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Abstract

The recent emphasis on rough energy landscapes for protein folding reactions by theoreticians, and the many
observations of complex folding kinetics by experimentalists provide a rationale for a brief literature survey of various
empirical approaches for validating the underlying mechanisms. The determination of the folding mechanism is a key
step in defining the energy surface on which the folding reactions occurs and in interpreting the effects of amino
acid replacements on this reaction. Case studies that illustrate methods for differentiating between sequential and
parallel channel folding mechanisms are presented. The ultimate goal of such efforts is to understand how the one-
dimensional information contained in the amino acid sequence is rapidly and efficiently translated into three-
dimensional structure.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Absorbance; Spectroscopy; Kinetics; Fluorescence

Abbreviations: Abs, absorbances TS, alpha subunit of tryptophan synthase; ANS, 8-anilino-1-napthalenesulfonate; CD, circular
dichroism; CI2, chymotrypsin inhibitor 2; Cm, denaturant midpoinfCMP, cytidine phosphate; e@&scherichia coli; DHFR,
dihydrofolate reductase; ESI-MS, electrospray ionization mass spectrometry; ES-MS, electrospray mass spectrometry; FL,
fluorescence; GdmCI, guanidinium chloride; HX, hydrogen exchange; |, transient or stable folding intermedig@teinierleukin-
1B; lc, Lactobacillus casei; M, monomeric statei?, the denaturant dependence of the transition €tBteMTX, methotrexate; N,
native monomeric state; N , native dimeric state; NMR, nuclear magnetic resonance spectroscopy; RNase A, ribonuclease A; SF,
stopped-flow; T, relaxation time of a chemical reactidiinverse of the rate constant); TR, wild-type Escherichia coli Trp
aporepressor; U, unfolded state; Xaa, any amino acid

*Corresponding author. Tel+ 1-508-856-2251; fax#+ 1-508-856-6231.

E-mail address: c.robert. matthews@umassmed.€@u Robert Matthew)s

0301-4622/02/$ - see front matt@€r 2002 Elsevier Science B.V. All rights reserved.
Pll: S0301-462202)00155-2



114 L.A. Wallace, C. Robert Matthews / Biophysical Chemistry 101—102 (2002) 113-131

1. Introduction theoreticians to suppose that folding intermediates
are a consequence of local free energy minima and
The ‘thermodynamic’ hypothesis proposed by may actually impede access to the native confor-
Anfinsen [1], that the amino acid sequence of a mation[16—19.
protein contains all of the information required to The complexity of a reaction coordinate that
direct its folding to a unique native conformation, attempts to describe the concerted formation of
focuses on stable, well-defined thermodynamic dozens, if not hundreds, of noncovalent interac-
states and carries the implicit assumption that the tions and the inherently dynamic nature of linear
native state corresponds to the global free energy polymers has led to the ‘new view’ of the folding
minimum. This perspective ignores the process, reaction [5,16,19-21 In this view, folding is
i.e. the dynamic response of the system, by which envisioned to involve ensembles of structures that
the reversible equilibrium between unfolded and interconvert on a highly multi-dimensional energy
native states shifts to accommodate to changes ingyrface. The concept of a single folding pathway,
environmental conditions or by which a protein je. the ‘old view’, is replaced by alternative
folds following synthesis on a ribosome. Levin- trajectories for different members of the ensemble.

thal’'s paradox captures an essential aspect of thej, the Jimit of a completely smooth energy surface,
time-dependent interconversion between unfolded 5 piased random walk22] could result in an

and native states, namely, the apparent discrepancy,imost infinite number of ‘pathways’.
between the eons required for a random search gyperimental findings have illustrated that a

and the seconds time range observed for the yoge| petween these two extremes best describes
folding of many globular protein&,3). Anonran- 6 folding properties observed for the vast major-

dom search raisesk.the _pol_le,sibility th‘glt thle n?tfive ity of protein systems. With perhaps only a single
state represents a kinetically accessible, local free o oo htinn[23], folding is a barrier-limited process

ep?rr]gyf rrlgmmum.blThereforg, a ipm{)'lete:[ s(quutl?n that results in an exponential or multi-exponential
ot Ine folding problem requires Kinetic studies 1o response to a rapid change in the position of the

identify key partially folded forms and to deter- equilibrium between stable thermodynamic states

ine e e of the bariers on he SOMBIY, (45-10.2.04-21 Athough some small ot
gy (<100 amino acids or stable domains of larger

the folding reaction. A number of excellent reviews . . . )
g proteins fold via a single exponential proce$sr

of this subject are availablE3—13. ) . .
The formalism often adopted to analyze kinetic a review see _Ref[28]), the folding reaction for
folding data closely follows that developed for most proteins involves two or more such processes.
The implied roughness of the energy surface can

simple chemical reactions[13]. Exponential p di t classical kineti hani
responses are assumed to represent barrier-crossin€ framed in terms of classical kinetic mechanisms

events by populations of molecules. However, S @ means of simply'and quantitgtively describing
diffusive motions of the polymer chain through the tlme-dependen't. interconversion _betwe_en 'the
solvent, i.e. the Kramers formalisf4], are likely stable state_s. A unified view of protein folding is
to be a more accurate description of the processNOW emerging as a consequence of both theoretical
than the simple vibrational motions expected for and empirical studie§l1,21.

the rupture or formation of a covalent bond, i.e.  Smooth energy surfaces have been used to
the Eyring hypothesi§15]. The relatively simple  describe the fast, two-state folding of proteins such
reaction coordinate for chemical reactions, e.g. the as the cold shock proteiri29,30 and chymotryp-
length of the bond to be broken or formed, leads sin inhibitor 2 (CI2) [31], and rough energy

to predictions of rare, but essential high-energy landscapes have been used to describe multi-state
states that serve to enhance the formation of folding with transient intermediates observed for
product. The exceedingly complex reaction coor- many proteins such as ribonucled82], a-lactal-
dinates for protein-folding reactions currently bumin [33], lysozyme [34,3, dihydrofolate
make such predictions very difficult, leading some reductase(DHFR) [36—-4(, the alpha-subunit of
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Trp synthasd41-43, dimeric Trp repressoid4— catalog various experimental approaches that have
49], and the heterodimer lucifera$g0]. been developed to ascertain the folding mecha-
If the native and unfolded thermodynamic states nisms of a variety of proteins, with a particular
are each assumed to be a manifold of microstatesslant towards distinguishing between sequential

that interconvert far more rapidly than the reesta- and parallel mechanisms.
blishment of equilibrium between these end states,
the observation of two or more phases implies a 2. General approaches employed to study pro-
set of sequential reactions. If the native Aad tein-folding reactions
unfolded thermodynamic states consist of two or
more slowly interconverting forms, the possibility The practical aspects of elucidating protein-
of parallel (unfolding channels arises if folding mechanisms have been reviewed
(un)folding is faster than interconversion. Parallel [24,25,53—5hk A minimal requirement for a mech-
channels could also arise if alternative substruc- anistic analysis is that the folding reaction must
tures appear independently during the early stagesbe highly reversible following denaturation, i.e.
of folding. Although a sequential mechanism is the complete recovery of the native conformation
intrinsically simpler (and, therefore, should be after the disruption of most, if not all, of the
tested initially, experimental evidence and the secondary and tertiary structure. Urea, guanidine
landscape view of folding both support the notion hydrochloride, pH and temperature are typically
that parallel channel mechanisms must also be employed as denaturants. The analysis is enhanced
considered. if the unfolding transition is monitored by a variety
An analytical approach for elucidating simple of structurally sensitive techniques that enable data
kinetic folding mechanisms has been applied to collection over the microsecond to kilosecond time
lysozyme [51] and apoflavodoxin[52]. Because range. These techniques usually include absorb-
the dynamic response for both proteins is biphasic, ance (Abs) and fluorescencéFL) to follow the
three species are required to define the mechanism formatiorydisruption of tertiary structure and far-
The fitting of the denaturant dependences of the UV circular dichroism(CD) to monitor secondary
unfolding and refolding reactions to analytical structure. All three optical methods have been
solutions enables the different folding scenarios to interfaced to commercially available stopped-flow
be distinguished. In these cases, the observation of(SF) instruments with deadtimes of 5 ms or less;
the entire refolding and unfolding processes, i.e. ultrafast, continuous-flow instruments with dead-
the amplitudes and relaxation times obtained at times of 50u.s are being developd®6,57. Laser-
the different denaturant concentrations, provides induced temperature-jump systems provide access
sufficient information to discriminate among the to the nanosecond time rang®8] and pressure-
possible mechanisms and to calculate the four jump systems to the microsecond time rahge].
independent microscopic rate constants. A trian- The possibility of residual structure in the temper-
gular mechanism is the minimal model for lyso- ature and pressure denatured std&® suggests
zyme while the minimal model for apoflavodoxin caution in comparison to chemical denaturation
is a linear mechanism that involves an off-pathway results.
intermediate linked to the unfolded stdtd). The equilibrium unfolding transition provides a
Although the analytical approach provides a necessary framework for kinetic studies, both by
rigorous and exhaustive test of potential kinetic providing constraints on the thermodynamic para-
models, it is difficult to apply unambiguously to meters predicted from the rate constants and by
complex folding reactions, i.e. those that exhibit guiding the choice of conditions to favor desired
more than two phases. Faced with this challenge, states or the transitions between them. The ther-
experimentalists have devised a humber of empir- modynamic parameters are most often obtained
ical tests that have the potential to highlight crucial from chemical denaturation experiments by assum-
features of a reaction and, thereby, enable theing that the free energy difference between the
rejection of incorrect models. This review will stable states depends linearly on the denaturant
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concentratiorf61,64; other models have also been
employed[25].

By choosing strongly unfolding or refolding
conditions defined by these equilibrium studies,
the kinetic analysis can be simplified by neglecting
the very small rate constants for the back reactions.
The relaxation times for jumps into the transition
zone reflect contributions from both unfolding and
refolding reactions, providing further constraints
for a global analysid42]. Kinetic simulations of
the experimental data are routinely performed
using packages such asisim [63,64 and global
analysis can be done with available software, e.g.
FiTsim [64] and Savukal42]. These simulations
and fitting programs enable tests of proposed
folding mechanisms and the exclusion of those
that are not consistent with all of the data.

3. Experimental approaches to discriminate
between sequential and paralled folding
mechanisms

3.1. Multiple probes of structure and function

The application of a variety of probes of sec-
ondary and tertiary structure to monitor unfoldjing
refolding kinetics has proved to be useful in
distinguishing between parallel and sequential
mechanisms. In sequential folding mechanisms, it
is expected that the relaxation time of each folding
event should be the same when monitored using
two different probes, given that each reaction can
be detected with both probes. If the observed
relative amplitudes of the different events are

independent of the probe then the kinetic phases

may result from parallel pathways between multi-
ple unfolded species and a common native state.
In this test, the experiments are performed under
conditions that favor native state formatidne.
under strongly refolding conditiomsso that the
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3.1.1. Case study

Cytochrome c¢: The refolding of yeast iso-2
cytochromec displayed two slow refolding events:
the slower(t=100-200 $ of the two reactions
was observed only by Abs spectroscopy while the
faster event(10—20-fold faster was observed
using FL spectroscopy. Double-jump asségec-
tion 3.5 demonstrated that the two sets of slow
folding species were formed at different rates under
unfolding conditions. The fact that one of the slow
events is detected by Abs and the other by FL
supported the presence of structurally distinct inter-
mediates that are each components of two parallel
folding channels; the native state can also be
formed directly from one of the three kinetically
(but not structurally distinct unfolded state

[65,69.
3.2. Lag phase in native state formation

It is often assumed that partially folded states
are essential to the formation of the native state
[27,69,70 because they decrease the size of the
conformational space that must be searched. How-
ever, both theoreticians and experimentalists have
challenged this view because a number of small
proteins(< 100 amino acidsappear to attain the
native fold without the participation of intermedi-
ates. Even when intermediates are detected, the
issue remains whether they are on-pathway, i.e.
productive and obligatory to the formation of the
native state(U < | < N) or off-pathway, i.e. non-
productive and slow down the folding to the native
state(l,4 <> U < N). A review describing the influ-
ence of on- and off-pathway intermediates on the
observed folding kinetics has appeaidd].

3.2.1. Approach

The observation of a lag phase that represents
the formation of an intermediate state prior to the
formation of the native state requires that the
intermediate should be formed on a relatively short

interconversion between the different unfolded timescale(rapid compared to the formation of the
species is slower than the rate of folding. This test native state and that it should be well populated,
has proved useful in distinguishing sequential and i.e. relatively stable compared to the unfolded state.

parallel mechanisms for cytochromd65], barstar
[66], ribonuclease A(RNase A [67] and lyso-
zyme [35].

For a simple three-state mechanigih < | < N),
the magnitude of the lag period depends on the
ratio of the two folding rate constant%, and
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kn. Jennings et al[71] have provided kinetic
simulations to illustrate how the observation of a
lag phase is influenced by the relative relaxation
times of the two folding events.

Although the typical optical methods are not
well suited for detecting a lag phase, the detection
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Hydrogen exchangéHX) pulse labeling of the
backbone amide protons, analyzed using electros-
pray ionization mass spectrometr{ESI-MS),
([74-79 and Section 3., was used to determine
whether this intermediate is on- or off-pathway
and to follow the time course of the formation of

can be enhanced through the use of probes thatthe native state. The kinetic rates obtained from

are only sensitive to the formation of the native
state, e.g. ligand-binding or catalytic function.
Examples of this approach include RNasd6&¥],
DHFR [36,38,72 and interleukin-B (IL-1B) [73],

in which lag phases have been detected by double-

jump assays, ligand-binding experiments and HX-
ESMS, respectively. The obligatory nature of a set
of intermediate states in DHFR was established
using the tight binding K;<1 nM) properties of
the competitive inhibitor, methotrexateMTX).
The difference Abs spectrum of MTX bound to
DHFR, with a maximum at 380 nm, makes it a
selective probe of the formation of the active site
cleft of DHFRs [36—38. A distinct lag phase in
Abs at 380 nm that persists for several hundred
milliseconds reflects the formation of a set of
intermediates that cannot bind inhibitor and whose
formation could be independently detected by
intrinsic tryptophan FL. Double-jump unfolding
assays of the slow folding kinetics of RNase A
[67] demonstrated that the formation of fully
folded native protein is characterized by an initial
lag period that reflects the formation of interme-
diates along two parallel folding channels.

3.2.2. Case study
Interleukin-1B: 1L-13, an all§ sheet protein,
provided an excellent system for observing a lag

ESI-MS were consistent with those obtained using
FL and far-UVv CD [80], supporting a simple
sequential folding mechanisifSection 3.1. The
HX-ESI-MS data showed that an intermediate with
20 protons protected from solvent—isotope
exchange was formed within the first 100 ms. The
intermediate was long-lived and maximally popu-
lated (~ 75%) for approximately 10 s. The native
state only began to appear 400 ms after initiation
of the refolding reaction. The lag phase in the
production of the native state, while the interme-
diate accumulates, is consistent with the formation
of an obligatory intermediate on a sequential fold-
ing pathway. Fig. 1la shows the fractional popula-
tion of the different speciegU, | and N) as a
function of the refolding times. The partial protec-
tion of the intermediate species from exchange is
consistent with a sequential mechanism with the
incremental formation of structural elements in an
on-pathway intermediate. Alternative mechanisms
could also describe the observed optical data;
however, kinetic simulations performed using
kinsim (Fig. 1b) were only consistent with a
simple sequential mechanism in which the forma-
tion of native IL-13 proceeds through an obliga-
tory intermediate.

3.3. The Initial Conditions Test

phase and assessing the obligatory nature of an3.3.7. Approach

intermediate [73]. SF FL-detected refolding of
guanidinium chloride(GdmCJ)-denatured IL-B

was biphasic. The change in FL intensity with
time was non-monotonic, i.e. the intensity
increased rapidly(r=126 m9 beyond the value

The observation of at least two kinetic phases
in unfolding (or refolding could be explained
either by a sequential model with an on- or off-
pathway intermediate or by a parallel channel
mechanism with two stable nativ@r unfolded

expected for the native system and then decreasedorms that interconvert more slowly than they

(=42 9 to the intensity expected for the native
state at equilibrium. These results implied the

unfold (or fold). The Initial Conditions Test relies
on the fact that the relaxation times for the reac-

presence of a spectroscopically distinct and highly tions depend only on the final conditions while

populated intermediate that is formed orders of
magnitude more rapidly than the native state.

the amplitudes depend on both the final and initial
conditions [25,39. To test for the possibility of
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Fig. 1. Lag phase in native state formatida) Three-dimensional plot of the relative abundance of the observed species pf IL-1
as a function of the magsharge ratio and folding time prior to the application of the labeling pulg.Plot of the fractional
population of the unfolded®), intermediate(l) and native( ) species as a function of refolding time prior to the application
of the labeling pulse. The lines represent the simulations of the mechanism proposexrinsing[63,64 and are compared to the
experimental data(Reprinted from Ref[73], by permission of the publisher Nature.
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two or more stable nativéor unfolded confor- to be independent of the initial denaturant condi-
mations, samples are equilibrated at different start- tions, suggesting that the heterogeneity of the
ing denaturant concentrations in the nativer unfolded state arises from proline isomerization.

unfolded baseline region. The unfoldingor As originally proposed by Brandts et 4B6], the
refolding) reaction is initiated by rapidly transfer- source of this heterogeneity can &ig/trans isom-
ring each sample to identical unfoldirigr refold- erization of the peptide bond preceding proline
ing) conditions. The resultant unfoldingor residues.
refolding) reaction traces are fitted, and the rates
and amplitudes obtained from the fits are compared 3.3.2. Case study
to those obtained for the unfolding@r refolding) The alpha subunit of tryptophan synthase: The
of a sample maintained in the abser@e pres- urea- [42,43,87-9] and GdmCl-induced92,93
ence of denaturant. This comparison provides equilibrium and kinetic folding properties of alpha
important information(i) equivalent rate constants subunit of tryptophan synthadeTS), a 29 kDa
insure that the system is behaving as expected,a/B barrel protein, display a number of complex-
and (ii) the relative amplitudes provide a direct ities. The urea-induced equilibrium unfolding of
measure of the fraction of molecules that were oTS is multistate; two stable intermediates are
present at the start of the reacti@]. highly populated at 3 and 5 M urea and are denoted
Because the amplitudes of the kinetic phases as |11 and 12, respectivel{42,94. The proposed
are proportional to the population of the species kinetic mechanism is based on an extensive and
involved, the urea dependence of these amplitudesmulti-faceted approach that involved several clas-
can serve to discriminate between sequential andsical kinetic experiments combined with global
parallel mechanisms. For example, a decrease inanalysis of both the unfolding and refolding kinetic
the amplitude for the initial(presumably faster data [95]. oTS is thought to fold via multiple
event and a concomitant increase for a subsequentparallel channels, and each channel involves a
slower event at increasing initial denaturant con- sequential set of native, intermediate and unfolded
centrations would be consistent with a sequential forms. The initial stages of folding involve an off-
unfolding model. The simultaneous decrease in pathway intermediate that is populated within 5
both of the amplitudes, with midpoints near the ms and that subsequently unfolds in the hundreds
urea concentration corresponding to the equilibri- of milliseconds time range to produce a set of I1-
um unfolding transition, suggests that the unfold- like on-pathway intermediates. The latter part of

ing reactions occur in parallel. the folding response is described by three urea-
This approach has been applied to a number of independent phases that have lifetimes of 10, 40
systems, e.g. RNase f82], cytochromec [65], and ~300 s in the native baseline region at pH

and DHFR[36]. In the case of DHFR, a shift in 7.8 and 25°C. The unfolding reaction is well-
the equilibrium between two native states was described by two kinetic phases whose relaxation
achieved by the changing the salt concentration. times decrease exponentially with urea concentra-
The presence of 0.4 M KCI prior to unfolding tion; the lifetimes at 6 M urea are 10 and 100 s.
resulted in the observation of only one unfolding  Although a number of different approaches were
phase. The loss of a phase is consistent with eitherused to demonstrate the validity of the parallel
a shift in the N < N, equilibrium or an increase  mechanism foraTS, only the results from the
in the rate of interconversion between the different unfolding (Fig. 289 and refolding(Fig. 2b) jumps
native states. It is noteworthy that the presence of from various initial denaturant concentrations to
multiple native conformers of DHFR is well- the same final conditions will be discussed. The
documented81-84. A similar approach has also biphasic unfolding reaction raised the issue of
been applied to probe the heterogeneous nature ofwhether the second phase originates from the
the unfolded state of cytochrome [65]. In this formation of an intermediate state, i.e. a sequential
case, the fraction of molecules that give rise to mechanism, or from the presence of two native
slow refolding phases were monitored and found conformers ofaTS, i.e. a parallel mechanism. The
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Fig. 2. The Initial Conditions Testa) Unfolding of o TS to 6

M urea from varying initial urea concentrations. The unfolding
amplitudes of both kinetic phases are superimposed as a func-
tion of the unfolding amplitudes. Symbols represent the ampli-
tude of the fast(circles, =13.7 9 and the amplitude of the
slow unfolding (squares, +38 9 phases. The dashed lines
represent the amplitudes expected if the unfolding followed a
sequential mechanisntb) Refolding of TS to 0.6 M urea
from varying initial urea concentrations. The refolding ampli-
tudes of the 10 <circles), 40 s(square}, and ~300 s(tri-
angles are shown superimposed as a function of initial urea
concentration. The solid lines represent the fit to a three-state
denaturation modelFigure was taken from Ref42].)
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amplitudes recovered from the unfolding reactions
from various initial conditions(1.4-5.6 M urea

to a final concentration of 6 M urel@ig. 29 were
best described using a two-state model, with the
midpoint of the profiles(~3 M ured of both
reactions corresponding closely to thesN1 equi-
librium transition. The absence of a transition
corresponding to the unfolding of the I1 interme-
diates favors the interpretation that the unfolding
of a minor native-like species, occurring in parallel
with a dominant native form, gives rise to the
slower unfolding reaction. The amplitudes for the
three refolding phases from various initial condi-
tions (2.4—6 M urea to a final concentration of
0.6 M urea are shown in Fig. 2b. The amplitudes
show a complex dependence on the starting dena-
turant conditions. The amplitude for the 40 s phase
increased in a sigmoidal fashion while the ampli-
tude for the 300 s event and 10 s event displayed
inflections that were indicative of three participat-
ing species. All three amplitudes have a midpoint
that corresponds to the $11 transition, and the
10 and 300 s events have a second midpoint that
is very similar to the 1312 /U transition(because

12 and U are spectroscopically similar, they can
be treated as a single thermodynamic Stafdese
results provided further evidence for the presence
of multiple intermediate states.

These findings, when combined with those from
other approaches, were interpreted in terms of a
kinetic model foraTS that involves four slowly
interconverting unfolded forms that collapse in the
millisecond time regime to form a presumed set
of marginally stable intermediates with significant
secondary structure. This set of intermediates are
off-pathway species that must unfold to form a set
of four on-pathway intermediates that correspond
to the equilibrium intermediate populated at 3 M
urea. All the conformers re-equilibrate to form the
pair of native states via two parallel channels. The
heterogeneous nature at all levels of the pathway
is proposed to result fromis/trans peptide bond
isomers adjacent to several proline residues
[42,93. The sensitivity of the two slower refolding
events to cyclophilin, a peptidyl—prolyl isomerase,
confirms the source of these two phases. Extensive
site-directed mutagenesis afTS is underway to
identify the specific proline resid@s) that result
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in the different folding channel¢Wu and Mat- nance (NMR) spectroscopy or pre-steady state
thews, manuscript in preparatipn ligand-binding experiments would provide support
for such a conclusion. A lack of proportionality
3.4. The Chevron Analysis Test between the relative relaxation times and the rela-
tive amplitudes for the different events is consis-
3.4.1. Approach tent with a parallel folding mechanism. By

The Chevron Analysis Test requires the com- contrast, a proportional relationship between the
plete characterization of the denaturant dependencerelaxation times and the amplitudes of the phases
of the unfolding and refolding relaxation times as implies that a single species partitions into multiple
well as their amplitudes. The logarithms of the product forms that could form the basis for sub-
observed relaxation timg®r their reciprocals, the  sequent parallel reactions. Fourth, if the sum of
observed rate constantare plotted as a function the absolute values of the denaturant dependences
of denaturant concentration. For typical folding of the unfolding and refolding rate constants, i.e.
reactions, the pattern resembles an inverted ‘V'- the denaturant dependence of the transition state
shape(or normal ‘V'-shape and has, therefore, ($) (m?) values, for all of the kinetic steps is
been termed a chevron pl¢25,54. This shape equal to the denaturant dependence extracted from
reflects the acceleration of the unfolding reaction the equilibrium data, then., value, a sequential
at high denaturant concentration, the acceleration mechanism is possible. If the sum exceeds the
of the refolding reaction at low denaturant concen- equilibrium me, value, a parallel channel mecha-

tration and the maximum relaxation tim@nini- nism is possible.
mum rate constantnear the midpoint of the Chevron analysis may also be used to distin-
transition. guish whether an intermediate is on- or off-path-

The chevron analysis can provide several useful way. The sign of the urea dependence for a
insights into folding mechanisms. First, the unfold- relaxation time reflects the burial or exposure of
ing and refolding phases that connect smoothly surface area: a decrease in relaxation time with
with each other in the transition zone reflect a decreasing ureéa positivem*-value) indicates the
reversible folding reaction that limits both unfold- burial of surface area and a decrease in relaxation
ing and refolding. If two or more chevrons are time with increasing ureda negativem?-value)
observed, vertically displaced from each other, a suggests the exposure of surface ar€aS [42],
parallel channel folding mechanism is possible. cytochromec [96] and BPTI[97] display a nega-
Second, the denaturant dependences of the unfoldtive m?*-value for one of the relaxation times
ing and refolding relaxation times provide infor- observed under strongly folding conditions, imply-
mation on the associated structural changes.ing that the phase is controlled by the unfolding
Reactions that result in major changes in buried of an early, off-pathway intermediate.
surface area display strong denaturant dependences
of the relaxation times. Those that conserve the 3.4.2. Case study
buried surface area, i.e. conformational rearrange- Dihydrofolate reductase: DHFR is ana/B/a
ments or that are limited byis/frans proline protein where the(mostly) parallel 8-strande
isomerization, display little or no dependence on sheet is flanked on either side by two helices.
the denaturant concentration. Third, if the native The B-sheet topology defines two structurally dis-
thermodynamic state is comprised of two or more tinct domains: an adenosine-binding domain com-
slowly interconverting forms, then the amplitudes mon to most nucleotide-binding proteins and a
of the several observedpotentially parallel discontinuous loop domain comprised of segments
unfolding reactions would be expected to correlate from both the amino- and carboxy-termif@g].
closely with the relative populations of the multiple The thermodynamic properties and kinetic folding
native conformers. The independent detection of mechanism of ecDHFR have been studied in detalil,
multiple, slowly interconverting native conformers using a variety of biophysical techniqud86—
with techniques such as nuclear magnetic reso-40,84,85,99,100 The first detectable step in this
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Fig. 3. The Chevron Analysis TestChevron Plots: urea
dependence of the unfoldingppen symbols and refolding
(closed symbolsrelaxation times for .M of ecDHFR at 15
°C. All phases were detected using Trp FL and the refolding
phases are denoted throughr5 (in order of decreasing relax-
ation times. (Figure was used with permission from O’Neill
(manuscript in preparationsee also Figure 3 in Ref38].)

complex reaction involves a rapid collapée: 5
ms) of the urea-denatured state to form a burst
phase specieflgp) that has significant secondary
structure[40,99 and an exposed hydrophobic core
[39]. The rapid establishment of tifiesheet topol-
ogy is followed by the formation of a set of
hyperfluorescent intermediate statés—Il, 7=
200 m9 that convert to the native statéN;—N,)
via four parallel folding channel@gelaxation times
in the range of 1-100)s

Chevron analysis of the unfolding and refolding
kinetics of ecDHFR displayed a number of com-
plexities (Fig. 3), some of which led to this kinetic
model. The three slow unfolding phases =300
s, 1,=50 s; 1,=8 s at 6.2 M uren connect
smoothly with three of the five refolding phases
(1,=140 s;71,=50 s; 15,=5 s at 0.76 M urel
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the three complete chevrons suggests that the
structural features that differentiate the channels
arises early in folding and persist in the native
conformations. The fastest observable refolding
reaction,zs, reflects the formation of a hyperflu-
orescent intermediats) that cannot bind a tight
binding inhibitor, MTX. Thet, reaction carries the
bulk of the refolding protein(~60%), but leads

to a native-like conforme(i.e. it binds MTX) that

is not detectably populated at equilibrium under
native conditiongno corresponding unfolding leg
of the chevron. Because the relative amplitudes
of the t,—71, refolding reactions are not propor-
tional to the relative relaxation times, the splitting
into parallel channels must have occurred prior to
the formation of a set of hyperfluorescent inter-
mediates, i.e. in the unfolded state or in the burst
phase reaction. HX-NMR experiments have dem-
onstrated that at least two conformations are pres-
ent after 13 ms of folding: a major species that
protects a number of backbone amides against
exchange and a minor species that does[A0k.

3.4.3. Other studies

The folding kinetics for barstar, a small ribonu-
clease inhibitor, provides a variation on the parallel
channels folding moddl66,101,102 This system
has been extensively studied over the microsecond
to minutes time range as a function of pH, GdmCl
and urea[101]. The unfolded state exists as two
forms; 30% that folds rapidly to the native state
(Ug) and 70% that folds slowlyfU,). Us is pro-
posed to have Tyr47-Pro48 in the natiwi® con-
formation and U has the non-nativemns isomer
[103]. The unfolding and the refolding of barstar
is therefore characterized by multiple intermediates
and competing pathways. Both unfolded forms
fold to the native state via an on-pathway compact
premolten globule intermediate;; U folds by only

these data are consistent with three reversible one pathway whereas the folding ofs Wunder

parallel unfolding and refolding reactiori25,34.
The relative amplitudes for the two major unfold-
ing phasest; andr,, were approximately 0.2 and
0.8, very similar to the relative populations of a
pair of native conformers that differ in ligand-
binding properties[81,83. This correlation sug-
gests that the distinct native conformers result in

strongly stabilizing conditions, i.e. low denaturant
concentrationsis proposed to occur via alternate
and hence competing pathways. Isomerization
about the crucial Xaa-Pro bond transforms the late
intermediates to the native state. The presence of
competing unfolding pathways, i.e. where a poten-
tially sequential reaction is split into multiple

separate unfolding pathways. The observation of parallel channels, and multiple intermediates was
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suggested by three observatiofs) three probes,
far-UV CD, FL and chemical modification, yielded
different relaxation times for unfolding(2) the
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been applied to a number of proteifes.g. RNase
T1 [106,101, staphylococcal nucleag&0§d], thio-
redoxin[109], RNase A[110,111, o TS [42], and

denaturant dependence of the rate constants werecytochromec [65] and see revieWl112).

different for each of the three probes; axg)

Double-jump unfolding assays: A variation on

different responses in the burst phase. Recently, the double-jump refolding assay provides a test for
competing pathways have also been proposed fora sequential folding intermediate and permits an
the pH-induced unfolding and refolding of barstar assessment of the heterogeneity of the native state

[102].
3.5. The Double-Jump Test

Double-jump experiments are widely used to
monitor the time dependence of the population of
multiple stable native, intermediate, and unfolded
forms. They can also be used to discriminate
between sequential and parallel folding mecha-
nisms. Double-jump refoldingN — U — delay—

N) and double-jump unfolding assaytl »N—

that may result in parallel unfolding reactions. In
these assays, the refolding of unfolded protein is
initiated by dilution of denaturant. After various
delay times, an aliquot is injected into strongly
unfolding conditions and the amplitude of the
unfolding phasés) is measured. A lag phase in
the appearance of the amplitude of the phase
corresponding to the unfolding of the native pro-
tein implies a mandatory intermediate on a sequen-
tial pathway[67]. For proteins whose native state
displays multiple unfolding phases, the progressive

delay— U) provide a means to detect the presence increase in the amplitudes of these phases at

of slow interconverting unfolded86] and native
state population$104], respectively.

3.5.1. Approach

Double-jump refolding assays: These assays
exploit the fact that, immediately after unfolding,
all molecules have all their peptidyl bonds in their
native isomeric form. Successful application of
this assay requires that the native protein unfold
faster than either interconversions between multi-
ple native forms if present or the subsequent
interconversions between the multiple unfolded

increasing delay times can be fit to exponential
functions that reflect interconversions between
multiple native or intermediate form$42] or
multiple, independent routes to a single native
conformation[49].

3.5.2. Case study

E. coli Trp repressor: Homodimeric TR is a
member of the helix—turn—helix DNA-binding
protein family. Each monomer is composed of six
a helices, some of which intertwine with those
from the partner subunit to form the hydrophobic

forms. Because this interconversion can require dimerization domain. The dimerization sequence
between 10 and 1000 s at room temperature foris comprised of the A, B and C helices, the D and

proline isomerization[105, strongly unfolding
conditions are usually chosen. After various delay

E helices form the DNA-reading heads and the
terminal F helix pack against helices A and B of

times at high denaturant concentration, aliquots the partner subunit. The determination of a mini-

are withdrawn and quickly transferred into native
conditions to initiate refolding. After short unfold-

ing times, most of the unfolded protein will refold

rapidly. As the delay time increases, the amplitude
for the slower refolding event will increase until

equilibrium is achieved between the fast and slow
unfolded species under unfolding conditions. The
plot of the amplitudes of the folding reactions vs.
the unfolding delay time can be fit to an exponen-
tial whose relaxation time reflects the formation
of the alternative unfolded form. This assay has

mal folding mechanism of TR required a variety
of approache$44—-49. Although the urea-induced

folding of TR is a reversible two-state equilibrium
process [44], the folding mechanism is very

complex.

The earliest folding event displays a burst phase
in SF-CD and FL-detected 8-anilino-1-napthale-
nesulfonatg ANS)-binding that corresponds to the
formation of a pair of partially folded monomeric
intermediates. These two conformers were pro-
posed to pair randomly via second-order reactions



3.6. The Ligand-Binding Test

The application of native-state ligands to probe
folding reactions has provided compelling evi-
dence to differentiate between sequential and par-
allel mechanisms. In this test, the refolding kinetics
are monitored at varying ligand concentrations.
The success of this test can be enhanced if several
criteria are met:(1) ligand binding is rapid(i.e.
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Fig. 4. The Double-Jump TesManual-mixing double-jump
experiments: unfolded TR was refolded to 2.0 ®) and 4.5

M (H) urea and 4.6.M monomer. After various refolding
delay times, the protein was unfolded to final conditions of 6.5
M urea and 2.M monomer. The unfolding reaction was mon-
itored using FL emission at 360 nruset: Enlargement of the
2.0 M urea data at short refolding delay tim&Reprinted from
Ref. [49], by permission of the publisher Academic Prgss.

to form three dimeric intermediates that indepen-

occurs within the deadtime of SF mixing;5 ms)

so that the spectroscopic observations reflect fold-
ing, not ligand-binding reactiond(2) the ligand
binds specifically to the native state with high
affinity (low wM or nM range to enable saturation
at reasonable ligand concentratio8) the bind-
ing of the ligand can be monitored at a wavelength
that can be discriminated from the optical proper-
ties of the protein so that the signal exclusively
reflects the local environment of the ligand; and
(4) the presence of the ligand should not perturb
the folding mechanism, i.e. the relative amplitudes
and relaxation times of the phases should be
identical to those obtained using alternate probes

dently proceed via parallel channels to the native for folding in the absence of the ligand.

dimeric species. Neither the channels nor the three ! _ ¢ ' )
m-erties of the ligand during refolding as a function

urea-independent rearrangement reactions that li

This test involves monitoring the optical prop-

it folding at low denaturant concentration reflect of the relative concentrations of ligand and protein.

proline isomerizatiorf46].

Double-jump unfolding assayBt9] were used
to monitor the formation of the native dimer,
thereby testing the validity of the parallel folding

mechanism. The presence of three folding reac-
tions required that the double-jump assays be kinetics that

performed by refolding to 2.0 M urea, to highlight

For a strictly sequential mechanism, ligand binding
will be controlled by the final, rate-limiting step

that produces the native conformation. If ligand is
capable of binding to partially folded forms, com-
plex kinetics may be observed. For a parallel
mechanism, ligand binding may reveal complex
reflects the formation of multiple

native or native-like forms capable of binding the

the fast and intermediate refolding phases, and at|igang. The sequential and parallel possibilities can

4.5 M urea, to highlight the intermediate and slow
folding phases(Fig. 4). The observed unfolding

relaxation time was always equivalent to that for
the unfolding of the native dimer to 6.5 M urea,
implying that all three folding channels result in
the formation of the native dimer. Simulations of
the recovery of the unfolding amplitude expected
for folding through three independent channels

be discriminated with substoichiometric ligand
concentration. For the sequential mechanism, the
amplitudes of all of the refolding phases should
be reduced in proportion to the fractional satura-
tion. For the parallel mechanism, substoichiometric
ratios of ligandprotein would lead to a selective
loss of the amplitudes of the slow folding phases.
This selective response reflects the binding of the

agreed with the experimental data, demonstrating ligand by the faster folding species, thereby reduc-

that all three folding phases contribute indepen-

dently to the formation of the native dimer.

ing or eliminating the supply of ligand for the
slower folding species.
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Fig. 5. The Ligand-Binding Test. Abs-detected changes
observed at 380 nn{MTX-binding to DHFR) during the
refolding of 16 uM IcDHFR from 4.5 to 0.75 M urea in the
presence of various amounts of MTX. The solid lines represent
the best fit to a lag phase and four exponentials, respectively.
The MTX:IcDHFR ratios are 1.1:(@®), 0.8:1(v), 0.6:1 (W),
0.5:1(<), 0.3:1(A). (Reprinted from Ref[72], by permission

of the publisher Academic Press.

Schmid and Blaschel113 first used this
approach for studying RNase A by exploiting the
tight binding properties of the specific inhibitor,
cytidine phosphat€2’CMP). The Abs changes at
254 nm upon ZMP binding were used to monitor
the slow folding kinetics of RNase &he protein
has an isoabsorbance point at this wavelehgii
stoichiometric or greater concentrations of ligand,
all folding events were observed. However, as the
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the expectations of a parallel channel folding
mechanism(see above

3.7. HX-NMR/MS Pulse-Labeling Test

3.7.1. Approach

A number of reviews on the application of
pulse-labeling HX combined with mass spectrom-
etry (MS) or NMR in elucidating protein-folding
mechanisms are availabl¢74-79. The HX
approach derives from the observation that the rate
of solvent exchange of labile backbone and some
side chain amide protons is dependent on their
individual environments. In particular, amide pro-
tons in the native protein that exchange at much
slower rates than predicted for unstructured pep-
tides reflect their involvement in intramolecular
hydrogen bond<€and hence secondary structure
Burial from solvent within the hydrophobic core
is occasionally the dominant determinant of pro-
tection from exchange.

Briefly, in this method a fully deuterium-
exchanged, unfolded protein is refolded for various
lengths of time before a short pulse of, H O at
alkaline pH is given. After a pulse time sufficient
to exchange solvent-exposed amide prottunsu-
ally <20 m9, the pH is rapidly neutralized, and
the protein is allowed to fold to the native confor-
mation. The! HX NHSQC spectrum of the protein
reveals the stage of folding at which a particular

ligand concentration was decreased, there was aamide proton is protected from exchange. HX-MS

selective loss in the slower folding events.

3.6.2. Case study

dihydrofolate reductase: MTX binds to DHFR
in the millisecond time range with nanomolar
dissociation constan{114]. This tight binding
competitive inhibitor has provided an excellent
probe for monitoring the folding kinetics of DHFR
([38,73 and Section 3.2 Refolding of IcDHFR
in the presence of stoichiometric amounts of MTX
(Fig. 5) illustrates that the folding relaxation times
are similar to those obtained using Trp FL. How-

ever, as the concentration of MTX was decreased,

there was a selective loss of the slower folding
phases. At a ratio of 0.3 mol of MTX to 1 mol of

IcDHFR, no further changes in Abs at 380 nm
occur after~40 s. These data are consistent with

provides complementary information on the mass
labeling of the entire protein during folding. The
HX-NMR and/or HX-MS test have provided
insight into the development of secondary structure
during the folding of proteins such as cytochrome
¢ [74], lysozyme [34,35,11%; barnase [116],
DHFR [40], and IL-18 [73,80.

3.7.2. Case study

Hen egg white lysozyme: Lysozyme is a 129
residue monomeric protein with two structurally
distinct domains: one largely helical (the a-
domain and the other containing significant
regions of B-sheet(the B-domain. Although the
equilibrium unfolding of lysozyme is a two-state
process with no significantly populated intermedi-
ates, the folding mechanism is complex. The two
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major refolding tracks to the native state, detected

using a variety of spectroscopic techniques, are 120+ (@)
denoted fast(t~100 ms; 25-30% and slow
(1~300 ms; 70— 75% Approximately 10% of
unfolded lysozyme folds very slowlyr =20 ) by

a reaction that is limited by proline isomerization
[117]. Typically the folding reactions described for
lysozyme refer only to those molecules not limited
by prolyl isomerization35,104.

HX-NMR and electrospray mass spectrometry
(ES-MS) were powerful in providing a detailed 0 4—r———1— e
view of the development of stable structure 0 200 400 600 800 1000
throughout lysozyme34,119. The data showed Time (ms)
that the amide protons in both domains show
biphasic protectior{Fig. 6a). The fast phase has a 1207 (b)
time constant of 5-10 ms for each domain and an 100
average amplitude of 40 and 25% for the and
B-domain, respectively. The slow phases have
average amplitudes and relaxation times of 45%
and 65 ms, and 55% and 350 ms for e and
the B-domain, respectively. This behavior suggests
the presence of multiple folding pathways. The
amplitudes and the time scales of the reactions 20
indicate thatcis/trans proline isomerization is not o _
the source of the partitioning into parallel channels. NN ' T AN

The NMR analysis of the HX labeling provides ° 200 4?0 800 800 1000
residue-specific information but does not reveal Time (ms)
whether the two domains are formed cooperatively.

HX combined with ES-MS was used to distinguish Fig. 6. HX-NI_\/IR_/MS PuIse-IabeIing_Te_st. The folding kinetics
whether the fast phase results from the ind_ependentOGf J}rﬁgfirgoggl?g%?|gblelliriglir?gl:&%(-%?miig o ﬁ“\'\/l"R;

0!’ the Cpncerted folding OT the two domains. The average protection of the amides in the (@) and 8- (O)
distribution of the masses in the samples generateddomain is shown(b) HX labeling and ESMS; unprotected

in the HX experiments was monitoredFig. 6b). state(@®); species substantially protected only in th&lomain
Three well-defined species with different masses, (O); species with native-like protectiofll). (Reprinted from
and hence different degrees of protection were Re'[39]; with permission from Elsevier Scienge.

detected. One species displayed a mass between

those observed for the denaturddw massg and observed using NMR suggest that the peak can be
native(high mas$ states. Both its mass and kinetic assigned to a species in which the but not the
behavior suggest that this species should be assof8, domain is protected from exchange. The iden-
ciated with the major folding intermediate in which tification of the species as an intermediate allowed
the a-domain is structured in the absence of a the proposal of a parallel folding model for lyso-
stable B-domain. This peak reached a maximum zyme where the structural domains may serve as
intensity at a refolding time of approximately 100 distinct folding domains. The similar rates of the
ms. The intensity of this peak does not decrease protection of different amides within each domain
to less than 10% until approximately 1000 ms, suggest that the formation of each domain is a
which is consistent with the slow phase of protec- highly cooperative process.

tion of amides in thg3-domain. The ESI-MS data The observation of biphasic protection kinetics
together with the refolding protection kinetics is explained by eithet1) a partial protection of a
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80
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particular amide in all molecules d2) complete
protection but in only a proportion of molecules.
The first scenario implies the sequential formation
of a marginally stable intermediate followed by a
slower transformation into a more stable, native-
like state. The second scenario implies parallel
pathways where one population of molecules folds
rapidly to a fully protected structure and the other
folds via a slower route. These two scenarios may
be distinguished from each other by changing the
pH of the pulse labeling solutiofi74,75,118. If
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ciation step for a dimeric system was most easily
explained by parallel folding pathways. Although
the majority of folding studies are for water-soluble
proteins, parallel folding pathways have been
reported for the membrane protein bacteriorhodop-
sin [128]. The multiple folding routes for bacter-
iorhodopsin are pH dependent, implying that the
routes arise from different protonation states of the
protein.

The complex responses observed in unfolding
and folding reactions of many proteins demonstrate

the extent of labeling of the majority of the amides the corresponding complexities of the underlying
does not depend significantly on the pH then the energy surfaces. Sequential mechanisms involve
parallel channel mechanism is more likely. The partially folded forms that may be crucial for rapid
partial protection offered by an intermediate on a folding. Parallel mechanisms show that there can
sequential pathway is expected to be more sensi-be more than one way for a protein to achieve its

tive to the enhanced exchange reaction at alkaline
pH.

4. Perspective

Determining the mechanisms of folding reac-
tions requires a combination of spectroscopic
methods and classical experimental tests. With the
exception of a few small proteins that fold in a
simple two-state manner, folding mechanisms have
proved to be surprisingly complex. Multiple path-
ways describe the folding of a number of systems,
and the molecular basis for the origin of the
different pathways has been explored. Alternate
pathways may result fronti) cis/trans proline
isomerization at the level of the unfolded protein
as shown for cytochrome [65,6§, RNase A
[111,119,120 RNase T1[107], SNase[121]], and
TS [42]; (ii) multiple native or native-like forms
as shown for RNase A113], DHFR [84,89, and
H-ras p21[122; (iii) alternative docking modes
for individual domains or different secondary
structural elements as shown for lysozyd85],

TR [49], and proposed for DHFR38,73; (iv)
non-native ligation states as observed for cyto-
chromec [96,123; and (v) alternate disulphide
bond formation as shown for BP1B7,124 and
insulin [129).

It is noteworthy that for some multimeric protein
systems, e.g. the antibody domaip, C[12€], the
glutathione transferasd427] and TR[44,49, the
observation of more than one second-order asso-

native conformation. An appreciation for the multi-
dimensional nature of the reaction coordinate for
protein-folding reactions, combined with the sim-
ple, organizing principles of chemical kinetics
provides the perspectives and tools that may even-
tually lead, along with developments in theoretical
and computational methods, to the solution of the
protein-folding problem.
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