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INTRODUCTION
The evolution of our understanding of protein folding can be credited in part to the advancement
of investigative techniques that probe protein dynamics across many orders of magnitude of
time. Information from folding studies on long time scales (milliseconds to seconds) has
identified processes leading to the aggregation of misfolded proteins implicated in disorders
such as Parkinson’s disease and Creutzfeldt-Jakob disease. At the early end of the time window
accessible to kinetic experiments, events on the nanosecond and microsecond time scales have
provided insights into fundamental elements of protein folding previously buried in the “burst”
phase of classical and stopped-flow mixing methods. Increased access to kinetic information
has been made possible not only by the increased capacity of experimenters to trigger protein
folding over fast time scales, but also by the coupling of folding trigger methods to optical
probes, such as infrared, circular dichroism, resonance Raman, and fluorescence
spectroscopies, that are each sensitive to particular aspects of biomolecular structure. By itself,
each probe can provide valuable information about protein folding dynamics. In combination,
however, the different optical techniques can provide a clearer and more structurally detailed
description of the changes that occur during the process of folding or unfolding.

Such structural dynamics are significant for understanding not only the folding/unfolding
mechanisms of proteins, but also their function in physiologically relevant biochemical
processes. The high time resolution afforded by optical spectroscopies has generally been an
important complement to the atomic-level detail revealed by structural methods such as x-ray
crystallography, extended X-ray absorption fine structure, and nuclear magnetic and electron
spin resonance spectroscopies in understanding protein dynamical processes. This
complementary relationship is now growing closer with the increasingly structure-specific
information available from time-resolved optical methods and recent improvements in the
time-resolution of traditional structural methods [1,2]. These exciting advances will together
provide unprecedented details about the mechanisms of both folding and functional reactions
in biochemical systems.

Optical spectroscopy encompasses a variety of techniques that measure the absorption,
emission, or scattering of light by biomolecules. After briefly mentioning several more familiar
time-resolved techniques (fluorescence, infrared, and Raman spectroscopy) that have been
instrumental in advancing our understanding of protein folding, we will focus here on
nanosecond time-resolved polarization methods, specifically circular dichroism (CD),
magnetic circular dichroism (MCD) and optical rotatory dispersion (ORD) techniques, and
their application to the study of protein folding in ferrous cytochrome c.
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NANOSECOND OPTICAL SPECTROSCOPY
Time-resolved absorption spectroscopy is a relatively straightforward optical method for
monitoring the overall kinetic behavior of protein folding mechanisms. However, for the
assignment of specific protein conformations to intermediate species, more structure-sensitive
probes are necessary. Resonance Raman spectroscopy, for example, can offer information
about the ligation state of heme proteins. Structural details about the protein backbone and the
amino acid side chains can be obtained from the protein vibrations upon coupling UV-
excitation with the resonance Raman technique. In addition, specific chromophores can be
probed selectively with the choice of different excitation wavelengths. Overall, this method
imparts a structure-specificity that is similar to infrared measurements, but without the
complications of water absorbance. The complementary technique of infrared spectroscopy
focuses closely on the C=O and N-H stretching vibrations of the amide bands [3]. Vibrational
absorptions arise from transitions that are relatively localized on a molecule. For complex
molecules, there is the danger of oversimplification in the assignment of a large number of
potentially overlapping IR absorptions to the stretch or bend of a specific bond. However, for
proteins, the regularity of specific structural motifs (α-helix, β-sheet) can simplify the IR
spectrum and offer a highly sensitive probe of local molecular structures that are IR active. In
fluorescence studies the use of either intrinsic tryptophan residues or extrinsic fluorophores
has been used to follow tertiary structural dynamics [4]. This method is particularly sensitive
to polypeptide collapse, as is small angle X-ray spectroscopy, which has been used as a probe
of the global dimensions of a macromolecule [5].

Circular dichroism (CD) in the far-UV spectral region is probably the most widely recognized
application of polarized absorption spectroscopy to the study of biomolecules [6]. The
relatively intense far-UV CD associated with the n → π* transitions of the polypeptide
backbone reflects elements of secondary structure such as α helices and β sheets. The variety
of chromophores found in biomolecules means that CD bands of interest may also be present
in other regions of the optical spectrum. CD bands in the near-UV region reflect asymmetries
in the environments of the aromatic amino acid residues phenylalanine, tyrosine, and
tryptophan imposed by protein tertiary structure. The asymmetric protein environment may
also induce a CD in the absorption bands of otherwise achiral prosthetic group chromophores,
such as heme. Thus, CD data measured over a broad spectral range (far-UV to visible regions)
will often give a wide range of global information about the structure of a biomolecule.

Since it was initially coupled with stopped-flow and flash photolysis methods in 1974, the time
resolution of optical CD measurements has improved from milliseconds to picosecond [7–
13]. The evolution of nanosecond CD (TRCD) ellipsometry from single-wavelength to multi-
wavelength measurements and the extension of these measurements into the far-UV spectral
region and to time-resolved magnetic circular dichroism (TRMCD) have been particularly
useful for the study of protein folding. The subsequent development of nanosecond time-
resolved optical rotatory dispersion (ORD) and magnetic ORD (MORD) methods provided a
further signal-to-noise advantage that permits the measurement of kinetic data on the fastest
folding time scales, with the trade-off that contributions from the different absorption bands
of a given protein are more overlapped spectrally than in TRCD and TRMCD data.

Nanosecond Circular Dichroism Spectroscopy
Ellipsometric methods are the most sensitive way to detect CD and thus provide a natural
starting point for developing high time-resolution instrumentation. However, the traditional
null-detection method in which a sample is placed between crossed linear polarizers is typically
compromised by interference from the circular birefringence (CB = 2·ORD) properties of the
sample, as well as the presence of any linear dichroism or linear birefringence in the sample
or any other optical elements (e.g., windows, lenses) between the crossed polarizers. Note that
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such artifacts are not typically a problem for conventional CD instruments, in which the
measuring beam is modulated between left and right circular polarizations (LCP and RCP).
Measuring the typical CD signal magnitude of one part in 104 directly from an LCP – RCP
absorption difference measurement requires a high signal-to-noise ratio, which is accomplished
by using a photoelastic modulator (PEM) and phase-locked detection. However, the 1–100
kHz resonant frequencies of PEMs limit the time-resolution of conventional CD instruments
to milliseconds.

Nanosecond time resolution is achieved in CD measurements by using a modification of the
early ellipsometric method (Figure 1a). In this quasi-null approach, changes in the beam
polarization caused by the CD of the sample are compared with a small reference ellipticity.
This reference is implemented by mechanically straining a fused silica plate to produce a slight
linear birefringence of known phase retardance, δ. This retardance converts the linear
polarization of the incident light to highly eccentric left or right elliptical polarization (LEP,
REP), depending on the orientation of the fast retardance axis of the plate with respect to the
beam polarization. Because elliptically polarized light comprises left and right circularly
polarized components of different amplitudes, the differential absorption of these components
by a circularly dichroic sample will result in changes in the net ellipticity of the beam. In
particular, a positive CD in the sample causes an increase or decrease in the eccentricity of an
LEP or REP light beam, respectively. These changes are monitored with an analyzing polarizer,
oriented with its polarization axis perpendicular to the first polarizer, that passes the minor-
axis linear component of the LEP and REP light to a detector. Normalizing the difference of
the LEP and REP minor-axis detected intensities to their sum gives an ellipsometric signal, S
= (IR − IL) / (IR + IL), that is proportional to CD/δ. Note that the CB accompanying the CD of
the sample will rotate the axes of the ellipse in the same direction for both LEP and REP, and
thus the effect of CB will cancel to first order from the ellipsometric signal S. Thus, the
differential enhancing or disenhancing effect of a sample’s CD on reference LEP and REP
ellipticities induced in the probe beam by a strain plate permits CD measurements with high
sensitivity without the interference from the intrinsic CB of the sample that limited traditional
ellipsometric measurements.

TRCD measurements can be used to probe changes in protein secondary structure, the relative
orientations of dipole-dipole coupled chromophores, or chromophore-protein interactions, to
name some examples. Since the first measurements of far-UV TRCD data in 1993 [13], the
method has been applied to the study of a variety of biochemical systems such as the
phytochrome photoreceptor [14] and myoglobin [15]. The first application in far-UV TRCD
studies of protein folding was a 1998 investigation of rapid helix formation in the cytochrome
c-CO photolysis system [16] developed previously by Roder and coworkers [17]. The use of
multi-channel detection in these experiments was advantageous in that it was possible to obtain
the spectral signature of the secondary structure changes that occurred during the biochemical
reaction or during protein folding. However, the time resolution of these experiments was
limited to about 100 ns. The time resolution of the TRCD measurements was improved (∼2
ns) when an upconverted argon-pumped titanium sapphire laser was coupled to the TRCD
apparatus [18]. Using the generated second, third, and fourth harmonics of the fundamental
output, which was tunable from 780 to 910 nm, it is possible to measure single-wavelength
TRCD signals over the spectral range of 205–910 nm.

Magnetic Circular Dichroism Spectroscopy
Whereas natural TRCD measurements are limited to optically active chromophores, the
introduction of a magnetic field to the TRCD apparatus can induce an additional CD signal
that is independent of natural chirality. Magnetic circular dichroism (MCD) may be considered
a generalization of the Zeeman effect, wherein application of a magnetic field leads to the
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splitting of degenerate energy levels. This splitting gives rise to a CD signal because the electric
dipole transitions involving Zeeman levels are circularly polarized. Generally, MCD is
sensitive to structural features within a biomolecule to the extent that they perturb the electronic
states of a chromophore that is MCD active, i.e., contains orbital or spin degeneracies or near
degeneracies. For example, in heme proteins such structural features include the axial ligation,
spin, and oxidation states of the heme iron atom, all of which can strongly affect the MCD of
the heme spectral bands. Since the first nanosecond time-resolved MCD (TRMCD)
measurements were reported for the lowest excited triplet state of zinc tetraphenylporphine
[19], the TRMCD method has been applied largely to the study of photodissociation
intermediates of heme protein-ligand complexes (e.g., cytochrome aa3, cytochrome ba3,
cytochrome c3, myoglobin and hemoglobin) and, more recently, to the protein folding problem
in cytochrome c [20,21]. In heme proteins, the MCD spectra in the Soret and visible regions
are particularly sensitive to the oxidation and ligation state of the heme iron. These spectral
markers have been useful in protein folding studies, wherein nonnative intermediate species
have been identified during the protein folding process.

Optical Rotatory Dispersion Spectroscopy
Nanosecond time scale optical rotatory dispersion (ORD) changes were first measured in a
1995 study of hemoglobin [22] by adapting a quasi-null polarimetric method introduced
previously by Keston and Lospalluto for high-sensitivity static ORD measurements [23]. In
principle, time-resolved ORD (TRORD), Figure 1b, and TRCD report identical information
because ORD signals and CD spectra are Kramers-Kronig transform mates [24]. In practice,
CD signals are localized to absorption bands and thus generally easier to interpret in
applications such as the analysis of protein secondary structure. In contrast, ORD signals can
be measured outside of absorption bands, giving the ORD method a signal-to-noise advantage
in light-limited kinetic measurements. TRORD and time-resolved magnetic ORD (TRMORD)
studies have been performed on protein folding in cytochrome c and the kinetics of ligand
rebinding in myoglobin and hemoglobin.

PROTEIN FOLDING TRIGGERS
Other significant advances in protein folding/unfolding studies have addressed the challenge
of rapidly triggering folding/unfolding reactions. Because biomolecules are dynamic
structures, time resolution is of particular importance to mechanistic studies. Nanosecond time-
resolved detection methods would be of limited use in protein folding studies without a means
to trigger protein folding/unfolding reactions on an equally fast or faster time scale. There are
currently two general classes of rapid protein folding initiation methods: those that trigger
folding in proteins/peptides with endogenous or exogenous photoactive groups and those that
trigger folding in proteins/peptides without a photosensitive chromophore.

Laser-Induced Temperature-Jump
To study a broader range of proteins, more general triggers falling in the latter class have been
developed. A laser-induced temperature-jump (T-jump) is probably the most widely used
method to rapidly shift the equilibrium between folded and unfolded states of proteins. Early
T-jump methods used a capacitive electrical discharge across the sample cell, from either a
conventional or a coaxial cable capacitor, to achieve T-jumps within a microsecond or 50 ns,
respectively ([25] and references within). A different approach to the T-jump method used the
absorption of high-powered laser pulses by a dye [26] or by water itself [27] to produce a rapid
temperature increase. However, the use of a dye can potentially interfere with the folding/
unfolding/biochemical reaction of interest, as can the high salt concentrations required for
capacitive discharge methods. Consequently, the most common way to generate a T-jump takes
advantage of the absorption of laser light from 1.4 µm to 2 µm by an aqueous sample, whereby
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a 10–30K T-jump can be induced within the ∼10 ns pulse width of a laser. The T-jump initiation
method has been coupled with time-resolved absorption, fluorescence, resonance Raman,
infrared and, more recently, ORD detection methods [28].

Rapid Mixing
In 1985, Regenfuss et al. introduced a microflow stopped-flow apparatus that took advantage
of highly turbulent flow conditions to completely mix two solutions within tens of
microseconds [29]. This very general fast-triggering method improves upon the millisecond
mixing dead time typical of stopped-flow experiments. More recent attempts to improve the
instrumental dead time have reported achieving mixing times that ranged from ∼100 ns [30,
31] to 45 µs [32]. In the latter study, Shastry et al. addressed many technical issues, such as
stability, geometry, and artifacts, that surround use of the jet mixing device. In 2004, a
microfluidic mixer achieved a mixing time of < 10 µs [33] by using an optimization of a
turbulence-free mixing method described by Knight et al. [34] wherein four channels, etched
to a depth of 10 µm, taper in width and intersect at the center of a mixing chip. The side flow
(buffer) hydrodynamically focuses the inlet flow (denatured protein) into a stream as narrow
as 50 nm. Because of the small length scales, the buffer molecules rapidly diffuse across the
inlet stream and fast mixing is achieved. This rapid mixing system has been applied to fast
protein folding measurements using Förster resonance energy-transfer (FRET) with acyl-CoA
binding protein [33] and using UV fluorescence spectroscopy with cytochrome c,
apomyoglobin, and lysozyme [35].

Photoexcitation Events
Laser-induced T-jump or rapid denaturant dilution can be used to trigger folding/unfolding in
either iron oxidation state of cyt c, although in practice these methods have been applied mainly
to the ferric state. The coupling of heme-residue binding with the folding stability of cyt c
offers the further possibility of using photodissociation or photo-initiated electron transfer (ET)
reactions to trigger folding in the ferrous form of the unfolded protein. Building on flash
photolysis techniques introduced in the 1940s [36], folding reactions have been initiated by
the photodissociation of an exogenous ligand bound to ferrous heme or by the photo-initiated
reduction of oxcyt c. In 1993, Jones et al. presented a CO ligand photolysis method that prepared
an unfolded pentacoordinated-heme form of redcyt c under folding conditions within the time
resolution of their nanosecond absorption apparatus [17]. This initiation method relies on the
difference in the folding free energies of CO-bound and CO-unbound redcyt c. For example,
in the presence of 4.6-M GuHCl denaturant (which destabilizes the protein enough to permit
heme-CO binding), redcyt c is largely folded in the absence of CO, whereas CO-bound redcyt
c is largely unfolded [16,17]. Similarly, folding free energy differences also exist between the
oxidized and reduced forms of cyt c [37,38]. Thus, at GuHCl concentrations between 2 and 4
M, oxcyt c is largely unfolded and redcyt c is largely folded. Therefore, either photoreduction
(e.g., by photoexcitation of an exogenous ET donor such as NADH) or photodissociation can
be used with the appropriate amount of denaturant to produce an immediate photoproduct that
is redcyt c in a (metastable) unfolded state under folding conditions. However, any folding
pathways initiated by the photolysis trigger will be interrupted by the diffusive recombination
reaction of the ligand, which limits the duration of the monitoring time window to hundreds
of microseconds at 1 atm CO. An advantage of using photoreduction triggers is that a longer
window of time that includes the appearance of the natively folded state (after tens to hundreds
of milliseconds) can be conveniently observed with the proper choice of photoreductant.

HALLMARKS OF EARLY EVENTS IN REDCYT C FOLDING
In a collaboration with Tony Fink in 1998, we coupled the photolysis trigger system of Jones
et al. [17] with the ns time-resolved circular dichroism detection method in order to follow
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very early changes in the secondary structure of cyt c [16]. This work became the seed for
several subsequent papers that further probed these early events, in the process finding kinetic
evidence that both connected them to specific structural features of the protein and pointed to
their broader significance in the context of the energy landscape model of protein folding
[20,21,39–42]. In particular, these studies found the first kinetic evidence pointing to slow
conformational diffusion as the source of kinetically isolated folding subpopulations, i.e.,
multiple folding pathways, in a folding-competent protein sequence. The remainder of this
chapter will focus on these results and further directions that redcyt c folding studies employing
nanosecond TRCD, TRORD, TRMCD, and TRMORD polarization spectroscopies have taken
in the last ten years.

In the CO photolysis studies mentioned above, the unfolded five-coordinate heme protein
(His18 remains bound to the heme iron) that is the immediate product of photodissociation
goes on to reform a six-coordinate heme species by binding the native Met80 moiety (and
perhaps nonnative Met65 to some extent as well) with a very rapid 2-µs time constant. Then,
in an apparent retrogression on the way to the natively folded state, an intermediate is formed
with a 50-µs time constant in which the sixth axial position is occupied predominantly by a
nonnative histidine (His33 or 26) ligand. The eventual displacement of the nonnative His
ligands and formation of the native folded structure were expected to occur on time scales
much greater than 1 ms. However, in this photolysis-triggered folding system, as in other heme
protein ligand photolysis experiments, the rebinding of exogenous ligand is expected to
proceed on a tens of microseconds to milliseconds time scale. In this case, CO rebinding
effectively ends the protein’s conformational evolution before reaching the native state and
returns it to its unfolded starting point. Indeed, CO dilution studies indicated that the slowest
process observable in this system (observed time constants of 200 and 900 µs at 1 atm CO)
was bimolecular CO rebinding [16].

Although kinetic competition from CO rebinding and nonnative heme-residue ligation
effectively prevented the production of natively folded protein in this system, intriguingly, the
far-UV TRCD data nevertheless showed the formation of ∼10% native-like secondary structure
within 2 µs of CO photodissociation [16]. (Note that the detection of this small amplitude
process is a challenge in ns secondary and tertiary structure-sensitive measurements, requiring
a higher signal to noise ratio than was available, for instance, in the Trp fluorescence results
reported previously for this system [43].) The observation of this very fast folding intermediate
raised questions such as: What is its relation to the “burst phase” intermediate observed in
stopped-flow CD studies? Is it a productive intermediate on the way to native state folding?
How native-like or molten globule-like is its tertiary structure? What can it tell us about the
overall mechanism of folding in cyt c? While at least partial answers to some of these questions
are discussed below, perhaps the most fundamental question touched upon by this observation
was that of the conformational dynamics of the unfolded chains.

To appreciate the importance of the unfolded dynamics, recall its connection to a form of
heterogeneity in folding kinetics that is a distinguishing characteristic of the “new view” energy
landscape funnel model. In this view, the top of the funnel represents the unfolded protein
conformations, which travel down the length of the funnel in a free-energy biased form of
configurational diffusion to achieve the lower conformational entropy of the native state. The
extent of equilibration of the unfolded conformers at the periphery of the funnel, a consequence
of the conformational diffusion time around the funnel, governs the type of kinetic regime
under which the protein folding reaction takes place. If the peripheral diffusion time is slower
than (free energy-biased diffusional) downhill folding, then the different unfolded
conformations can fold along kinetically isolated pathways and exhibit heterogeneous kinetics.
Conversely, if interconversion between the unfolded conformers is much faster than the
formation of the native state, then such configurational equilibrium leads to homogeneous
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kinetics that often follow the classical view involving passage over a single transition state.
The kinetic heterogeneity that arises from slow equilibration between unfolded polypeptide
chains is most likely to affect the earliest events and intermediates in protein folding, even if
its influence may not necessarily persist long enough to affect the late-time folding processes
producing the native state.

Just how long the unfolded chains require to equilibrate has been an open question. However,
the microsecond time scale of the fast helix formation process suggested that it might well
overlap with the unfolded equilibration time and thus lie in the energy landscape regime just
described. Indeed, the earliest evidence in this regard for the cyt c CO photolysis system was
interpreted with an analysis that implied an equilibration time of at least 40 µs [44], in which
case a great deal of conformation-based kinetic heterogeneity could be frozen in during fast
helix formation. However, the early TROD and near- and far-UV TRCD data were ambiguous
in this regard in that they could be interpreted with either heterogeneous or homogeneous
kinetic models [16].

A later TRMCD study gave the first qualitative indication of kinetic heterogeneity stemming
from slow equilibration between unfolded conformational ensembles in this system [20]. That
TRMCD analysis considered two limiting-case scenarios for heme-residue binding after CO
photolysis. In the first, the frozen-conformation scenario, the five-coordinate photoproduct
species was divided into two non-communicating unfolded protein subensembles, one with a
propensity to bind the Met ligand (presumably corresponding to protein backbone
conformations placing Met80 or Met65 near the distal heme site for facile binding) and the
other to bind the His ligand. In the second, equilibrated-conformation scenario, these
subensembles were considered to rapidly interconvert. The data supported the first scenario in
that the resulting fit to the MCD spectrum of the bis-His heme-ligated transient species was
better than in the modeling analysis that did not account for conformational diffusion of early
folding kinetic heterogeneity. This provided kinetic evidence for multiple pathways in redcyt
c folding in that the Met and His binding reactions appeared to proceed separately to at least
some extent in kinetically isolated conformational ensembles, implying limited conformational
diffusion on the time scale of the fast helix folding process identified in the far-UV TRCD
data.

Further evidence of a similar kinetic heterogeneity in the fast helix formation process followed
from redcyt c folding studies in which the far-UV TRCD/TRORD probe was coupled with the
electron transfer trigger method [39–41]. Redcyt c folding was probed in various
concentrations of GuHCl (2.7, 3, 3.3, and 4 M), with the results identifying two folding phases:
a very fast (hundreds of nanoseconds to tens of microseconds) and a slower (> 1 ms) phase.
The fast phase, similar in time scale and amplitude to the fast folding observed in the CO
photolysis system, represents a time-resolved view of the “burst” phase of conventional
stopped-flow CD studies. Taking advantage of the long time window provided by the
photoreduction system, we were also able to observe the slow phase in which redcyt c folds to
its native structure. A comparison of the time constants for these folding phases obtained in
different denaturant concentrations is shown in Table 1. For the slow phase, increasing the
denaturant concentration increased the folding time constant. This observation was consistent
with the usual expectation that folding slows in higher denaturant concentrations because of a
linear dependence of activation free energy changes on changes in the free energy driving
folding [38].

The dynamics of the fast phase of folding, however, exhibited unusual kinetics in that the time
constant became much faster with increasing concentrations of GuHCl. An example of this
trend in the secondary structure dynamics is shown in Figure 2, which shows representative
data taken at 3.3 and 4.0 M GuHCl. The observed variation in folding kinetics with denaturant
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concentration was monotonic and ranged from the formation of no apparent secondary structure
until after 5 µs in 2.7 M GuHCl to the formation of about 20% secondary structure within
several hundred nanoseconds in 4.0 M GuHCl. Even more surprisingly, the latter time was
actually much shorter than the average time constant for photoreduction in this system, ∼5 µs.
In other words, this reduction-triggered folding process proceeded faster than the bulk of the
reduction reaction used to trigger folding. A resolution of this apparent paradox was found in
the heterogeneous natures of both the reductant and the protein. Among the mixture of
reductants produced by NADH photolysis were very reactive solvated electrons and among
the unfolded chains were a subset of conformations that were inferred to react quickly with
this reductant while remaining kinetically isolated from the bulk of chain conformations by
slow conformational diffusion. Combined with the TRMCD results from the redcyt c-CO
photolysis study, the far-UV TRCD and TRORD data suggested the presence of
conformational heterogeneity in the initial unfolded protein ensembles, an approximately 20%
subpopulation that was configurationally inclined to fast folding. This result also further
supported the interpretation that the very fast helix process observed in both the CO photolysis
and photoreduction experiments formed near-native amounts of secondary structure in a small
subset of protein conformers, rather than a small amount of secondary structure throughout the
bulk of the protein sample.

We next looked for structural correlates of the fast-folding kinetic phase by examining species
and mutational variants of cyt c in photoreduction-triggered folding studies. Specifically, we
looked at variants lacking one or both of the His33 and His26 nonnative ligands identified by
other workers as dominant in coordinating the ferric heme in the horse heart oxcyt c starting
material used in the earlier TRCD studies [45]. The question to be addressed was would the
earliest folding events in redcyt c be affected by changes in the partial constraint on the
backbone conformations of the unfolded chains presented by this His ligation? This question
was first addressed in far-UV TRORD studies of tuna heart redcyt c [39]. Although the
sequence homology (80%) and structural similarity of the horse and tuna proteins are high, a
marked difference was observed between their fast-folding processes, as gauged by TRORD,
that was presumably due to the replacement of His33 by tryptophan (which does not bind to
heme iron) in the tuna sequence. Figure 2a and 2b show the differences in early-phase
secondary structure formation kinetics for the two redcyt c proteins in 3.3 and 4 M GuHCl,
respectively. Secondary structure formation was markedly slower and weaker in amplitude in
tuna redcyt c at each denaturant concentration, with essentially no formation occurring before
5 µs. These data suggested that His33 is somehow important for rapid formation of secondary
structure in the fast folding subpopulation, although they did not address whether His18-Fe-
His33 coordination actually facilitates fast folding or whether it slows folding to a lesser degree
than does His18-Fe-His26 coordination. They also indicated that even if His33 heme ligation
is a necessary condition for ultrafast folding in a small subset of the unfolded chains, it is not
necessarily sufficient because the majority of the unfolded polypeptide chains of the initial
oxcyt c sample had this heme ligation. (Note that these results were also significant in ruling
out the heterogeneity of His misligation in horse cyt c, about 80% His33 and 20% His26 in the
ferric form [45], as a possible trivial explanation for the kinetic heterogeneity of its unfolded
chains, i.e., the ∼20% subset that rapidly folded to helix. That explanation would have predicted
a marked increase in the amplitude of microsecond and submicrosecond folding in tuna vs
horse, contrary to observation.)

The roles of His33 and His26 were further explored with far-UV TRORD measurements of
redcyt c folding in a horse heart double mutant wherein both histidine residues were replaced
with residues of low heme affinity (H26QH33N) [42]. The results of denaturant titrations
indicated that double mutation significantly reduced the folding stability of redcyt c
H26QH33N relative to the WT protein, but not the ferric form. This left a relatively narrow
GuHCl concentration range centered at 3.3 M within which photoreduction-triggered folding
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studies could be conducted in the mutant. The heme ligation state of the unfolded mutant was
probed with MCD measurements in the Soret and visible regions, as the removal of both
histidines making up the dominant ligation of unfolded WT horse cyt c left several other
candidates, including Met80/65, Lys72/73/79, and the non-acetylated N-terminal group, as
potential ligands at the sixth axial heme site. The MCD studies confirmed the presence of
methionine ligation in the folded state of the ferrous double mutant and suggested that the axial
ligand in the unfolded ferric form was a lysine residue. Altogether, these results implied that
the 3.3-M GuHCl H26QH33N oxcyt c photoreduction experiment passed through a His18-Fe
(II)-Lys ligated instantaneous photoproduct that required displacement of the lysine residue
by Met80 to produce the natively folded ferrous protein. Focusing in the submillisecond time
regime (the fast folding phase), the far-UV TRORD studies observed a kinetic trace for the
electron-transfer triggered folding of the double mutant that was markedly different from that
measured for the WT horse heart protein (Figure 3). The fast phase of folding observed in the
WT kinetics (τ ∼ 5 µs) was absent for H26QH33N, leaving only the slow phase observed after
1 ms. Thus, these results indicated that the His18-Fe-His33 heme coordination facilitates
folding in an absolute sense and that it does so more than does His18-Fe-His26 heme ligation.

The combined results of the far-UV TRORD studies on fast folding of redcyt c focused attention
on the structural basis for the kinetic effects of His33 and His26 heme axial ligation in the
unfolded state. The dramatic differences in the kinetic traces for fast folding in the tuna and
horse WT redcyt c proteins suggested that heme-His26 ligation was unable to provide the
structural requirements for very fast folding provided by His33 ligation, whatever those might
be. His26 bridges two Ω-loops (20s and 40s) via two hydrogen bonds to Pro44 and Asn31,
forming a triad H-bond network. According to modeling studies of WT horse cyt c and the
H26Q single mutant (46) and NMR studies of the WT horse and tuna cyt c [47], that triad H-
bond network is maintained despite glutamine substitution of His26 and GuHCl concentrations
of 7 M. His33 is associated with a β-turn (residues 21–24) and the carboxy-terminal residue
of the protein backbone, which are linked to the histidine by van der Waals interactions. Thus,
the rigidity of the His26 residue induced by hydrogen bonding may inhibit its ability to form
a productive heme-His26 loop to compensate for the absence of His33. In contrast, His33 may
be better able to facilitate folding because it is ‘anchored’ more weakly by van der Waals
interactions.

Although the greater flexibility of the His33 residue appears to enhance formation of heme-
His33 coordination, the sequence positions of His33 and His26 relative to the heme group may
also play a role. Based on the amino acid composition of the loop formed between the heme
group and His33 versus His26, there is a greater likelihood of loop formation by His33 because
of the presence of one more glycine and a proline in the His18-His33 loop [48–51]. According
to stopped-flow absorption studies of the rates of formation and of breakage of loops, there is
a general correlation between increasing rates of formation and decreasing loop sizes [52].
Extrapolation of the stopped-flow data to a loop size of 9 (the smallest loop size studied was
10) gives a rate of formation that is greater for the heme-His26 than the heme-His18 loop.
Although it might be expected that the rate of loop breakage is an important factor that
determines whether an initial loop will persist and proceeds towards productive folding,
Kurchan et al. do not observe a regular trend for loop sizes less than 37. In this light, it appears
that for the WT tuna heart TRORD data the small loop size formed between the heme and
His26 may be only one explanation for why it might have a smaller driving force for helix
formation during this phase. Another factor that has been proposed to contribute to the lower
affinity of His26 for the ferric heme group is the presence of surrounding Lys residues (Lys25
and Lys27) that lead to charge repulsion with the iron [49].
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Conformational Diffusion
In tentatively assigning the kinetic isolation of the fast folding subensemble from the bulk of
the unfolded protein to slow conformational diffusion, an alternative explanation for the low
amplitude of the fast process was first discounted. The possible existence of a strong
(unfolding) back reaction was deemed unlikely because the amplitude of the fast phase did not
change as expected with denaturant concentration. That is, increasing the denaturant
concentration would be expected to further decrease an (unfavorable) equilibrium between
unfolded and partly unfolded states, contrary to observation. The most likely explanation for
the kinetically isolated fast folding process was slow conformational diffusion of the unfolded
polypeptide chains. With this parameter, which has been suggested to occur with a time
constant on the microsecond time scale for ∼100-residue protein chains [53], it is possible to
explain the observations of heterogeneous and homogeneous folding kinetics. That is,
experimental work probing folding with millisecond time resolution would encounter fast
equilibration of the unfolded chains such that the overall picture of folding could be described
with classical, homogeneous kinetics. In contrast, if the time resolution of the experiment is
faster than the time constant of conformational diffusion, then it is possible to probe the earliest
windows of folding, where heterogeneity is greatest, and to detect heterogeneous folding
processes.

A quantitative measurement of the conformational diffusion time in unfolded cytochrome c
was approached using the CO photolysis trigger to initiate folding of the horse and tuna WT
proteins and several histidine mutants (H33N, H26Q, H33NH26Q) of the horse heart protein
[21]. After photolysis of the CO ligand, the His and Met residue axial binding reactions were
probed with Soret region MCD spectroscopy. The conformational diffusion parameter was
approximated as a first-order time constant (τd) for the exchange between the conformational
subpopulations that offer the His26, His33, or Met residues for binding at the heme axial site.
The TRMCD data obtained for all of the proteins were fit simultaneously to a kinetic model
for heme-residue binding that included the effect of this diffusional parameter, a procedure
that yielded a τd value of 3 ± 2 µs. This value was considered to represent an aggregation of
intrachain diffusion processes (such as the intrachain diffusion of Met80, Met65, His33, and
His26 to and from the heme group) that are intrinsic to the transitions between conformational
subensembles. This value may be compared with intrachain diffusion time constants reported
for several other protein and polypeptide systems: a 15-residue loop in unfolded Ru(NH3)5

3+-
modified Zn-substituted cyt c (τ = 250 ns) [54], the residue 6–85 fragment of λ-repressor protein
(τ = 2 µs) [55], and non-folding Xaa-Ser repeat polypeptides [53]. Although differences in
factors such as denaturing solvent conditions, the presence of the covalently attached heme
prosthetic group, non-folding versus folding-competent peptide sequences, and temperature
contribute to uncertainty in making these comparisons, a rough extrapolation to a 62-residue
loop, the size of the Met80-His18 segment contained in the loop formed by Met80-heme
binding, shows broadly similar values. That is, the different measurements of conformational
diffusion times appear to converge near 1 µs for loop sizes of 60–100 residues. The time
constant for exchange between conformational subensembles observed for unfolded cyt c (3
± 2 µs) lay at the fast edge of the broad range inferred from our previous TRMCD study [20]
and was considerably faster than the previous estimate of ∼40 µs implied by a value assigned
by previous workers to the unimolecular rate constant for Met binding [17]. This divergence
between present and previous estimates for cyt c, in which the present value appears more
consistent with the results from other protein systems, was attributed at least in part to the
tighter constraint on possible outcomes of the kinetic modeling of the Met and His binding
rates that was afforded by the TRMCD data for the histidine variants.

The convergence of the TRMCD results for cyt c with those from other systems also provided
additional support to the suggestion by Gruebele and coworkers that the time scale of
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conformational diffusion in the unfolded chains represents a more general kinetic limit for
classical folding [55]. Folding on slower time scales would imply that the unfolded state(s)
and the transition state are in conformational equilibrium, as required by classical transition
state theory (TST), whereas faster folding would be better described by the downhill folding
scenario of the energy landscape model (Figure 4). Furthermore, the 3-µs interconversion time
constant reported by Abel et al. [21] was slow enough to support the previous assignment of
the kinetic isolation of the very fast-folding conformational ensemble in the horse heart protein
to slow conformational diffusion.

Nonnative tertiary structural states
One question prompted by these natural and magnetic TRCD/TRORD studies is what is the
biological significance of nonnative tertiary structural states in proteins, e.g., the state with
His18-Fe-His33 heme ligation observed in cyt c under denaturing conditions? Besides their
significance in folding studies discussed further below, many studies have looked at the
physiological occurrence and roles of structurally disordered states. Some studies have tailored
the experimental solution conditions in order to mimic the environment of the mitochondrial
membrane using, for example, a solution of 30% acetonitrile/70% water having a dielectric
constant (ε = 67) similar to that of the mitochondrial membrane (lipid vesicle ε = 30–60)
[56]. Redcyt c exhibited a substantial decrease in the solvent accessible surface area and a
significant conformational difference in His33 (in contrast to His26) in this medium relative
to an aqueous medium. The conformational rearrangement of His33 in the membrane-like
medium may have reflected the protein’s response to a membrane environment. For its role in
cell respiration, the conformational adjustments in cyt c may help to preserve the specificity
of the electron-transfer pathways and, in apoptosis, changes in secondary structure are likely
to assist cyt c in crossing the mitochondrial membrane into the cytosol [57–59].

Conformational rearrangements away from the native protein structure are not uncommon in
the cellular environment. Membrane translocation, as well as other protein functions such as
ligand binding or signal transduction, relies on the flexibility of the protein structure [60–66].
Traditionally, because of the importance of the structure-function relationship, proteins have
largely been discussed in terms of their native geometry. However, it has become clear that
the unfolded and partially unfolded structures have critical functional roles. For example, to
traverse the channels that run along the axes of the proteasome in the process of protein
degradation by ATP-dependent proteases, the protein needs to be in the unfolded state [64].
Signal transduction involves chromophore and domain-specific polypeptide backbone
conformational changes of the sensory and signaling proteins before they can interact with a
partner protein [65]. And many proteins with little secondary structure only compact to the
folded state after interaction with partner proteins or after binding to a substrate [66].

An important partly unfolded structure is the molten globule (MG), with compact native-like
secondary structure and fluctuating tertiary structure [67–71]. In addition to transmembrane
translocation, the MG species has been associated with the chaperone machinery and in human
disease [72–82]. It is becoming clear that the unfolded (U), the native (N), and the MG and
other partly unfolded states can each be important to functional success on the cellular level,
as well as to understanding folding itself.

Folding of horse heart redcyt c MG
The important roles that the partially unfolded states of proteins appear to play in cellular
processes make it even more critical to understand the dynamics of the interconversion between
these states and the more rigid native conformations. This was one motivation leading us to
use far-UV TRORD spectroscopy to study the kinetics of folding from the molten globule state
of redcyt c. Another motivation was to investigate the still controversial mechanistic
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connection between this particular folding process, which proceeds under milder, more
physiological conditions, and the U → N folding process, which proceeded under the harsher
GuHCl denaturant conditions used in our earlier photoreduction studies. In particular, would
the results of far-UV TRORD studies on redcyt c MG folding support the hypothesis proposed
previously that redcyt c folds via a MG intermediate? As mentioned above, the fast phase (<
1 ms) of redcyt c folding was assigned to formation of an MG species and the slow phase (>
1 ms) was correlated with formation of N from MG [42]. The MG far-UV TRORD study thus
addressed the question: if the initial species was a molten globule, would its folding dynamics
(MG → N) be comparable to the slow phase that was observed previously for U → MG → N
folding [83]?

An equilibrium model for the MG intermediate species was formed for these experiments by
the addition of sodium dodecyl sulfate (SDS) to a solution of oxcyt c. Below the critical micelle
concentration (CMC, 2.2 mM in 45 mM NaP [84]), interaction with SDS monomers led to the
partial unfolding of oxcyt c, whereas binding of SDS micelles above the CMC facilitated the
recovery of that secondary structure [84–87]. The addition of 0.5 mM SDS decreased the
secondary structure content of oxcyt c by 30%, as assessed by far-UV CD. In contrast, redcyt
c began unfolding only at SDS concentrations above 0.7 mM. At an intermediate SDS
concentration, 0.65 mM, far- and near-UV CD and Soret and visible band MCD spectral
analyses confirmed the presence of a MG state in the oxidized species. The near-UV CD spectra
indicated that the native tertiary contacts were compromised and the MCD spectra indicated a
perturbation of the heme ligation, giving largely His18-Fe-His coordination (85%) with a minor
His18-Fe-Met component. Thus, the equilibrium data indicated that photoreduction of oxcyt
c in 0.65 mM SDS could be expected to produce a prompt redcyt c photoproduct with the MG
structure of the initial oxidized species, which would then fold to the native state. Indeed, the
far-UV TRORD data showed a single, slow folding phase (τ ≈ 50 ms), with no evidence of the
fast (< 1 ms) phase that was observed in the GuHCl photoreduction studies (Figure 3). Using
TRORD data from a second SDS concentration, 0.5 mM, the time constant for folding was
extrapolated to ∼1 ms in zero denaturant. A corresponding extrapolation of the GuHCl data
gave a time constant of ∼ 5.5 ms in zero denaturant for the slow phase (MG → N) of the overall
U → MG → N folding reaction. Remarkably, the ratio of these observed time constants was
consistent with the hypothesis that they arose from the same underlying MG → N rate constant
when one accounts for the 20–30% fractional content of MG intermediate that forms in the
fast phase (U → MG) of U → MG → N folding in GuHCl. These results thus supported the
hypothesis that the folding intermediate observed in the photoreduction studies of cyt c fully
unfolded in GuHCl is indeed a productive MG intermediate.

CONCLUSIONS
A combination of time-resolved natural and magnetic CD/ORD studies of the early events in
Fe(II) cytochrome c folding has identified a very fast (∼1 µs) helix formation process in this
system that has been difficult to detect by other methods. These studies have further established
that this process proceeds in what may be called the energy-landscape time regime. This is a
time regime that precedes the full equilibration of unfolded chain conformers characterizing
the classical pathway time regime in which folding kinetics may be described simply by a pre-
exponential factor and activation free energy for passage over a transition state. These studies
found qualitative and quantitative evidence that this folding process can proceed faster than
conformational diffusion among the unfolded states of the polypeptide backbone (τd ≈ 3 µs).
This result thus places this very fast folding process in a non-classical time regime in which
folding may be better described by biased diffusion over a free energy landscape than by
activated passage between the broad minima of transition state theory. This result also helps
to resolve concerns that the folding kinetics of cytochrome c are somehow anomalous by
showing that its unfolded chain dynamics are in fact reasonably consistent with those of other
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polypeptides of similar size [88]. More generally, this result bolsters the notion that an
expression for the TST prefactor of protein folding, a fundamental parameter that remains an
open question after decades of kinetic studies, may be derived from τd.

The mechanism of folding in cyt c remains controversial, particularly with regard to the
existence and nature of possible pathways involving kinetic intermediates. Most
fundamentally, our measurement of the unfolded conformational diffusion time tells us that
we can now be more confident that such classical pathway thinking is indeed appropriate for
events happening at times t >> τd. This certainly includes the milliseconds to seconds time
scale over which the slow kinetic phase leading to the native fold proceeds.

What, then, does the very fast helix folding phase identified in our ns studies, strongly
overlapped as it is with the non-classical regime t ≤ τd, tell us about possible classical folding
pathways for this system? First, the observation of bona fide secondary structure formation on
nanosecond to microsecond time scales in these constant denaturing solvent experiments
undercuts the view advanced by some researchers that previous observations of cyt c kinetic
intermediates in rapid denaturant-dilution experiments were artifacts of the solvent jump
method, e.g., a simple polymer collapse unconnected to the secondary or tertiary structural
transitions specific to polypeptides. Second, having strengthened the case for an observable
kinetic intermediate in cyt c folding, what can we say about its nature? Molten globule states
have long been considered promising candidates for kinetic folding intermediates in proteins,
but recent fluorescence energy transfer measurements of structure in equilibrium molten
globules have been interpreted as discounting this possibility in cyt c [89]. However, the
noncanonical denaturant dependence of the fast folding phase and the correspondence between
the slow folding rate in U → I → N and the folding rate from an SDS-prepared MG form
discussed above together tend to suggest that I is a productive folding intermediate with molten
globule character that is an obligatory step on the pathway to N. While the equilibrium molten
globule forms of cyt c available to researchers may not be perfect models for the kinetic
intermediate, the results reviewed here suggest that some type of collapsed state with near-
native secondary structure and nonnative tertiary structure remains an important and productive
candidate for future study.
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Figure 1.
A Near-null modulator (NNM) is used for both the time-resolved CD (A) and ORD (B) systems.
For CD the NNM comprises a polarizer and strain plate (fused silica plate), whereas the NNM
in the ORD apparatus is a polarizer mounted on a rotation stage. The CD of the sample adds
to or subtracts from the reference ellipticity that is produced by the strain plate and the ORD
of the sample adds to or subtracts from the reference rotation that is produced by the polarizer.
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Figure 2.
The TRORD kinetic results of horse and tuna redcyt c folding in 3.3 M (A) and 4 M (B) GuHCl.
These traces show the dramatic differences in the kinetic traces between horse and tuna redcyt
c, despite the 80% sequence homology between the two proteins. The differences in the kinetic
data are suggested to be due to the substitution of the His ligand at position 33 in horse redcyt
c with a Trp moiety.
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Figure 3.
Comparison of kinetic traces obtained from far-UV TRORD experiments on horse and tuna
redcyt c folding. The data were obtained for horse (black line) and tuna (grey line) WT redcyt
c in 3.3 M GuHCl, horse H26QH33N redcyt c in 3.3 M GuHCl (dashed black line), and horse
WT redcyt c in SDS (grey line, open circles). The kinetic traces present an average of the multi-
wavelength TRORD data measured between 228 and 236 nm.
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Figure 4.
Conformational diffusion is a determining factor of whether protein folding exhibits
heterogeneous versus homogeneous kinetics. Slow conformational interconversion around the
top of the folding funnel leads to biased diffusion of unfolded protein subpopulations down
kinetically isolated pathways towards the native folded state. If diffusion between
conformational subpopulations is faster than folding to the native state, then folding follows
homogeneous kinetics, or kinetics that appear to follow the classical transition state theory
view.
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Table 1

Observed Lifetimes for Redcyt c Folding
[GdnHCl], M τ1 (µs) τ2 (ms)

Horse heart
2.7 12 ± 2 100 ± 10
3 5 ± 3 120 ± 20

3.3 2.2 ± 0.5 160 ± 10
4 ≤ 0.4 380 ± 30

Tuna
3.3 40 185
4 28 430
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