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I. Introduction
The specific function of a protein is determined by its
structure and the ability of the structure to evolve with
time. The functional three-dimensional structure is gen-
erally determined by the amino acid sequence,1,2 and
understanding how the sequence folds into the functional
structure is a central problem in modern structural
biology.3-8 This problem may be stated as two questions.
First, how is the three-dimensional structure encoded in

the one-dimensional amino acid sequence? At present,
the folded structure cannot be predicted ab initio with
sufficient reliability, both because of the complexity of
protein molecule itself and because of its interaction with
surrounding water.9-11 Second, what are the dynamics
of the folding process? In addition to determining the
three-dimensional structure of a protein, the amino acid
sequence also codes the mechanistic paths that folding
actually follows through the vast conformational space
available to the polypeptide, so that the three-dimensional
structure is reached in a reasonable time. Understanding
the critical early events in folding is key to answering both
of these questions.

Intense experimental effort has been devoted to de-
termining the kinetics of protein folding, revealing that
the early kinetics events on the folding pathway are of
central importance.4,6-8,12 These fast events set up all that
are to follow in the guided pathway through conforma-
tional space. However, the earliest events occur on a sub-
millisecond time scale, which has been difficult to access
experimentally. Recent advances in reaction initiation
methods and time-resolved, structure specific probes
made in our laboratories13-16 and in others17-21 have
made it possible for the first time to resolve some of the
earliest, most fundamental steps along the folding path-
way.

This account discusses the application of temperature-
jump (T-jump) reaction initiation methods and time-
resolved infrared (TRIR) spectroscopy techniques devel-
oped in our laboratories to the earliest events in protein
folding. Of particular interest is the critical early step of
secondary structure formation. We have used these
methods to study the formation of helices in model
peptides and in apoMb, a globular, helical protein.

II. Initiating and Probing Fast Folding Events
Initiation Problem. The primary impediment to studying
the earliest events in protein folding has been the 1-10
ms dead time of conventional stopped-flow methods for
initiating folding reactions. Our approach to the initiating
folding/unfolding chemistry is the laser-induced T-jump
technique, the most general and simplest of the fast
initiation approaches. Proteins usually have a tempera-
ture range over which the functional structure is stable.
Temperatures either above or below this range denature
the structure. Thus, by judicious choice of temperature
and solution conditions, one can cause the equilibrium
between the native and denatured forms to be poised at
any point, and an increase in temperature then perturbs
the equilibrium toward a more folded or more unfolded
position. This approach is applicable to virtually all
proteins and peptides and does not necessarily require
the introduction of extraneous reagents into the folding
system.

The essential characteristic of the temperature jump
is that it perturbs the equilibrium position of the ensemble
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of possible states faster than the chemical processes that
comprise the equilibrium. This is the fundamental char-
acteristic of relaxation methods.22 After the T-jump, the
system “relaxes” to the new equilibrium point. In general,
the kinetics that are observed involve both the forward
and back reactions. For simple two-state kinetics, the
observed relaxation rate is the sum of the forward and
back reaction rates, and each can be determined sepa-
rately if the equilibrium constant is known.23

The use of fast T-jump methods to displace chemical
equilibria and measure relaxation rates was pioneered by
Eigen and De Mayer,22 using rapid capacitance discharge
to produce Joule heating in conducting solutions. This
approach is limited to the microsecond time scale. More
recent work has focused on rapid absorbance of large
amounts of laser energy by the sample solution, generally
using near-infrared solvent absorbances as first developed
for studying conformational kinetics of inorganic com-
plexes.24 In experiments of this type, the T-jump and
subsequent complete thermalization of solvent and solute
can occur in 10-20 ps.25

Our approach for generating a rapid, laser-induced
T-jump is shown schematically in Figure 1.13-15 An
injection-seeded Nd:YAG laser pumps a pulsed dye laser
(694 nm) which is differenced with the Nd:YAG funda-
mental (1064 nm) in a nonlinear LiNbO3 crystal to produce
the T-jump pump pulse at 2 µm (10 ns full width at half-
maximum (fwhm) pulse width). The wavelength of the
T-jump pulse is chosen to transmit 80% of the light
through a 100 µm path length cell, which ensures a nearly
uniform temperature profile in the laser interaction
volume. The laser energy is absorbed by the D2O, and
the temperature of the interaction volume reaches its
maximum value in approximately 20 ns. The size of the
T-jump is calibrated using the change of D2O absorption
with temperature, which acts as an internal thermometer
in the range of 1600-1700 cm-1. Temperature jumps of
20 °C are routinely obtained with this apparatus using 2
mJ of laser energy at 2 µm. The heat contained in the
interaction volume gradually escapes to nearby cold
surfaces, the rate governed by thermal diffusion. The
diffusion of heat out of the interaction volume takes

several milliseconds in our cells. Thus, the apparatus
generates a temperature jump within 20 ns that remains
nearly constant up to approximately 1 ms.

The short time resolution of this instrument is limited
by both the laser pulse width and the detector rise time.
We have used a separate apparatus to extend the earliest
time accessible with a T-jump to 50 ps. The picosecond
T-jump apparatus is based on a regeneratively amplified,
mode-locked Nd:YAG laser, which is shifted to 2 µm (50
ps fwhm) by the stimulated Raman effect in H2 gas. Time
resolution is achieved by optical delay between the pump
pulse and a probe pulse, which circumvents the problem
of ultrafast (ps) IR detection. A long, multipass delay line
allows us to scan out to 20 ns, overlapping the earliest
time accessible to our nanosecond instrument. Other
groups have used the Raman shift approach in different
media to generate 1.4-1.5 µm pulses for pumping the
analogous near-IR band in H2O.24,26,27

Probing Fast Folding Dynamics with Structural Speci-
ficity. Structural characterization of early folding events
requires spectroscopic tools with sufficient time resolution
and structural sensitivity; for this reason, we emphasize
vibrational spectroscopy. The advantages of time-resolved
vibrational measurements as structure-specific probes of
protein dynamics are well-established. The structural
specificity derives from the connection of molecular
vibrations to specific structures which determine the
frequency, intensity, and line widths of the absorptions.
Protein folding can involve changes in the polypeptide
backbone conformation and H-bonding, in the orientation
and packing of side chains, in the solvation of these
structures, and so forth, all of which will be reflected in
changes in the IR spectrum. Finally, the IR spectral
changes track molecular dynamics down to ultrashort time
scales because vibrational transitions respond to changes
in structure or environment on time scales as short as the
10-100 fs periods of molecular vibrations.

IR absorption spectroscopy of the amide-I mode of
peptides and proteins, largely the stretch motion of the
backbone peptide CdO group with some contribution
from the C-N stretch, has been shown to be strongly
correlated to both secondary and tertiary structural fea-
tures. We have found amide I exceptionally valuable in
determining structural changes in recent fast folding
studies by our group. This polar mode, which lies at
1610-1680 cm-1, is an established indicator of secondary
structural changes because of its sensitivity to hydrogen
bonding, dipole-dipole interactions, and geometry of the
peptide backbone.28,29 For IR absorption studies of
proteins in solution, D2O is often used instead of H2O in
order to shift the strong water band, that normally
overlaps with the amide I band, down to 1200 cm-1. The
mode for deuterated amide groups is labeled amide I′ by
convention.

Previous correlations between the amide I′ band posi-
tion and the secondary structure in proteins30,31 have
shown that bands centered at approximately 1638 and
1654 cm-1 correspond to 310- and R-helices, respectively,

FIGURE 1. Nanosecond laser temperature-jump, time-resolved
infrared apparatus.
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1629 and 1675 cm-1 bands to the low- and high-frequency
components of !-sheet structure, 1668, 1675, and 1686
cm-1 peaks to turns, and a component at 1645 cm-1

results from the disordered parts of polypeptide back-
bones. Recently it has been demonstrated that intensity
near 1630-1640 cm-1 can result from R-helical structure
exposed to solvent (the so-called “solvated” helix32-34).
Hence, different portions of the amide I′ band report on
different parts of the structure of a folded peptide or
protein.

III. r-Helix Formation in Peptide Models
Characteristic Rate of Helix Formation. The R-helix is
the most common secondary structural motif found in
proteins. Thus, our understanding of the overall folding
process in proteins will be aided by study of the dynamics
of helix formation in peptide fragments or model peptides.
Very little is known about this problem, either experi-
mentally or theoretically, despite the relative structural
simplicity of helices.

The thermodynamics and kinetics of the helix coil
transition in homopolymers were studied intensely in the
mid-1960s to early 1970s, both experimentally and theo-
retically (reviewed by Gruenewald).35 The fastest relax-
ation times observed ranged from 50 ns to microseconds,
depending on the system that was studied and the
method. However, these experiments were difficult to
interpret because the probes that were used (e.g. ultra-
sound) lacked structural specificity and because the helix
formation rates were inferred indirectly from the data. In
addition, the very long homopolymers (e.g. poly-(L-
glutamic acid)) studied are poor models for the short runs
of helical structure usually found in proteins.

Recently, we revisited this problem using our T-jump
approach on short helical peptides. The first system we
studied was the “S-peptide” of ribonuclease A, obtained
by cleaving off the first 21 amino acid residues, which
forms a helical structure in solution (about 30% helix and
70% unfolded at temperatures near 5 °C.36 Using the
amide I′ band to monitor helix content, we observed a
relaxation time of faster than 300 ns for the S-peptide in
response to a 20 °C T-jump.14 The earliest version of our
T-jump apparatus was unable to resolve the actual
relaxation rate.

Following these initial results, we built the picosecond
and nanosecond T-jump setups described above and
characterized the folding of the synthetic “Fs peptide”, a
small 21-residue peptide that has the sequence X-(A)5-
(AAARA)3-ANH2 (X ) succinyl). Alanine has a strong helix
propensity, and about 70-90% of this peptide is helical
in room temperature solution.37 Guided by the S-peptide
result, we first examined the relaxation kinetics using the
picosecond apparatus (Figure 2A). We found no response
of the amide backbone (detectable in the amide I′ absor-
bance) to the T-jump from 50 ps out to about 10 ns. As
we soon discovered with our faster ns apparatus, we had
bracketed the actual response (∼160 ns, blue trace in

Figure 2A) in these two experiments. The relaxation
kinetics are well-described by a biexponential model with
components of 10 ns (small amplitude) and 160 ns
(dominant amplitude) for a T-jump from 8 to 27 °C.15

More recently, a single, nearly temperature independent
relaxation time of about 20 ns was observed for the Fs

peptide using a laser-induced T-jump and fluorescence
spectroscopy to probe the folding dynamics.27 The latter
study used Fs peptide labeled at the N-terminus with
the fluorescent “reporter” 4-(methylamino)benzoic acid
(MABA). The fluorescence of the MABA probe appears
to be sensitive to only the last turn of helix, in contrast
with the IR sensitivity to the helical content of the entire
peptide.

These results are best understood in terms of statistical
models for helix formation developed by several groups.27,36

These models assume that the activation barrier for helix
formation is largely entropic. Two elementary processes,
nucleation and propagation, are supposed, a distinction
being made between the probability of forming the first
turn of helix (nucleation, a relatively less probable event)
and the formation of subsequent turns (propagation). In
this view, the dominant rate observed in the T-jump
measurements would be the propagation rate, since the
measurements are made under conditions where most of
the peptide molecules are always partially folded. Cal-
culation from this model of the relaxation kinetics induced
by a T-jump yielded two distinct processes with charac-
teristic rates; a faster process involving the rapid folding/
unfolding equilibrium of the helix ends and a slower
process involving an equilibrium which must cross the
nucleation free energy barrier between helix-containing
and nonhelix-containing structures. The relaxation of the
equilibrium determining the fraction of N-terminal resi-
dues that are helical was predicted to contain approxi-
mately equal contributions from both processes, while
that determining the average helix content was found to
be dominated by the slower process. The model thus
successfully predicts the differences in rates between the
IR and fluorescence time constants and also, if the barrier
to helix formation is taken as purely entropic, the weak
temperature dependence of the relaxation rates. The
approximations of this model and a thorough investigation
of the dynamics of helix formation can be explored by
isotopic labeling of individual turns in the middle and
ends of the peptide, to determine the rates of formation.
These experiments are underway in our laboratories.

PeptideModel of Helix-Helix Interactions. The next
level of complexity in proteins involves tertiary interac-
tions, such as the packing of helices together in a globular
protein. We have studied helix-helix interactions in a
peptide fragment of the GCN4 leucine zipper protein. The
GCN4-p1 peptide (NH2-RMKQLEDKVEELLSKNYHLENE-
VARLKKLVGER-COOH) forms a well-characterized, dimer-
ic coiled-coil (a leucine zipper). The structure of the
leucine zipper protein has been solved by X-ray crystal-
lography38 (Figure 2A), and the folding has been studied
in solution by CD and NMR spectroscopies.39,40
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We have characterized the structure and dynamics of
the GCN4-p1 peptide using infrared spectroscopy. We
observe the unique infrared signature of a coiled-coil that
has also been reported for other systems.41 At low
temperature, the amide I spectrum of the folded coiled
coil contains a major component at ∼1650 cm-1, which
is typical of R-helix desolvated by helix-helix interactions
in a globular protein (in contrast with the monomeric
helical peptide models, which show only a 1630 cm-1

solvated helix band). Raising the temperature causes the
1650 cm-1 component to diminish with the concomitant
appearance of a peak at ∼1670 cm-1, which we interpret
as the unfolding of the coiled-coil to produce a disordered
structure.

TRIR measurements of the relaxation dynamics of
GCN4-p1 (green trace in Figure 2A) are strikingly different
from the relaxation dynamics of the monomeric, helical
Fs peptide. The observed relaxation kinetics probed at
1648 cm-1 are 3 orders of magnitude slower than the Fs

peptide kinetics. Folding and unfolding rates extracted
from the relaxation rate using a two-state analysis also
differ from their Fs peptide counterparts by over 3 orders
of magnitude. It is highly unlikely that the intrinsic helix
formation and melting rates in these two systems differ
by this extent. We attribute the differences to the forma-
tion of tertiary structure in the coiled-coil. The rate
measured in the monomeric peptide models is the
intrinsic rate of the helix-coil transition, whereas the rate

FIGURE 2. (A) Time-resolved IR relaxation kinetics following a laser-induced T-jump for two peptide model systems. Blue symbols (+) and
blue trace: picosecond and nanosecond responses, respectively, of the Fs peptide to a T-jump from 8 to 27 °C, monitored at the peak of the
helix absorbance (1632 cm-1). The blue structure is a ribbon trace of the backbone of a hypothetical, fully R-helical conformation of the
peptide. Green trace: the response of the GCN4-p1 coiled-coil to a T-jump from 51 to 60 °C monitored at the peak of the helix absorbance
at 1648 cm-1. The structure is from the crystal structure of the GCN4 dimer,38 representing the peptide fragment used in this study. (B)
Time-resolved IR of the native state of apoMb (4.2 mg/mL, 0.01 M NaCl, pH* ) 5.3) for a T-jump from 45 to 60 °C. Blue trace: IR response
monitored at the peak of the solvated helix absorbance (1632 cm-1). Green trace: IR response monitored near the peak of the native helix
absorbance (1655 cm-1). The structure is from the crystal structure of the holoprotein.
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measured for the GCN4-p1 peptide is clearly limited by
the much slower packing of two helices together to form
the leucine zipper and the coiled-coil.

IV. Apomyoglobin
The folding of apomyoglobin has received intense scru-
tiny. The protein is relatively simple, and it serves as an
archetype for folding of proteins which are small, single-
domain, and globular. The holoprotein contains 153
residues organized into eight strands of mostly R-helical
segments, labeled A-H (Figure 3).42 Near neutral pH,
apoMb adopts a structure that is nativelike according to
the available NMR, CD, and calorimetric evidence.43-46

Thus “native” apoMb (ApoMb-N) has a compact hydro-
phobic core consisting of the very stable A, G, and H
helices, significant tertiary structure involving the B and
E helices, and roughly the same secondary structure
content and tertiary fold as the holoprotein.

Another attractive feature of apoMb is the accessibility
of different equilibrium forms of the protein having
intermediate stability between the native and unfolded
states.43,47 ApoMb-I (intermediate form), formed at low
pH and specific salt conditions, has a less compact

structure than apoMb-N. NMR techniques coupled with
hydrogen-deuteron exchange measurements and more
recent mutant and FTIR studies show that the I form
contains a tight core consisting of the intersection of the
AGH helices and loose “solvated” helical region(s).48,49 A
species formed at still lower pH and low salt, apoMb-E
(extended form), contains essentially only the AGH core
and is otherwise very extended.47 Furthermore, recent
evidence suggests that these equilibrium intermediate
states are structurally close to transient intermediates on
the folding pathway.43 A striking structural similarity
between the I form and an early folding intermediate has
been demonstrated.50,51

We have obtained the thermal denaturation curves of
apoMb-N using both fluorescence and infrared spec-
troscopies.16,47 A cooperative transition is observed both
in the fluorescence intensity at 335 nm, I335, (Tm ) 56 ( 3
°C) and by IR absorbance at 1650 cm-1 (Tm ) 59 ( 3 °C).
The beginning of the cold denaturation transition also
appears in the I335 dependence below 10 °C. Neither of
these two transitions shows up on the fluorescence λmax

denaturation curve, indicating that the AGH core remains
intact through this transition. A second component of the
amide I′ band at 1629 cm-1 decreases monotonically with

FIGURE 3. Schematic representation of the folding of apomyoglobin starting from an unfolded (U) state. The folding time of 90 µs for the U
to E transition is that measured at 35 °C from T-jump relaxation measurements of the E state (see text), which involves the formation of a
tightly packed AGH core. In addition, nanosecond transients are also observed, which arise from the relaxation of the solvated helical portion
of the E state. The folding times under native chemical conditions are likely faster due to increased driving force. The folding time of 24 ms
for the I to N transition, which involves formation of nativelike contacts of the B and E helices (and possibly others), has been extrapolated
to 35 °C from the measured rates at 60 and 5 °C (see text) using an Arrhenius (log) scale. Like the E state, T-jump measurements of the N
and I forms of the protein also show relaxation dynamics of their solvated helical portions on the nanosecond time scale.
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increasing temperature and is assigned to the unfolding
of solvated helices.

The environments and the conformations of the vari-
ous substructures lead to different amide I′ frequencies
that allow these substructures to be distinguished uniquely
by the infrared spectra, a major advantage of this probe;
native helix absorbs near 1650 cm-1, solvated helix near
1630 cm-1, and the unfolded structures above 1660 cm-1.
Using these infrared absorbances, the relaxation kinetics
of the substructures (as well as the equilibrium melting
behavior) can be ascertained independently of one an-
other. The relaxation kinetics of ApoMb-N in response
to a T-jump are shown in Figure 2B. The solvated helical
substructure (blue trace, Figure 2B) exhibits a relaxation
time (ca. 50 ns) typical of isolated helices such as the
model peptide described above. This is the case even
though these helices may be in contact with each other,
held together by loose hydrophobic forces. Thus, the
R-helical secondary structures can be formed early on the
folding pathway of apoMb, on the time scale of tens of
nanoseconds.16 In contrast, the relaxation time observed
for the native helices of ApoMb-N (monitored at 1650
cm-1) is some 3 orders of magnitude slower (Figure 2B,
green trace), analogous to the relaxation rate of the coiled-
coil structure of GCN4-p1 (Figure 2A, green trace). This
slower relaxation is not limited by the intrinsic helix
formation rate but rather reflects the slower rates of the
melting and formation of helix-helix interactions.

We have used the approach outlined above to study
the dynamics of the transition from more folded to less
folded ensembles in successively more denatured (N, I,
and E) apoMb states. In this way, the folding pathway
can be “peeled away” and processes on both fast and
slower time scales determined. Of course, the chemical
conditions that give rise to the I and E forms are not those
under which the N state is formed. Nevertheless, as noted
above, equilibrium intermediate states have been identi-
fied with transient intermediates on the folding pathway
under conditions where the N form is stable. Figure 3
shows the folding pathway in schematic form, assuming
that the I and E states are transient intermediates under
native conditions.

It is known that the “hydrophobic core” of apoMb,
comprising the A helix and the G-H hairpin, is mostly
R-helical and is the most stable part of the protein.52 The
formation time of the AGH core measured by IR is about
90 µs in the E state at 35 °C53 and perhaps as fast as 5 µs
in the N state at 10 °C.54 The latter measurement was
made using fluorescence and T-jump from a cold dena-
tured state. It is difficult to compare these two rates
directly due to the different chemical conditions and
temperatures. The starting and ending states have sub-
stantially different structures in the two experiments. The
folded E-state of apoMb is highly destabilized, containing
essentially only the AGH core in contrast to the nativelike
structure near neutral pH, while the heat denaturation and
cold denaturation transitions are inherently different,
yielding different denatured states (for example the cold
denatured N-state retains substantial secondary structure,

whereas the thermal denatured E-state does not). None-
theless, it is clear that the formation time of the AGH core
is very fast, on the order of what is expected from a simple
polymer-diffusion model,53,55,56 considering only the time
it would take for the two ends of the molecule to come
together by diffusion given the size of the loop intervening
between the A and G helices. However, the short time
scale of this tertiary folding event is not unreasonable if
it is realized that the protein has had ample time to form
helical segments in the intervening B-F structure (which
are likely not set structures but rather interconverting
helical runs of varying length and position) before the
AGH core is formed, which shortens the effective loop
length. The fast formation of intervening secondary
structure may facilitate the formation of the AGH tertiary
contacts in ways that are directed and faster than random
diffusion control.

The AGH intersection at the point of its initial forma-
tion may only involve about 20 residues, but it is never-
theless a very stable structure with a large negative
enthalpy of formation, as shown by its cooperative,
sigmoidal melting curve. The fast formation of a such a
stable nativelike structure would seem to have several
purposes in the folding strategy of the protein. The speed
may ensure that other nonnative but metastable folds do
not form. Tying the two ends together reduces enor-
mously the amount of conformational space that may be
searched in subsequent folding. The two ends of the
protein (at least part of the A and G-H structures) must
be preformed into helices before the correct tertiary
contacts can form; this presents no problem in timing
since the helices form on a time scale 2-3 orders of
magnitude faster than the tertiary contacts.15,16

Following the formation of the AGH core, the next step
in the process is the rapid growth of the existing solvated
helical portions of the B-E loop, which has the effect of
compacting the protein further. Also, it is likely that the
tertiary contacts in the A helix and the G-H hairpin grow
out from the AGH intersection in relatively short times
following the formation of the intersection. These pro-
cesses form a structure similar to the I form, as shown in
Figure 3. These two events, formation of the core and
then its growth, could be termed “nucleation” followed
by growth.7 Finally, the B and E helices, and possibly parts
of others, come together to form a second native fold. The
timing of this event is much slower than that for the
association of the AGH core and quite temperature
sensitive, 280 µs at 60 °C16 and ca. 1 s at 5 °C,50 indicating
a substantial formation energy barrier. This model of a
sequence of events U f E f I f N that leads to
progressively more compact and helical structures is
consistent with a recent NMR study which gives an
exquisitely detailed picture of the structure and dynamics
of the U, I, and N states.57

The energy surface for folding of apomyoglobin appears
to be such that, very early, the protein condenses into a
compact topology with a very small cooperative unit (the
AGH core), found in the totally folded protein, which
remains during the rest of the folding process and which
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perhaps serves as a template. It seems likely that the
presence of secondary structure is required before the
nucleation of this tertiary structure can take place, and
the required helical structure has, indeed, already formed.
The next stage is further growth of the ordered structure
surrounding the small AGH core, in both the number of
residues in helices and an extension of tertiary contacts
spreading out from the small core volume. Perhaps
surprisingly for a small protein like apomyoglobin, a
second kinetics phase whereby other residues condense
into a native fold occurs much later, on relatively slow
time scales. Hence, 2-folding units describe the folding
of this protein. From this degree of detail, it is fairly easy
to see how the early structures, even if local and fluctuat-
ing in nature, result in the required constriction in
conformational space that accelerates and directs the
folding process.

The authors are grateful for the support of this work by the NIH
(R.B.D.) and the NSF (R.H.C.).
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