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ABSTRACT A temperature jump (T-jump) method capa-
ble of initiating thermally induced processes on the picosec-
ond time scale in aqueous solutions is introduced. Protein
solutions are heated by energy from a laser pulse that is
absorbed by homogeneously dispersed molecules of the dye
crystal violet. These act as transducers by releasing the energy
as heat to cause a T-jump of up to 10 K with a time resolution
of 70 ps. The method was applied to the unfolding of RNase A.
At pH 5.7 and 59°C, a T-jump of 3-6 K induced unfolding
which was detected by picosecond transient infrared spec-
troscopy of the amide I region between 1600 and 1700 cm-'.
The difference spectral profile at 3.5 ns closely resembled that
found for the equilibrium (native - unfolded) states. The
signal at 1633 cm-1, corresponding to the fl-sheet structure,
achieved 15 ± 2% of the decrease found at equilibrium, within
5.5 ns. However, no decrease in absorbance was detected until
1 ns after the T-jump. The disruption of fl-sheet therefore
appears to be subject to a delay of -1 ns. Prior to 1 ns after
the T-jump, water might be accessing the intact hydrophobic
regions.

Questions concerning the physical and chemical nature of
protein folding are among the most challenging in biological
research (1-4). Folding and unfolding events have seldom
been studied on time scales shorter than milliseconds. Internal
motions of macromolecules such as rotations about single
bonds, chemical exchange reactions, diffusion over molecular
dimensions, and barrier crossing processes can occur on nano-
second or even picosecond time scales, so protein structure
reorganization might be expected to involve ultrafast inter-
mediate steps. An example is the recent report of tens-of-
microseconds folding in cytochrome c (5). Some of the faster
processes in protein folding might involve relatively small
alterations in electronic structure. Therefore the probes used
to examine them must be sensitive to subtle changes in, for
example, nonbonded interactions, weaker chemical bonds,
charge distributions, and motions of pieces of the structure.
For this reason we decided to use transient infrared (IR)
spectroscopy (6-8), which is structure sensitive at a chemical-
bond resolution, to identify any ultrafast folding steps.
The IR spectra of proteins in the region of the amide

vibrations of the polypeptide structures are well known to be
sensitive to the state of the protein. For example, there are
distinct differences between the IR spectra of random coil,
a-helical, }3-sheet, 13'-sheet, and turn structures of polypeptides
(9). These differences arise from the dependence of interac-
tions between the various amide groups on the local polypep-
tide structures. One can therefore conceive of carrying out
time-resolved IR capable of following the kinetics of structure
change as it affects these different spatial regions of the
polypeptide backbone. Experiments on the kinetics of folding
also require that the system be triggered to suddenly change.
For this purpose we have developed an ultrafast temperature
jump (T-jump) method.

The protein RNase A was chosen for the present study
because of the wealth of information available regarding its
equilibrium properties around the denaturation temperature
and its kinetic properties on the time scale of stopped-flow
experiments. The crystal structure of RNase A is known (10).
The unfolding process was studied previously by static tem-
perature methods (11-13), fluorescence (14), x-ray scattering
and Fourier-transform IR (15, 16), NMR (17-20) and CD (21)
spectroscopy. In denaturing, the native protein first relaxes
toward an unfolded intermediate state, which then slowly
equilibrates with more fully denatured structures. The fast
unfolding step(s) involves the dismantling of the protein
secondary structure, whereas the slower ones have been
attributed to specific isomerizations involving the proline
residues. "Fast" in this context has previously meant tens of
milliseconds; the "very fast" intermediate reported recently
(14) also has a millisecond lifetime. The time resolution of
solution mixing experiments is too slow to resolve the range of
protein conformational states that might occur in the earlier
stages of unfolding. Molecular dynamics simulations (22-24)
suggest that picosecond resolution will be needed to charac-
terize the relevant structural changes which include significant
motions along dihedral angle coordinates of the polypeptides
and the modification of hydrogen-bonded structures by water
(25).
To obtain a T-jump in the solution on the picosecond time

scale the protein is dissolved in a solution containing inert dye
molecules having a large extinction coefficient and fast internal
conversion. The temperature of the solution is raised quickly
by irradiating the dye transducer with an intense laser pulse.
Transient IR spectroscopy is then used to measure the protein
spectral response to the T-jump and also the time dependence
of the temperature of the medium.

MATERIALS AND METHODS
Sample Preparation. Bovine pancreatic RNase A was ob-

tained from Sigma (catalogue no. R-5125) and used without
further purification. The solution of protein and dye buffered
at p2H (pD) 5.7 by 2-(N-morpholino)ethanesulfonate (Mes)
was thermostatted in a temperature-controlled bath. A peri-
staltic pump circulated the sample from the container to the
sample cell. The sample temperature was maintained at 59°C.

Transient IR Method. To monitor changes in the IR portion
of the spectrum, we constructed a neodymium-yttrium/
aluminum garnet (Nd-YAG) laser-based T-jump apparatus.
One 35-ps pulse from an active/passive mode-locked Nd-
YAG laser (1064 nm) operating at 10 Hz was selected by a
KD*P Pockels Cell (deuterated potassium dihydrogen phos-
phate; Medox) and amplified to 5 mJ in a three-stage Nd-YAG
amplifier, then frequency-doubled in KDP (potassium dihy-
drogen phosphate) to produce 532-nm light of 0.6-1 mJ in
energy. To generate the mid-IR at 3-5 ,um, a portion of the
532-nm light was used to pump a traveling-wave dye laser
whose output was mixed in LiIO3 with the 532-nm pulse to
produce the difference frequency. The 6-gm radiation was

Abbreviations: T-jump, temperature jump; CV, crystal violet; mOD,
OD milliunits.
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generated parametrically (26) from the 1.064-,um beam colli-
mated to a 2-mm spot size in a AgGaS2 crystal (410 cut). To
excite the dye, the intense 532-nm pulse was focused with a
20-cm lens to a spot of diameter 300,um. The sample cell had
CaF2 windows and a path length of 50,tm. A fresh sample was
exposed with each laser shot. Both sample and reference probe
beams were monitored with separate HgCdTe detectors. Not
all of the experiments involve the same magnitude of T-jump,
because of the different levels of discrimination used to narrow
the distribution of pump pulse energies.
T-Jump Method. To induce unfolding in RNase A, we used

an optically generated heat pulse to raise the temperature.
Lasers have been used before to induce T-jumps in solution,
normally on a nanosecond-to-microsecond time scale (27-32).
In an absorbing organic medium, T-jumps of tens of degrees
can be achieved within 10 ps (33) by means of IR-absorbing
dyes with picosecond relaxation times and almost unit effi-
ciency for internal conversion. In extending this approach to
protein solutions we have sought water-soluble dye transduc-
ers, one example of which is the triphenylmethane dye crystal
violet (CV). CV has very efficient internal conversion (34-36)
that leads to rapid heating of its environment.t It is crucial for
the interpretation of the heating dynamics that the protein and
dye are independently and homogeneously dispersed in the
solution.
The T-jump technique was quantitatively analyzed by stud-

ies in the absence of protein. When CV was dissolved in
aqueous solution (1.5 mM, 9 x 1017 molecules per cm3) and
pumped by the 532-nm pulse, a reduction in absorbance signal
at 2270 cm-1 due to the heating of the bulk water (H20 in this
example) within the beam volume (-1 nl) was observed. The
change in water absorption shown in Fig. 1 rises within the
period of the instrument function of 45 ps and becomes
constant thereafter. The temperature rise in this experiment is
10 ± 1 K. As discussed below this measured temperature is an
average and does not represent a uniform bulk temperature
until -70 ps after the energy deposition at the dye concen-
trations used in the experiment. The experiments on the
solutions containing protein were carried out in the same
manner, but probed also in the amide I region, 1600-1700
cm-
The pulse energy (joules) required to raise the water tem-

perature by 1 K is 4.2 v/a, where v is the irradiated volume and
a is the fraction of incident light absorbed by the dye. In the
present case v = 3.5 x 10-6 cm3 and a = 0.18, yielding 81.7 pJ
for the required energy. Thus we expected a temperature rise
of about 7 K for an =500-pJ incident pulse, which is close to
what was measured.

Dye-Protein Interactions Are Absent. Three methods were
used to establish the absence of dye-protein interaction. (i)
Static Fourier-transform IR difference spectra were taken of
the RNase A solution before and after addition of the CV over
a period of 2 hr. No spectral changes of >0.9% of the overall
absorbance were observed, indicating that the addition of dye
caused no measurable unfolding of the protein. (ii) The optical
transitions of the dye are known to be sensitive to changes of
solvent environment (38-40), but when the UV/visible spec-
tra ofCV in water were compared in the presence and absence
of the protein, the peak positions, ratios of peak heights of both
the 306-nm and 540-nm bands, and widths of the bands were
the same within 0.3%. (iii) Molecular weight resolution ex-
periments were performed on the RNase A/dye mixture. A

tAnother approach is to use as the heat transducer a protein whose
cofactor undergoes rapid internal conversion. One example is myo-
globin: after optical excitation the heme rapidly cools resulting in a

jump, within 10 ps, of the surrounding water temperature (see ref.
37). We have demonstrated that this approach is also viable for
T-jump experiments, although at very high excitation fluences un-

wanted photochemical reactions and shock waves were observed.

0

A

C)

0

4)
.4)1
4)
4)

.04)
0

.4)

20

0

-40

-60

20

0

-20

4)

n -40

0

.o

a
Ca

-60

-300

I

-308

H-

-100 0 100 200

Time (ps)

~~~~~300

T T~~~~~~~~~

'IT T T I T

0-100 100 200

Time (ps)

FIG. 1. Time dependence of the change in IR absorption of H20
at 2270 cm-' resulting from 1064-nm pumping of Cyasorb IR-165 dye
(1.5 mM in 0.5% sodium dodecyl sulfate) (Upper) or 532-nm pumping
of crystal violet (1.5 mM in pH 5.7 solution) (Lower). The right-hand
ordinate corresponds to the average temperature as defined in the text.
mOD, OD milliunits.

Sephadex G-25 gel filtration column (fractionation range,

1000-5000 Da) was prepared in Mes buffer at pH 5.7. The
protein/dye solution was eluted through the column. Com-
plete recovery of protein occurred within the first 25 ml of
eluate, with no measurable coelution of dye. There was no

evidence for any dye-protein association in any of these
experiments. Therefore, in what follows we assume that CV
and protein are independently dispersed in the solution.

RESULTS AND DISCUSSION

Time Scale of the T-Jump of the Protein. The time resolution
of this T-jump method is set by three controllable factors: the
width of the excitation pulse, the relaxation times of the dye
and response of the solvent to heating, and the time delay in
obtaining a uniformly heated solution.

Previous work with the related dye malachite green, which,
after excitation, also undergoes rapid internal conversion to
create highly excited (hot) ground-state molecules (35, 37,
41-46), showed that the full temperature increase of the water
was attained 4 ps after the energy deposition process (37).
These transient events occur rapidly compared with the time
scale of the experiments reported here and can be neglected.
Of greater importance is the temperature variation of the
water IR spectrum. The absorption coefficient of water at the
frequencies used and over the temperature ranges employed in
this experiment is essentially linear with temperature (37,
46-50). It follows that optical-density changes in the IR
spectrum of the heated water should be independent of the
spatial distribution of deposited energy or temperature. That
is, the absorbance change of water is not sensitive to the
dynamics of the thermal diffusion from the hot spots created
by the cooling dye molecules. Thus the water temperature
quoted in the subsequent parts of this paper is necessarily an

"average temperature" T(t). The time dependence concerns

only the rate of energy deposition and water response. At times
long compared with that for thermal energy to diffuse over the
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distance separating dye molecules, the system is heated ho-
mogeneously and the bulk temperature will equal T (t > 4 ps).
The laser pulse width of -25 ps is considerably greater than

the relaxation time of the dye (<1 ps) and the spectral response
time for impulsively heated water [-4 ps (37)]. After the laser
pulse is absorbed, the sample has not necessarily reached an
equilibrium temperature. At the concentrations of dye (9 x
1017 molecules per cm3) and protein (4.5 x 1017 molecules per
cm3) used in the experiments, the mean nearest-neighbor
distancet between anv pair of solutes is 50 A and that between
dye molecules is 57 A. The spatial distribution of heat energy
released by each dye molecule should be predictable by
classical heat diffusion for times larger than a few tens of
picoseconds, so that exp[-r2/4Xt] is the ratio of the energy
(temperature) found at distance r from the dye to that at the
origin (the dye location) after time t (52). Thus the time at
which this distribution will achieve a variance of (50 A)2 iS
obtained from (2Xt)1/2 = 5.0 x 10-7 cm, which yields t = 113
ps, where X is the water thermal diffusion coefficient of 1.11
X 10-3 cm2 sec-1. It follows that there is a waiting time until
the profile of the heat released by the dye will be contained in
a volume large enough to incorporate a protein. If required,
the time resolution could be improved by increasing the
protein concentration.
A proper assessment of the time resolution of the protein

heating experiment requires that all the dye molecule heat
sources be considered. An infinite lattice model for the spatial
distribution of excited dye molecules in the solution yields an
approximation to the bulk medium. With the protein at the
origin and dye molecules located at all lattice points on a cubic
lattice with cell dimension d, the temperature at the origin is
obtained by summing the contributions at each time t from
each point heat source at ri. The result, which uses the well-
known formula for heat diffusion from a point source (52), is
readily seen to be given by

Ttotal(t) = z Ti(ri, t) = q)3/2 I e r4xt

q(nV)312 {[2 e BP 1 ]3 - 11,

where B = d2/4Xt, q is the strength (52) of each source, and
1 is an integer. The limit of the sum over all dye molecules in
the irradiated volume was taken to be infinity without loss of
accuracy. A plot of this function is shown in Fig. 2 for the
conditions of the experiments reported here. The lattice
spacing, d, was chosen to be the mean value of the nearest-
neighbor distribution. This temperature is seen to rise with a
time constant of 50 ps and does not change with time beyond
100 ps. Thus we may safely conclude that the protein and its
immediate environment have fully reached the new tempera-
ture by 70 ps after the T-jump impulse under the present
experimental conditions. We adopt this as the time resolution
of the T-jump. These same considerations would apply if the
water vibrations were directly excited by the laser pulse.
Change in the IR Spectrum of the Protein Amide I Region.

The first experiment probing the amide I (C =- 0 stretching)
region of RNase A measured the time dependence of the C
O absorption in a spectral region that is associated with ,B-sheet
structures (1630 cm-1) following a T-jump from 59°C to
62.5°C. The bleaching signal arising from depletion of 3-sheet
C=0 was the largest overall signal in the static temperature-
difference IR spectra (15, 16). The raw time-dependent signal
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FIG. 2. Calculation of the time dependence of the temperature at
the center of a protein arising from an infinite array of point heat
transducers. Dye (CV) concentration was 9 x 1017 molecules per cm3.

from the protein solution (Fig. 3 Upper) exhibits an initial
change due to the change in D20 absorbance with temperature
that is discussed above. In addition to this background signal
there is a further bleach that is present only when there is
protein in the solution. Furthermore, this signal is absent if,
prior to the T-jump, the solution is more than 10°C below the
denaturation temperature. The amide I regions near 1666
cm-l which are anticipated to be associated mainly with
random coils, bends, a-helix and turns- exhibit similar kinetic
signals except that the slow component beyond 1 ns is an
increasing absorption signal, consistent with expectations from
the equilibrium difference IR spectra. This is unequivocal
evidence that these slower signals are due to changes in the IR
spectra of the protein. The raw kinetic data were adjusted to
remove the pure solvent contribution, which is accurately
known as demonstrated by the examples in Fig. 2, and the
corrected signals are shown in Fig. 3 Lower. The data are not
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FIG. 3. Time dependence of the absorbance change in the amide
I region of RNase A/D20 following a T-jump at t = 0. (Upper) Raw
data for response at 1630 cm-1 for a T-jump of 3.5 K (59°C to 62.5°C),
including the D20 background response. (Lower) Background-
corrected data for 1666 cm-' (-; T-jump from 59°C to 65°C) and 1630
cm-1 (0; T-jump from 59°C to 62.5°C). Dotted line is a compressed
exponential fit to +9.2 {1 - exp[-(t/3.8)4]} (for 1666 cm-1) or -17.1
{1 - exp[-(t/3.55)6]} (for 1630 cm-1).
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1The mean nearest-neighbor separation between randomly dispersed
particles at number density n is given by the equation 4irnf0exp
[-4i,mr3/3]r3dr = 0.554/nl/3 (see, for example, ref. 51).
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good enough to prove that there is a significant difference in
the kinetics of the 1666-cm-1 absorption increase and the
1630-cm-1 absorption decrease, but the indication of this is
evident (Fig. 3 Lower).

In another experiment, a delay of 3.5 ns was maintained
between T-jump and probe pulses and the IR probe was tuned
to selected wavelengths between 1600 and 1700 cm-1 in order
to generate the spectrum of the unfolding protein. The data as

shown in Fig. 4 were corrected for the known D20 background
response. Included in Fig. 4 is the difference in the equilibrium
IR spectra recorded at the same concentration used in the
time-resolved experiments. The spectrum taken at 3.5 ns and
the equilibrium difference spectrum, also in Fig. 4, do not show
any differences that are worthy of detailed discussion given the
signal/noise ratio of the experiment. Although a somewhat
broader positive band is seen near 1660 cm-1, further study of
these differences will have to await improvements in the
apparatus.
We carried out a separate experiment to determine more

accurately the fractional change in absorbance at 1632 cm-':
At a time delay of 5.5 ns the change in optical density was 3.7
± 0.5 mOD for a T-jump at 60°C of 5°C. This corresponds to
a 15 ± 2% change in protein absorbance.

Structural and Dynamical Features of the Ultrafast Un-
folding. According to previous studies using low angle x-ray

scattering and Fourier-transform IR spectroscopy (15), the
thermally denatured state of RNase A is considerably more

compact than expected for a Gaussian random coil and
contains residual secondary structure. Between 58°C and 66°C
the protein undergoes a transition from a native state that has
a crystal-like radius of gyration (RG) of 15 A to a denatured
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FIG. 4. Spectral response of RNase A/D20 at 3.5 ns after a

T-jump. (Upper) Raw data showing the absorbance difference mea-

sured; error bars indicate the uncertainty in the absorbance measure-

ment (vertical bar) as well as the uncertainty in the IR frequency
measurement (horizontal bar), determined by the bandpass of the
monochromator (±3.5 cm-'). Dotted line is the measured response of
the D20 for an equivalent T-jump with an error bar to indicate the
uncertainty associated with this measurement (C1). (Lower) Back-
ground-corrected spectra with raw data points within 2 cm-1 of each
other averaged together; the solid line through the points is meant as

a guide to the reader. The dashed line is the equilibrium static
difference spectrum in arbitrary units.

state with RG = 19.3 A, whereas the RG for a random coil
exceeds 41 A. Below 61°C the protein is folded and the (revers-
ible) transition to the unfolded but compact state is complete at
67°C. This compact, denatured, biologically inactive form has
residual secondary structure amounting to as much as 50-67% of
the,3-sheet found in the native forms (15, 16, 53, 54).
The different portions of the IR spectra in the amide I region

of RNase A have not been definitely assigned to particular
polypeptide structures (15, 16). However, the region 1620-
1640 cm-1, specifically the band centered at 1633 cm-1, is very
likely a signature of (3-sheet structure (15, 16). From 1640 to
1700 cm-1 the absorption can reasonably be assumed to consist
of overlapping contributions from a-helix, turns, bends, ran-

dom coils, and (3-sheets.
A main feature of our results is that the intensity of the IR

band associated mainly with the (3-sheet region shows ultrafast
changes in response to a T-jump that will ultimately convert the
stable form of RNase A into the compact thermally denatured
state. The difference between the spectra of the native and
thermally perturbed states at 3.5 ns after the T-jump resembles
closely the difference between the equilibrium states at 59°C
and 65°C. This suggests that 15% of the population of a

structure having amide I absorption similar to that of the
compact denatured state could be present after 5.5 ns. How-
ever, the kinetics are not characterized by a single exponential
response to the T-jump: there is a significant delay of -1 ns

before any change is detected. By 5.5 ns the change corre-

sponds to 15% of that obtained by equilibrium measurements
(15). This delay is unrelated to the dynamics of the tempera-
ture distribution. The fits to the kinetics in Fig. 3 Lower employ
compressed exponentials only as convenient representations
of the nonlinear response, whose functional form remains to be
determined. (Note that different constants were needed to fit
the 1630- and 1666-cm-' data.) There is clearly a reduction in
the (3-sheet IR absorption at 1630 cm-'. One interpretation of
these results at 1630 cm-1 is that the change in intensity of the
amide I absorption corresponds to a reduction in the amount
of secondary structure, mainly 13-sheet. Another is that the
,3-sheet, while remaining intact, has undergone structural
alterations that modify the IR intensity in the amide I region.
This partial dismantling or perturbation of the 3-sheet appears

to involve a cooperative response to the T-jump when observed
via the IR intensity of the amide I bands. The occurrence of
an induction period during which there is no detectable change
in the IR absorption suggests that critical intermediate con-

figurations need to be attained before the spectral changes can

occur. These configurations must have amide I absorptions
that are similar to the 13-sheet, and the 13-sheet structure must
become unstable or significantly perturbed once a sufficient
number of these configurations is achieved. We cannot tell
whether the observed change in the 13-sheet IR absorption
continues toward equilibrium as an exponential process on the
nanosecond time scale. In any event it is clear that the
alteration of the 3-sheets involves more than one kinetic step,

so that the generally accepted unfolding model for RNase A
(19, 55-57), in which a so-called fast unfolding kinetic com-

ponent (Uf) is reached in a single kinetic step, does not predict
our results. The kinetics we observe are quite different from
those reported in chemical mixing experiments that used
tyrosine absorption as a probe (14). In that work the first
changes detected were on the millisecond timescale. However,
as noted in ref. 14, the time change in the environment of an

aromatic chromophore is not a direct measure of all the actual
events of unfolding. We can say that significant changes are

occurring 6 orders of magnitude in time sooner than the
changes detected in the chemical mixing experiments.

It is unlikely that major changes in the dispositions of sheets,
helices, bends, and turns could have occurred within the 1-ns
time interval prior to the observed changes. The protein
undergoes a total increase inRG of only -29% on denaturation

T

I IT
, ,+ 4 --1~~~~~~~--------------------- -------a ----

-----------

----a-

-Ilt TT-
T

I

Chemistry: Phillips et at



Proc. Natl. Acad. Sci. USA 92 (1995)

(15). In order to break up the p3-sheet structure it is clearly
advantageous that hydrogen bonds be formed with the
13-strands, and water should be ideal for this purpose. Thus one
structural interpretation of the critical configurations is that
they arise from water molecules that seep into the normally
hydrophobic }3-sheet region as a result of small structural
changes and expansion of the protein induced by the T-jump,
and that these water molecules reach regions that facilitate
breaking the hydrogen bonds of the (3-sheet when appropriate
local distortions occur. Water molecules might alter the amide
I absorption without totally disrupting the (3-sheets. Heat
capacity measurements have indicated that in the unfolded
state of RNase A there is significant hydration of naturally
hydrophobic groups (58). The importance of water to the early
stages of protein unfolding was proposed recently as a result of
molecular dynamics simulations on the protein barnase (25).
This theoretical work demonstrates that at high temperatures
water molecules can diffuse into hydrophobic regions of
barnase (which, unlike RNase A, does not have disulfide
bonds) and dismantle the (3-sheet on a time scale of "70 ps.
This is considerably faster than the 1-ns delay observed in this
work with RNase A. With improvements in the frequency
range and signal/noise ratio of the technique introduced here,
it should be possible to investigate such intermediate hydro-
gen-bonded states directly.

We are greatly indebted to Professor Walter Englander for his
helpful comments on this research and Professor Ponzy Lu for valuable
suggestions regarding dye/protein binding. This research was sup-
ported by the National Institutes of Health and the National Science
Foundation and by the Laser Facility at the University of Pennsylvania
(a National Institutes of Health Regional Resource).
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