the 0.1 naslt s time window ° 3

(Figure 12a); a minor additional fluorescence decay at longer § .

times has been attributed to proline isomerizat®nin ] < ky

contrast, if we use only three exponentials (including one 1
increasing and two decaying phases) to fit the data over the A3 DAA AN A p A
same time window, we obtain nonrandom residuals with E
amplitudes much larger than the scatter of the data points
(Figure 12b). Under the most stabilizing conditions studied
(0.5 M GuHCI), a satisfactory fit of the main fluorescence T l T T T

decay from 30Q«s to 10 ms requires two distinct phasés, 0.5 1.0 1.5 20 2.5

and 4,, with time constants; = 1.8 andz, = 7.1 ms, [GUHCI] (M)

respectively. Another phases(~ 70 ms) is necessary to Figure 13. Expanded region of the rate profile (log(rate) vs
account for a minor decay observed between 20 and 200[GUHCI]) for the two main phase€X 0) and a minor slower phase
ms. The fact that both the rate and amplitude of pHase (2) observed during folding of F45W ubiquitin (pH 5, 26). The

- . . . . solid lines show the rates predicted by a three-state model, and the
are essentially independent of denaturant concentration point$ shed lines indicate the elementary rate constants usedx The

toward a heterogeneous process, perhaps involving a minotsympols show the apparent rates obtained by triple-exponential
population of molecules containing non-native (cis) proline fitting (Figure 12b). Reprinted with permission from ref 14.
isomers. Although this process is clearly too fast to be Copyright 2005 Wiley-VCH.

assigned to proline isomerization, the presence of a cis

peptide bond in a critical location may slow a conformational concentration below 1 M. Thus, the controversy whether an
folding step. A plot of the rate constants for the three intermediate accumulates during folding of ubiquitin again
decaying phases versus GuHCI concentration (Figure 13)boils down to a curve fitting issue. In our initial study, we
shows a pronounced rollover fat, (squares) with a  detected only the slower process, which exhibits the
denaturant-independent regime below 0.75 M followed by rollover and missing-amplitude effects indicative of a burst-
a linear decrease abevl M GuHCI, wheread; shows a phase intermediaté® By extending their stopped-flow
shallow upward curvature. As in the case of GB1 (Figure measurements to shorter timesl(ms), Krantz and Soniék*

11), this behavior is fully consistent with a three-state obtained a faster rate without apparent rollover corresponding
mechanism (Scheme 3). Figure 13 also shows the apparento a weighted average of the two underlying processes. In a
rates for the main decaying phase obtained by fitting only recent stopped-flow study, Went et?4.found that F45W
three exponentials (symbok). Since they represent an ubiquitin exhibits three-state folding kinetics under some
average ofl; and A, weighted according to the relative conditions (in the presence of GUHCI or urea plus salt) and
amplitudes, they continue to increase with decreasing GuHCItwo-state behavior under other conditions (in the presence
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of urea at low ionic strength). They further report that the
folding rate for F45W ubiquitin shows moderate variation
with protein concentration, suggesting that transient associa-
tion may stabilize the intermediate. All of these observations,
including our earlier findings on the effects of core muta-
tions !> can be explained by the presence of a marginally
stable intermediate that affects the kinetics of folding only
under sufficiently stabilizing conditions.

The examples presented in this and the preceding sections
highlight some of the curve fitting problems that often plague
the kinetic analysis of complex processes. Although any
unimolecular system, irrespective of the number of states
involved, can be described by a system of linear differential
equations whose solution is a sum of exponential téffns,
it is often difficult or impossible to determine the appropriate
number of terms to be used in fitting an individual kinetic
trace. While the problem can in principle be approached
using Laplace transforms or maximum entropy methods,
these require extremely high data quality to yield meaningful
results. For example, in the case of ubiquitin (Figure 12),
the residuals obtained with three exponentials are clearly not
satisfactory, and addition of a fourth term seems well
justified, but the residuals are still not perfect and could be
improved further by introducing a fifth phase. However, at
some point we are beginning to fit systematic errors, such 0.2 4
as baseline drifts, digitization noise, stop artifacts, etc., which e
are inevitable especially in stopped-flow experiments. A 0 200 400 600 800
related problem is that the number of apparent phases
depends on the exact conditions used. For example, increas- ] )
ing concentrations of denaturant typically simplify the Figure 14. Ribbon diagram (a) of horse cytochrorogbased on

2 A . - the crystal structur&® and refolding kinetics (b) of acid-unfolded
kinetics as folding intermediates are destabilized. At some cyt ¢ at pH 4.5, 22°C, measured by continuous-flow mixing,

(arbitrary) point one has to drop a phase, which leads to ajngicating heme-induced quenching of Trp59 fluorescence associ-

discontinuity in amplitudes. ated with chain collaps®.The inset shows the Arrhenius plot for
Many of the pitfalls of empirical data fitting can be avoided the rates of the majofX) and the minor) sub-millisecond phases.

by “fitting” a kinetic mechanism globally to a whole family ~ Adapted from ref 76 (Figure 2).

of kinetic traces recorded as a function of an extrinsic __ . .

variable, such as denaturant concentration, stabilizing SanS’Forst'e.r-type energy trans_fer mechanism. Strqngly denaturing

temperature, or pH. As illustrated above for the case of GB1 conditions (e.g., guanidine HCI concentrationd M or

(section 5.2, Figure 10), this circumvents the problem of acidic pH at low ionic strength) result in a large increase in
having to choose the order of the fitting function and fully 1"P>9 fluorescence (up to60% of that of free tryptophan

exploits both rate and amplitude information. However, for N Water) indicative of an expanded chain conformaﬂé)r;szth
more complex systems (more than three states), it is &N average tryptophamheme distance greater than 35%
nontrivial and very time-consuming to explore alternative Y/hile numerous studies have shown that folding of oxidized
schemes in an effort to determine the minimal mechanism €Yt € i accompanied by changes in coordination of the heme

. . . 40,71,136,148,163,164,21219 i i

(i.e., the least complex one consistent with the data). We fon: : these complications can be largely
have in the past used similar strategies to elucidate the folding@V0ided by working at mildly acidic pH (4:55), where the
mechanism of SNasB2% With as many as seven states protein is still stable but histidine residues are protonated

populated along two parallel pathways, SNase is a far more&nd no longer can bind to the heme irdr?*or by mutation
challenging system than GB1, which tests the limits of our of His33, which is primarily responsible for non-native heme

LS . cpes . i i 165
manual fitting procedures (numeric instabilities for certain /19ation>> . .
combinations of rate constants have thus far prevented us OUr capillary mixing apparaté$enabled us to resolve the
from implementing the rate-matrix method in combination entireé fluorescence-detected folding kinetics of cyinclud-

with nonlinear least-squares fitting algorithms). ing the elusive initial collapse of the chafhFigure 14b
shows the decay in Trp59 fluorescence observed during

refolding of acid-unfolded cyt (pH 2, 10 mM HCI) induced
5.4. Cytochrome ¢ by a pH jump to native conditions (pH 4.5, 2Z). The
Cyt c has played a central role in the development of new continuous-flow data covering the time range from about
kinetic approaches for exploring early events in protein 50 us to 1 ms are accurately described by a biexponential
folding. The presence of a covalently attached heme groupdecay with a major rapid phase (time constanttb® us)
in this 104-residue protein (Figure 14a) serves as a usefuland a minor process in the 508 range. This fit extrapolates
optical marker, and its redox and ligand binding properties to an initial fluorescence of 1.6 0.05 (relative to the acid-
provide unique experimental opportunities for rapid initiation unfolded protein) att = 0, indicating the absence of
and observation of foldinéf:5%"1Its sole tryptophan residue, additional, more rapid fluorescence changes that remain
Trp59, is located within 10 A of the heme iron (Figure 14a), unresolved in the 50s dead time. By combining continuous-
resulting in efficient fluorescence quenching through a flow data with kinetic measurements on a conventional
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Figure 15. Sequential four-state mechanism involving two partially structured ensembkesd I, in addition to the acid-unfolded (U)
and native (N) states and cartoons of various states of apomyoglobin consistent with the fraction of helical regidnesradius of
gyration Ry) reported in ref 89. Cylinders indicate the approximate position-tklices in the native state and possible arrangement of
core helices in the intermediates consistent with amide protectiortdata.

stopped-flow instrument, we were able to follow the time various stages of the cyt folding reaction. Starting with
course of folding over 6 orders of magnitude in tifiéAn the expanded acid-denatured state characterized by a radius
Arrhenius plot of the rate of the initial phase (Figure 14b, of gyration, Ry, of 24 A, they observed accumulation of a
inset) yields an apparent activation enthalpy of 30 kJ/mol, partially collapsed stateRy = 20.5 A) within the 160us
which is significantly larger than that expected for a dead time of their experiment. In a subsequent phase on the
diffusion-limited proces$?° In subsequent lasef-jump millisecond time regime, the protein passes through a second,
studies, Hagen, Eaton, and colleadée¥? detected a  more compact intermediat®{= 18 A) before reaching the
relaxation process with similar rates and activation energy, native stateRy; = 13.9 A). These findings confirm that cyt
confirming the presence of a free energy barrier between c undergoes a partial chain collapse during the initial folding
unfolded and collapsed conformations of cyt phase, which corresponds to the process on thelD0us

In other continuous-flow experiments, we measured the time scale detected via the heme-induced quenching of Trp59
kinetics of folding of cytc starting from either the acid-  fluorescence in our previous microsecond mixing measure-
unfolded (pH 2, 10 mM HCI) or the GuHCl-unfolded state ments of tryptophanheme fluorescence energy transfer
(4.5 M GUHCI, pH 4.5 or 7) and ending under various final (Figure 14j¢ and heme absorbance changes (Figuré€®),
conditions (pH 4.5 or 7 and GUHCI concentrations from 0.4 as well as recenfT-jump experiments by Hagen and
to 2.2 M)7¢ In each case, we observed a prominent initial Ccolleagueg?':222
decay in fluorescence with a time constant ranging from 25 .
to 65us. In particular, the rate of the initial phase, measured 9-9. Apomyoglobin

under the same final conditions (pH 4.5, 0.4 M GuHCI), was  Apomyoglobin (apoMb) is another important model
found to be independent of the initial state (acid- or GUHCI- protein that has been the subject of numerous studies focusing
unfolded). These observations clearly indicate that a commonon early stages of foldingj;171.174.183.22230 O extraction of
rate-limiting step is encountered during the initial stages of the heme, the apo-form of myoglobin retains its tightly
cyt ¢ folding. The large amplitude of the initial phase (as packed globular structu#23123%long with sevem-helical
much as 70% of the total change in fluorescence undersegments (labeledAE, G, and H in Figure 15; the F-helix
strongly native conditions) is consistent with the formation s disordered in the absence of the heme).
of an ensemble of compact states, which was confirmed by  Uzawa et af® recently capitalized on their unique capabil-
more recent SAXS experimeritsi® ity of measuring secondary structure and molecular dimen-
Using their continuous-flow CD setup with a dead time sions with sub-millisecond time resolution to explore the
of 400us, Akiyama et al® were able to resolve the changes folding of horse apoMb. By combining continuous-flow CD
in the far-UV region of the CD spectrum associated with measurement® with conventional stopped-flow data, the
the secondy ~ 500 us) and third £ ~ 2 ms) phases of authors were able to measure the formation of helical
folding of oxidized cytc. The initial folding phasen(~ 60 secondary structure associated with the folding of acid-
us) observed in our absorbance- and fluorescence-detectedlienatured apoMb (triggered by a rapid jump in pH from 2.2
experiments (Figures 6 and 1%)'%appears as a burst phase to 6) over the time range from 3Q&s to 1 s. The changes
in their continuous-flow CD data. The CD signal prior to in the CD signal at 222 nm are consistent with a stepwise
the 400us phase indicates that about 20% of the native increase in helix content (expressed in terms of the fraction
a-helical structure is present at this stage. This helix content of helical residuesfy) in three kinetic phases, including a
is comparable to that of the acid-unfolded state at pH 2 major process occurring within the instrumental dead time
(which retains some residual helical structure) but lower than (burst phase) and two observable phases with time constants
that of the guanidine-unfolded form. Thus, a small but of 5 and 50 ms, respectively. Continuous-flow SAXS
measurable amount of helical secondary structure is presenmeasurementsunder matching folding conditions showed
already during the initial collapse of the cgtpolypeptide a major collapse of the chain within the 308 dead time of
chain. In a subsequent study, Akiyama et“alsed continu- the experiment, followed by a further decrease in chain
ous-flow SAXS measurements on a synchrotron to follow dimensions during the final (50 ms) folding phase. Uzawa
the changes in radius of gyratioRg associated with the et al®interpret their findings in terms of a four-state folding
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mechanism (Figure 15§?based on their observation of three 6, Significance of Early Folding Events

distinct folding phases, as well as previous kinetic data by

Jamin et af?° Figure 15 also shows cartoons of the various 6.1. Barrier-Limited Folding vs Chain Diffusion

states populated during apoMb folding consistent with the . ) . . o
recent information on size and secondary structure, as well N the preceding sections, we discussed the folding kinetics
as additional data on the location of stabie helical segments©f Six proteins studied by microsecond mixing, GB1, cyt
obtained in previous NMR-based hydrogen exchange labelingUPiauitin, ACBP, SNase, and apoMb, all of which exhibit
studiest’-183 The acid-unfolded state, U, contains only a two or more distinct foldlr_1g phases W|th major confc_)r-
small amount ofr-helical structure detectable by CD and is mat|o7rgz71£!81%22nges occurring on the microsecond time
significantly expanded compared to the native state. How- SCal€®"**-830ther examples include cytochrorig, from
ever, detailed NMR studies by Dyson, Wright, and co- PSeudomonas aerugingggs-lactoglobulint?a tryptophan-
workerg% show clear deviations from the behavior expected containing varant of RNase &,and the bacterial immunity
for a random coil, including evidence for fluctuating residual Protein Im7:* which will be discussed further below. For
secondary structure and restricted backbone motions. Theseveral proteins (GB1, ubiquitin, Im7j-lactoglobulin,

high helix content of theslintermediate £60% of the native ]?Nase, and ENase)t’hW? otbsc;,-]rved aﬂllrrl]creass mt![ntbrlr][lsg
level) indicates that it contains helical segments in regions uorescence during the fast phase, which can be atribute

outside the A, G. and H helix core observed in the initial to the burial of a tryptophan within an apolar environment.

pulsed hydrogen exchange stuidyLikely candidates are ' OF three proteins (cyt, cytochromecss;, and ACBP), we
the B and E helices, which, according to a more recent measured a large increase in energy transfer efficiency during

hydrogen exchange labeling stuly are partially solvent- the fas_t phase, confirming that these early confor_mationgl
protected in an ensemble of early intermediates correspond-events Include a large-scale collapse of the polypeptide chain.

ing to I Although these experiments cannot directly Since all of these proteins require a few milliseconds or

discriminate native and non-native interactions, there is re- longer for traversing the rate-limiting barrier for folding, there

: : ; -_is no doubt that important conformational events, including
cent evidence, based on the effect of mutations in the B-helix . . ' .
on amide protection patterns, indicating that the early a large-scale collapse of the chain, occur prior to the ultimate

intermediate contains primarily nativelike hefikelix in- barrier in the acquisition of the native structure. In every

teractions?® The shape information (pair distribution func-  _oo o the initial phase follows an exponential time course,
tion) extr .ted from tk?e SAXS measulraements at early foldin indicating that a discrete free energy barrier separates the
10 ) extrac A . y 9 ensemble of compact states from the more expanded
times further supports a bipartite structure with a compact

core comprising the bulk of the chain and some disordered ensemble of unfolded states. In contrast, if the collapse of
segment$? Interestingly, the five folded helices correspond the polypeptide chain were a continuous process governed

to peaks in the hydrophobicity plot of the myoglobin by diffusive dynamics, one might expect nonexponential

. : . (“distributed”) kinetics with a broad distribution of time
sequence, while the still unfolded C and D helices are among constant852% In fact, Gruebele and colleag@ss 2
]Ehe mgsé p_olar rfzglons of th? 1!)I’|((th.eln._ Trf'merm?d'zt% observed such distributed folding kinetics in temperature-
ormed during a later stage of folding Is characterized by a 3,1\, experiments under conditions where folding can
further increase in helix content to about 80% of the native

level. which b lained b . i the | h proceed downhill from a saddle point in the free energy
evel, which can be explained by an increase in the length g, tace However, other theories predict that polymer collapse
of existing helices (amide protection data detect no newly

. i X can be characterized by a single relaxation tfifi@nd the
formed helices at this time). However, the overall size and ,pceration of exponential kinetics may not always be a
shape of the protein remains unchanged, consistent with &g ficient condition for the presence of an activation bar-

pgrtially hydrated (swollen) conformation containing some ;o 240 Nevertheless, the case for a barrier-limited process
disordered loops. is strengthened considerably if the process also exhibits a
Together with previoud-jump evidence for very rapid  significant activation enthalpy, as observed for ayt¢
conformational event®*22’the recent microsecond mixing  Finally, comparison of the pH-induced folding traces of cyt
result§® demonstrate that a major structural event, both in ¢ monitored by Trp59 fluorescence (Figure 14) and heme
terms of molecular dimensions and helix formation, occurs absorbance (Figure 6) indicates that the time constant of the
within the first few hundred microseconds of initiating the initial phase is independent of the probe used458 us by
apoMb folding reaction. Although earlier folding times fluorescence compared to 65 4 us by absorbance). This
remain to be explored, secondary structure formation andobservation strongly supports the presence of a barrier, since
chain compaction appear to be coupled during the early a diffusive collapse process is expected to lead to probe-
stages of folding. This conclusion is consistent with continu- dependent kinetics, as observed in a redejump study?3®
ous-flow fluorescence results by Jamin e4lindicating The existence of a prominent free energy barrier between
that a partially structured equilibrium state with properties expanded and compact states justifies the description of the
similar to the | intermediate exhibits two-state folding/ initial folding events in terms of a model involving an early
unfolding kinetics with a folding time of~50 us in the folding intermediate. The first large-scale conformational
absence of denaturant (obtained by extrapolation of data inchange during folding can, thus, be described as a reversible
the presence of urea). Cygt the only other protein whose  two-state transition. The finding that the rate of collapse in
sub-millisecond folding kinetics has been followed by CD cyt ¢ is insensitive to initial conditiorf§ suggests that the
and SAXS, also shows a large decrease in overall dimen-barrier may represent a general entropic bottleneck encoun-
sions in 100us time rang€37¢84but the helix content of  tered during the compaction of the polypeptide chain, which
the early intermediate is lower than that of apofM@hus, is consistent with the moderate activation enthalpy associated
the exact balance between chain compaction and secondarwith the initial transition (Figure 14). Bryngelson et?l.
structure is likely to vary considerably from one protein to classified this type of folding behavior as a “type I” scenario
another. where a free energy barrier arises because of the unfavorable
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reduction in conformational entropy, which can be compen- disulfide bonds, RNase A rapidly forms a nonrandom
sated by favorable enthalpic and solvent interactions only ensemble of states, which is consistent with the shallow but

during the later stages of collapse. distinctly sigmoidal GuHCI dependence of the far-UV CD
signal?*” Since the native RNase A structure relies on

6.2. Chain Compaction: Random Collapse vs disulfide bonds for its stability, folding of the reduced form

Specific Folding cannot proceed beyond this early intermediate, while the

_ i oxidized protein continues to fold to the native state. This
Although denatured proteins often retain far more structure scenario is consistent with a recent microsecond mixing study
than is expected for a random coil polyniérthey are jy which Kumura et at® used CD and SAXS to early
substantially more expanded than the native stéfehere-  conformational events in oxidized and reduced RNase A.

fore, the folding process must be accompanied by a net rnq foding pathway of apomyoglobin as sketched in
decrease in chain dimensions. However, there are persstenpigure 15 is a striking example of a complex folding
controversies surrounding the questions of whether chain e chanism where a series of conformational ensembles with

contraction occurs prior to or concurrent with the rate- jnereasing structural organization precede the final, rate-
limiting folding step and whether compact states are the result“miting step in the acquisition of the native structure. The

of random hydrophobic collapse or a more specific structural j,tarmediate populated on the sub-millisecond time regime
events’ 100235243245 Our earlier conclusion that the optical a4y conta?ing a partially structured core giving ris% to
changes on the sub-millisecond time SC‘f"lem(lburSt'ph""senonspherical contributions to the X-ray scattering profile, a
events) seen for cyt and many other proteiffs'®ireflect yigtinetly helical far-Uv CD componerf, and solvent-
the formation of productive folding intermediates has been gpiciged amide protons in a cluster of interactingelices??s

46 i 3 ) sl
challenged by Englander and co-workét$*®on the basis  These properties are far from random, arguing against the

of fluorescence and CD measurements on two heme-pqiion that rapid conformational changes may reflect a

containing peptide fragments of cgi(residues +65 and  3nqom collapse of the chain driven by nonspecific hydro-
1-80, respectively). Although the fragments are unable 10 ynophic interactiona!® For all but the simplest proteins, the

assume a folded structure, they nevertheless show rapid (1esg,te_|imiting transition state for folding cannot be reached
than millisecond) denaturant-dependent fluorescence and faryy 4 gingle, concerted step, resulting in transient accumulation
UV CD changes resembling the burst-phase behavior of thet partially structured conformations. Rapid secondary
intact polypeptide chain (cf. Figure 8). Assuming that the  gyctyre formation and concomitant compaction of the chain,
fragments remain fully unfolded under all conditions, Soshick guided by a few critical tertiary contacts, may limit the
et al?#246concluded that both the optical properties of the y

. - conformational space to be searched during folding, provid-
fragments and the burst-phase changes seen during refolding, q e pias toward the native structure necessary for efficient
of intact cytc reflect a rap!d solve_nt-dependent readjustment folding on a relatively smooth energy surfee.
of the unfolded polypeptide chain rather than formation of
partially folded states. However, this conclusion is incon- oAb ; ;
sistent with our observation that refolding of both GuHCI- 6.3. Kinetic Role of Early Folding Intermediates
and acid-denatured cytis accompanied by an exponential Several small proteins exhibit two-state behavior under
fluorescence deca¥,which indicates that the ensemble of certain conditions (e.g., elevated denaturant concentration,
states formed on the sub-millisecond time scale are separatediestabilizing mutations) but show evidence for populated
by a free energy barrier from the unfolded states found intermediates (burst phase or nonlinear rate profiles or both)
immediately after adjustment of the solvent conditions. That under other more stabilizing conditiopfs’5.83.129.195,24&50
these states are not just part of a broad distribution of more Thus, apparent two-state behavior can be considered a
or less expanded denatured conformations is further sup-limiting case of a multistate folding mechanism with unstable
ported by the observation of nonrandom amide protection (high-energy) intermediaté$% On the other hand, there
patterng'®® Apparently, both the full length and truncated are many well documented examples of small proteins that
forms of cytc can assume a compact ensemble of states uponshow two-state folding behavior even under stabilizing
lowering of the denaturant concentration. This leads to the conditions (reviewed in refs 92 and 251). In several cases,
prediction that the fragments will also exhibit an exponential the rate of folding at low denaturant concentrations was found
fluorescence change on a time scale similar to that of theto extend into the sub-millisecond time range and could be
intact proteirt® (40—60 us at 22°C and GuHCI concentra-  resolved only by methods such as NMR line shape analy-
tions of 0—-0.4 M). This prediction was confirmed in a recent sis>1252 electron-transfer triggeringg? pressure-jumg:* or
study by Qiu et al???who observed an exponential relaxation T-jump technique$®

process with a time constant of 280 us at room temper- While these findings clearly indicate that many small
ature and a substantial activation energy-@0 kJ/mol) for proteins can fold rapidly without going through intermediates,
the 1-65 and 180 fragments of cyt, using a lasef-jump there is little support for the notion that early intermediates
apparatus. slow the search for the native conformatih255256except

In a related paper on RNase A, Englander and colledfjues in cases where they contain features inconsistent with the
reported that the GuHCI-dependence of the CD signal for native fold, such as non-native proline isomers, metal
the fully disulfide-reduced form closely matches the initial ligands!®3164257 or intermolecular interactior’8 In fact,
kinetic amplitude observed in stopped-flow refolding experi- solution conditions that favor accumulation of intermediates,
ments on the protein with all four disulfide bonds intact. As such as low denaturant concentrations or stabilizing salts,
in the case of the cyt fragments, Qi et a*” assumed that  generally accelerate the overall rate of foldiigonversely,
reduced RNase remains in a random denatured state evemutations that destabilize or abolish early intermediates often
under nondenaturing solvent conditions, which needs to beresult in much slower rates of foldiri§525°26%which is a
explored further. As an alternative interpretation, we again strong indication that they are productive states. Although
suggest that both in the presence and in the absence otontinuous-flow results are fully consistent with a sequential



1856 Chemical Reviews, 2006, Vol. 106, No. 5 Roder et al.

a b continuous flow stopped flow
1.2 -
® 0.5 M urea
@
Q 10 -
w
S oal
S os8
=
@
Z 06 -
S
3]
r g4-
0.0 02 04 06 0. 20.0 40.0 60.0
Time (ms)
U= I =N = U=—=N
C
10000 |
1000
'7&,’ 100
B!
(1]
o 10¢t
1 L
01 -—r—1—m——r————r"——1+— N
0 2 <& 6 8 0 2 4 6 8

[Urea] (M) [Urea] (M)

Figure 16. Kinetic mechanism of Im7 folding: (a) ribbon diagram of Im7; (b) representative kinetic trace measured by continuous-flow
(®) and stopped-flow®) fluorescence-the kinetics at this and all other urea concentrations measured is accurately predicted by the on-
pathway mechanism (solid line), while schemes with off-pathway intermediates fail to reproduce the data (dashed line); (c) observed (symbols)
and predicted (solid lines) rates of folding and unfolding based on mechanisms with on-pathway (left) and off-pathway (right) intermediates.
Dashed lines indicate the corresponding elementary rate constants. Adapted from ref 81 (Figures 2 and 3).

mechanism involving obligatory intermediafé€g?83134t has gives rise to a rapid increase in the population of N during
been difficult to rigorously demonstrate that early intermedi- the initial phase. Clear evidence for such a lag phase was
ates are obligatory states on a direct path to the native stateobtained in a stopped-flow fluorescence study on a proline-
(Scheme 3). Alternative mechanisms involving formation of free variant of staphylococcal nucle&8&0On the other hand,
nonproductive states (Scheme 4) or mechanisms with parallela thorough kinetic analysis, using a double-jump protocol,
indicated that a late intermediate during folding of lysozyme

Scheme 4 is nonobligatorys Other efforts to detect a lag phase during
| Kiy 0 Kin N folding of interleukin-13251262and apoMB** were inconclu-
Ky Kni sive because of the disparate time scales of early and rate-

limiting folding events. To determine the kinetic role of early
pathways and nonobligatory intermediates (Scheme 5) canfolding intermediates, it is necessary to directly measure the
be ruled out only if (i) the two transitions are kinetically population of native molecules on the sub-millisecond time

scale, either by double-jump experiments or via a specific

Scheme 5 spectroscopic probe for the native state.
y' \Q A particularly favorable protein for investigating the
"ik ke kinetic importance of early folding intermediates is the
U <= N bacterial immunity protein Im7, an 86 residue protein with

a simple four-helix bundle structure (Figure 16a). Radford
coupled (i.e., they have similar rates), (ii) both phases are and colleagues have previously shown that Im7 populates a
directly observable and kinetically resolved, and (iii) the hyperfluorescent intermediate during the 2.5 ms dead time
experimental probe used to monitor folding can discriminate of their stopped-flow instrumedt® However, the data could
native from intermediate and unfolded populations. Under be fitted equally well to models involving either on- or off-
these circumstances, the transient accumulation of an obligappathway intermediates. Capaldi et ®alextended these
tory intermediate leads to a detectable lag in the appearanceneasurements into the microsecond time range, using our
of the native population whereas an off-path intermediate continuous-flow mixing instrument to detect the changes in
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fluorescence of a single tryptophan (Trp75) associated with Table 2. Comparison of the Time Constant of the Initial Folding
folding under various conditions (Figure 16b). The initial Phase with Protein Size and Secondary Structure Type

increase in fluorescence above the level of the denatured state relative time

in 6 M urea over the 100s to 1 ms time range is consistent ] no.of  structure  contact  constant

with the rapid formation of a compact state resulting in a _Protein __residues  type  ordef(%)  (usp ref
solvent-shielded environment for Trp75. The native structure GB1 57 a/fp 17.2 600 78
is formed within a few milliseconds or longer (depending ACBP 86 o 14.0 80 83
on the final concentration of urea), which is accompanied Lr;‘:c 1%1 g 1(1”15 428 gé
by partial quenching of Trp75 fluorescence due to close gygase 149 alf 100 75 87

contact with a histidine. The tight kinetic coupling of the _ _
a2The relative contact order was calculated using a web-based

two foIdmg events, together with th? distinct ﬂuor.escence program at http://depts.washington.edu/bakerpg/contact_order/, ref 264.
properties of the three conformational states involved, oTime constant of earliest kinetic phase detected in continuous-flow
allowed us to discriminate among various possible kinetic fluorescence measuremertts/alue for the F76W/W140H variant of
mechanisms. The time course of folding predicted by solving SNase.
the kinetic equations corresponding to the on-path mechanism
(Scheme 3) accurately describe the observed behavior (Figurénagnitude but show no apparent correlation with protein size.
16b, solid line). By contrast, the off-pathway mechanism This argues against the notion that the early stages of folding
(Scheme 4) failed to reproduce the data, especially at low are dominated by a nonspecific hydrophobic polymer col-
urea concentrations where the intermediate is well populatedlapse, in which case the rate of the initial phase would depend
(Figure 16b, dashed line). The amplitude of the sub- primarily on the size of the hydrophobic core and would be
millisecond folding phase predicted by the off-pathway insensitive to structural details.
mechanism was far too small to account for the initial ~ There appears to be no simple relationship between the
increase in the signal associated with the formation of a time scale of early folding events and secondary structure
hyperfluorescent intermediate. Likewise, the quality of the content. For example, th@sheet containing proteins, GB1
fits does not improve when a second parallel pathway is and SNase, are near opposite ends of the time range, and
introduced (Scheme 5) and deteriorates when more than 25944m7 has a~5-fold slower initial rate compared to the
of the flux bypassed the intermediate. These findings were structurally similar ACBP. Thus, the individual structural and
further confirmed by a more detailed analysis of the topological features have a profound effect already during
dependence of the two observable rate constants on uregarly stages of folding. The rate of the early folding events
concentration (Figure 16€}.While Scheme 3 reproduces also shows no apparent correlation with protein stability (e.g.,
all of the kinetic data, there are major discrepancies in the ACBP and Im7 have similar stabilities but are near opposite
rate of the fast phase predicted by Schemes 4 and 5, whichends of the rate scale). The finding that the earliest detectable
can thus be ruled out. folding event in GB1 domain is an order of magnitude slower
By eliminating alternative mechanisms, we have, thus, than that of cytc may well be related to the fact that GB1
been able to show that accumulation of a compact intermedi- containss-sheet structure while cytis primarily a-helical
ate on the sub-millisecond time scale is a productive and (Figure 14a). With its parallel pairing g-strands from
obligatory event in folding of Im?! This supports the no-  0pposite ends of the chain, GB1 has a high relative contact
tion that rapid formation of compact states can facilitate the order (a metric of fold complexity that was found to correlate
search for the native conformation. Interestingly, a recent With the logarithm of the folding time of proteins with two-
mutational study revealed that the Im7 folding intermediate State mechanisiifs). Such a trend is not expected for
contains non-native tertiary interactions among the three proteins with multistate folding mechanisms, since the rate-
major a-helices, A, B, and D, while the short helix C forms  limiting step in structurally and kinetically more complex
only during the final stages of foldirt§® Apparently, proteins is likely to mvolve_structural events unrelated to
intermediates can be kinetically productive even if they the overall fold, such as side chain packing and specific

contain some structural features not found in the final native tertiary interactions. However, if compact early intermediates
state. have a nativelike chain topology, one might expect a

correlation between the time constant of the initial phase and
7. Conclusions and Implications contact Qrder. To test this prediction, we inc]ude in Table 2
the relative contact order calculated according to Plaxco et
We have focused this review on recent developments in al?6* Some of the trends seen are consistent with this idea.
rapid mixing techniques coupled with improved biophysical For instance, cyt and ACBP have low contact order and
techniques for monitoring conformational changes associatedcollapse much faster than GB1, which has the highest contact
with early stages of protein folding. The findings clearly order among the proteins studied. The surprisingly fast initial
indicate that many proteins fold in stages with significant phase of SNase (74s) in comparison to the much smaller
conformational events occurring within milliseconds of GB1 (600us) may be related to the fact that the folding
refolding, long before the rate-limiting step in formation of step in SNase detected by Trp76 and ANS fluorescence
the native state. These early structural events can be attributedeflects a relatively local structural event within its antipar-
to accumulation of partially folded intermediates, which may allel 5-barrel domain, whereas the fluorescence of Trp43 in
act as stepping stones in finding the unique native conforma-protein G may report on a more global conformational
tion. Table 2 lists the time constants of the earliest folding change involving the parallel pairing of N- and C-terminal
phase measured by continuous-flow fluorescence for someg-strands. Finally, we note that several small proteins (or
of the proteins discussed in this review, along with their size isolated domains of larger proteins) can complete the process
and structural type. While the number of proteins studied is of folding on a comparable time scale as the early stages of
still too small to warrant general conclusions, it is interesting folding for some of the multistate proteins discussed
to note that the initial folding times vary by an order of heré®86164265 (see ref 56 for additional examples). The
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underlying conformational events may be similar, but the
fast-folding two-state proteins can directly reach the native
state in a concerted collapse/folding event, while most pro-
teins encounter additional steps after crossing the initial
barrier.

8. Abbreviations

ACBP acyl-CoA binding protein
AEDANS 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-
1-sulfonic acid

ANS 1-anilino-8-naphlalene-sulfonic acid
ApoMb apomyoglobin

BSA bovine serum albumin

CD circular dichroism

CCD charge coupled device

cytc cytochromec

DCIP 2,6-dichlorophenolindophenol
EPR electron paramagnetic resonance
FRET fluorescence resonant energy transfer
FTIR Fourier transform infrared

GB1 B1 domain of protein G

GuHCI guanidine hydrochloride

H/D hydrogen/deuterium

NATA N-acetyltryptophanamide

NBS N-bromosuccinimide

NMR nuclear magnetic resonance
PEEK polyetheretherketone

RNase ribonuclease A

SAXS small-angle X-ray scattering
SNase staphylococcal nuclease

T-jump temperature jump (laser-induced)
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