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Abstract

Time-resolved temperature-jump (T-jump) coupled with fluorescence and infrared (IR) 

spectroscopy is a powerful technique for monitoring protein dynamics. Although IR spectroscopy 

of the polypeptide amide I mode is more technically challenging, it offers complementary 

information because it directly probes changes in the protein backbone, whereas, fluorescence 

spectroscopy is sensitive to the environment of specific side chains. With the advent of widely 

tunable quantum cascade lasers (QCL) it is possible to efficiently probe multiple IR frequencies 

with high sensitivity and reproducibility. Here we describe a dual time-resolved T-jump 

fluorescence and IR spectrometer and its application to study protein folding dynamics. A Q-

switched Ho:YAG laser provides the T-jump source for both time-resolved IR and fluorescence 

spectroscopy, which are probed by a QCL and Ti:Sapphire laser, respectively. The Ho:YAG laser 

simultaneously pumps the time-resolved IR and fluorescence spectrometers. The instrument has 

high sensitivity, with an IR absorbance detection limit of less than 0.2 mOD and a fluorescence 

sensitivity of 2% of the overall fluorescence intensity. Using a computer controlled QCL to rapidly 

tune the IR frequency it is possible to create a T-jump induced difference spectrum from 50 ns to 

0.5 ms. This study demonstrates the power of the dual time-resolved T-jump fluorescence and IR 

spectroscopy to resolve complex folding mechanisms by complementary IR absorbance and 

fluorescence measurements of protein dynamics.
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1. Introduction

The three-dimensional structure of proteins is not static; flexibility is necessary in order for 

proteins to function properly. Many methods have been developed to study the functional 

dynamics of proteins, but are limited in their ability to monitor fast dynamics with structural 

specificity. Experimental techniques such as X-ray crystallography, nuclear magnetic 

resonance and cryogenic electron microscopy can detect equilibrium fluctuations in protein 

structures with high structural resolution, but these populations are stochastic and such 

methods do not usually provide dynamics of the structural fluctuations.1 Even single-

molecule and stopped-flow methods, which have millisecond resolution at the cost of 

reduced structural resolution, are too slow to capture important dynamics.2,3 Submillisecond 

resolution is necessary to monitor important protein processes including early events in 

protein folding, fast folding/unfolding of secondary structures, or fast unfolding for 

degradation and regulation.4,5 Photo-triggers can access faster times, but cannot be generally 

applied to all proteins.6 Laser-induced T-jump has arisen as a powerful method for 

investigating fast protein dynamics.7 The free energy of a protein in solution depends on 

many factors including temperature, pressure, pH, and other solvent conditions. 

Manipulating one of these factors, temperature in the case of T-jump, changes the relative 

free energies of multiple alternative structural states, resulting in a new equilibrium 

distribution among these states. A spectroscopic probe monitors the system as it relaxes to 

the new equilibrium under the new conditions. Fluorescence is one of the most convenient T-

jump probes, because it requires a relatively small amount of material (μM), has a high 

signal-to-noise ratio and the intrinsic fluorophore tryptophan (Trp) is sensitive to 

environmental changes. The structural specificity of fluorescence spectroscopy depends on 

the location of the side chain reporter, which may report on local or global structure, or both. 

IR spectroscopy of the amide I mode is a complementary method that offers improved 
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structural resolution. It directly probes changes in the protein backbone, and different 

vibrational modes can be assigned to specific secondary structural elements.

With the advent of the widely tunable quantum cascade laser (QCL) operating in the mid-IR 

it is possible to efficiently probe multiple frequencies in order to monitor dynamics of 

multiple protein secondary structure elements. Before the availability of QCL sources, 

continuous wave lead salt diode lasers that were partially tunable across the amide I′ 
spectral region were used to obtain time-resolved T-jump IR transients.8 QCLs offer several 

advantages over diode lasers that make it possible to probe the temporal response as a 

systematic function of the probe wavelength. Because commercially available lead salt diode 

lasers do not possess an external cavity and thus no tuning element, they can only be tuned 

by varying the temperature and current. As a result these lasers exhibit nonlinear tuning, 

mode-hopping and the tuning parameters change over time. The QCL by contrast has an 

external cavity and dispersive tuning element that can be computer controlled in a linear and 

reproducible manner, yielding finer, more rapid and reproducible control of the output 

wavelength. QCLs also have a broader tuning range, usually between 100–200 cm−1. QCLs 

have improved amplitude stability, they are less prone to mode-hopping and they are less 

sensitive to temperature variations.12 QCLs have higher output power than diode lasers, 

which eases alignment and improves measurement sensitivity.13 The QCL beam diverges 

much less than diode lasers, and the high power allows the use of liquid crystal paper as a 

heat sensor to locate, focus and align the beam. The higher power also enables transmission 

through more optically dense samples, which in turn improves signal levels because higher 

sample concentrations and longer path lengths are accessible. Finally, the ability to measure 

multi-wavelength IR absorbance kinetics using the QCL allows us to sort complex, multi-

step reactions.

T-jump has been coupled to broadband mid-IR methods, for example step-scan FTIR and 

2DIR.9,10 The advantage of broadband IR methods over single wavelength methods is that 

the entire spectral region of interest is collected simultaneously at a specific time following 

pump laser excitation, but the associated challenge is that acquisition of broadband data is 

relatively slow. In order to speed measurements, step-scan probed T-jump measurements are 

collected at a relatively low spectral resolution, typically 4–8 cm−1 compared to 0.0007 

cm−1 accessible by QCL lasers.9 High spectral resolution is desirable to detect changes in 

different populations; for example there is less than 5 cm−1 difference between the frequency 

for single and double stranded β-sheets.11 2DIR spectra are often only collected at select 

time points during broadband 2DIR measurements, and other nonlinear methods are used to 

collect the kinetic measurements. 2DIR measurements have several additional inherent 

technical difficulties including synchronization of the nanosecond T-jump laser and the 

femtosecond laser system, decreased signal-to-noise ratio from low repetition rate data 

acquisition and maintaining optical alignment as changes in index of refraction are induced 

by the T-jump.10

Here we have developed a dual T-jump apparatus that is capable of simultaneously pumping 

transient fluorescence and IR spectroscopy experiments from a single source (Figure 1). 

Eigen and Hammes pioneered the T-jump technique based on a rapid capacitance discharge 

to heat a solution held between capacitor plates.14 However, the temporal resolution of this 
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approach was limited to the microsecond timescale by the slow capacitive discharge and 

optical access to the solution was not possible. These limitations were alleviated by the use 

of a Q-switched laser characterized by its short pulse to optically heat the solution, with a T-

jump response on the order of nanoseconds.15 Typically the T-jump is achieved using a 10 

Hz pulsed Q-switched Nd:YAG laser, which has a fundamental output wavelength at 1.064 

μm. In order to achieve effective heating this fundamental wavelength must be shifted to 

match a vibrational absorbance of the solvent. D2O is chosen as the solvent for IR 

spectroscopy of the protein amide I′ band, because its background absorbance is much 

lower in this spectral region compared to H2O. The broad D2O overtone absorption at 1.9 

μm is selected for optical heating with a short laser pulse to produce the T-jump. Frequency 

shifting is often accomplished using a Raman shifter with one Stokes shift in 200 psi H2 

gas.16 Recently, we and others have demonstrated that a Q-switched Ho:YAG laser, which 

has a fundamental output wavelength at 2.09 μm, can be used as an IR T-jump source.17,18 

The advantages of the Ho:YAG laser over the more widely used Nd:YAG laser/Raman 

shifter are its stability, beam quality and safety. There are non-linear processes in Raman 

shifting that result in shot-to-shot fluctuations of the pump pulse of ~15%.8,15 Furthermore, 

the Raman shifter output has hot spots and is nonuniform due to the nonlinearity of the 

process and instability of the gas medium. By eliminating the Raman shifter in the Ho:YAG 

apparatus this variability decreases. The output mode of the Ho:YAG is a Gaussian TEM 00 

mode, which produces a stable and uniform heated volume. The T-jump is stabilized by 

minimizing shot-to-shot fluctuations in the T-jump magnitude and giving a more defined 

final temperature. Eliminating the Nd:YAG fundamental also improves safety because 1.064 

μm is easily focused on the retina whereas the 2.09 μm Ho:YAG is strongly absorbed by 

water and less likely to reach the retina.19 Our dual T-jump approach uses a commercially 

available 50 Hz Q-switched Ho:YAG laser, which is pulse picked to provide a pump source 

for both time-resolved IR and fluorescence measurements. The advantage of this 

arrangement is that two independent experiments can be run simultaneously, eliminating the 

cost of time-sharing between the time-resolved infrared and fluorescence spectroscopy 

experiments or purchasing a second pump laser. In principle, it is possible with this 

instrument to obtain time-resolved fluorescence and infrared spectra simultaneously on the 

same sample. In practice, however, the concentration ranges that are optimal for time-

resolved infrared (mM) and fluorescence (μM) spectroscopy differ by 3 orders of magnitude, 

hence using the same concentration for both would sacrifice sensitivity of one of the probes.

Here we have demonstrated the versatility of the dual T-jump spectrometer in the context of 

the well studied FBP28-N,Q WW Domain.20 The present study extended previous work on 

FBP28-N,Q by measuring the folding relaxation kinetics with both fluorescence and infrared 

probes. We also obtained transient difference infrared spectra (defined as ΔA = At − A0, 

where At is the absorption at the final temperature at time t and A0 is the absorption at the 

initial temperature at time zero) spanning the complete amide I′ region for the first time. 

Because the mid-IR frequency of the QCL can be rapidly tuned by a computer controlled 

tuning element, it was possible to create a T-jump induced difference spectrum at any time 

from 50 ns to 0.5 ms. The tunable mid-IR QCL was used to collect T-jump transients at 1 

cm−1 resolution across the amide I′ region. A transient difference spectrum was constructed 

from these data by plotting the ΔA versus frequency at a specific time of interest. The 
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dynamics of specific secondary structure elements, β-sheets, turns, disordered structure, 

were independently probed by collecting transients at the frequency assigned to each 

component in the amide I′ region. As expected from previous work, we found that the turns 

form prior to the β-sheets of the WW domain.20–23 Temperature dependent data were used 

to determine differences in the barriers to folding of the β-sheets and turns. Formation of the 

β-sheets was found to be rate limiting and to have a relatively higher barrier to folding. 

Time-resolved fluorescence transients from the dual T-jump instrument provided a 

complementary view of the relaxation dynamics. The dynamics of the WW Domain Trps, 

located in the β-sheets, confirm assignments made by time-resolved IR spectroscopy.

These results demonstrate the power of the dual T-jump to combine IR and fluorescence 

probes to analyze complex dynamics. The Ho:YAG laser simultaneously pumps the IR and 

fluorescence T-jump with an IR sensitivity of 0.2 mOD and a fluorescence sensitivity of 2% 

change in fluorescence intensity. Transients are generated at IR frequencies corresponding to 

different secondary structures, which is useful for determining the folding mechanism. 

Fluorescence measurements complement IR measurements and aid in interpretation of 

complex IR results. Finally, this study demonstrates that the dual time-resolved fluorescence 

and IR T-jump instrument offers improved sensitivity and versatility over past T-jump 

methods.

2. Materials and Methods

2.1 Time Resolved T-jump Relaxation Measurements

The principle of the time-resolved T-jump infrared and fluorescence method has been 

described previously, the major difference here being the source of the heating pulse and the 

ability to pump both fluorescence and IR experiments simultaneously.16,25 Pulsed laser 

excitation is used to rapidly perturb the folding equilibrium on a timescale faster than the 

molecular dynamics of interest. An actively Q-switched Tm:fiber-pumped Ho:YAG laser 

(IPG Photonics Corp., Oxford, MA), operated at 50 Hz produces a 7 mJ, 10 ns pulse at 2.09 

μm that is the T-jump pump source for both time-resolved IR and fluorescence spectroscopy. 

A home built pulse picker (Gooch & Housego acousto-optic modulator and RF driver, 

Orlando, FL) directs the pulse and reduces the repetition rate to the optimum level, typically 

12.5 or 25 Hz to allow complete cooling between heating pulses.

The T-jump cell consists of two CaF2 windows stacked and separated by a 100 μm Teflon 

spacer split into two compartments, one for the sample and the other for the reference. Using 

this design, reference data can be collected under nearly identical conditions as the sample 

data. The same cells are used for equilibrium FTIR and T-jump experiments. The reference 

is comprised of a solution of 20 mM potassium phosphate buffer at pD* 7.0 (pD refers to 

uncorrected pH meter reading) in D2O, the same conditions as the sample solution but 

without protein. Absorbance changes of the reference solution are due only to changes in 

D2O buffer absorbance, which is used as an internal thermometer.16 The magnitude of the T-

jump is calculated using the change in reference absorbance with temperature. The protein 

relaxation signal can be extracted by subtracting the change in absorbance of the reference 

from the sample in response to the T-jump. The initial temperature is maintained by contact 

with the sample stage, which is temperature controlled by a recirculating water bath.
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The change in signal induced by the T-jump is probed in real time by an IR laser with a 

frequency in the amide I′ spectral region, or in the case of fluorescence, a frequency tripled 

Ti:Sapphire laser at 285 nm to excite Trp. The broadly tunable fluorescence excitation 

source provides versatility for complementary fluorescence probes including Trp and 

NADH.24 The mid-IR probe beam is generated by a continuous wave QCL (Daylight 

Solutions Inc., San Diego, CA) with a tunable output range of 1570–1730 cm−1. A QCL 

with a different tuning range can be easily swapped into the instrument, providing near 

continuous coverage of the amide and CO/CN/CD regions from 1000–2250 cm−1. The 

transient transmission of the IR probe beam through the sample is measured using a fast, 

100 MHz, photovoltaic MCT IR detector/preamplifier (Kolmar Technologies, Newburyport, 

MA). Transient signals are digitized and signal averaged (1000 shots) using a Wavesurfer 

62Xs-B oscilloscope (Teledyne LeCroy, Chestnut Ridge, NY). Data collection is managed 

by an in-house routine using the LabVIEW computer program (National Instruments, 

Austin, TX).

Trp fluorescence is excited at 285 nm and collected from 320–370 nm. A Verdi V22 DPSS 

High-Power continuous wave laser (Coherent, Santa Clara, CA) is used to pump a Mira 900 

Ti:Saph laser (Coherent, Santa Clara, CA) which produces a quasi-continuous beam at 845 

nm. The beam is then passed through a second and third harmonic generator (Coherent, 

Santa Clara, CA) to produce the fluorescence probe beam at 285 nm. The back-emitted 

fluorescence light induced by the 285 nm laser is detected using a Hamamatsu R7518 

photomultiplier tube (PMT, Hamamatsu Photonics K.K., Hamamatsu City, Japan), digitized 

and signal averaged (5000 shots) using a Wavesurfer 62Xs-B oscilloscope (Teledyne 

LeCroy, Chestnut Ridge, NY). The shortest possible time response of the T-jump experiment 

is given by the width of the heating pulse (10 ns), which is the same for both the infrared and 

fluorescence experiments (Figure 2). The observed response time of the fluorescence 

instrument varies, however, depending on the size of the terminating resistance on the PMT 

detector. The signal voltage level (and S/N of the measurement) is increased by using a 

larger terminating resistance (Ohm’s law); however, this increase in resistance also increases 

the RC time constant and the response of the system is slowed (τ = 0.5 RC). Our 

experiments were conducted using terminating resistors of 10,630 Ω, 500 Ω or 200 Ω, which 

gave response times of 4 μs, 0.5 μs and 200 ns, respectively. A 400 μM Trp solution in D2O 

is used as a reference to measure the magnitude of the T-jump and to determine the 

temperature dependence of the Trp signal. Instrument control and data collection are 

controlled using a LabVIEW computer program (National Instruments, Austin, TX).

2.2 Protein Synthesis and Purification

FBP28-N,Q was synthesized via standard 9-fluorenylmethyloxycarbonyl (Fmoc) based 

solid-phase chemistry on a Liberty1 microwave peptide synthesizer (CEM, Matthews, 

NC).20 Fmoc-PAL-PS resin (Applied Bio-systems, Foster City, CA) was used to form a 

peptide amide. The peptide was purified by reverse-phase chromatography (C18 column) 

using a water/acetonitrile gradient with 0.1% trifluoroacetic acid (TFA) as the counter ion. 

TFA interferes in the Amide-I IR measurements at 1672 cm−1, so we remove it by anion 

exchange. The peptide was lyophilized and dissolved in a 2 mM HCl solution to allow 

exchange of the TFA counter-ion for chloride.26 The identity of the peptide was confirmed 
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by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. The peptide 

was dissolved in D2O to allow deuterium hydrogen exchange of the amide protons. The 

peptide was lyophilized a second time and re-suspended in D2O buffer with 20 mM 

potassium phosphate buffer at pD* 7.0. Sample concentrations of 0.5–2.0 mM were 

prepared for both IR and fluorescence experiments.

2.3 FTIR Spectroscopy

The equilibrium melting behavior was monitored on a Varian Excalibur 3100 FTIR 

spectrometer (Varian Inc., Palo Alto, USA) using a temperature controlled IR cell. No 

aggregation was observed in the amide I′ at the reported concentrations. The IR spectrum is 

highly sensitive to protein aggregation because the amide I′ band of an aggregated protein is 

dominated by an intense, sharp band at ~1620 cm−1 and a coupled peak that is also sharp but 

not as intense at ~1680 cm−1, due to dipolar coupling of the C=O groups in protein 

aggregates.27 Furthermore, the T-jump experiments are also very sensitive to aggregation, 

because protein aggregates serve as nucleation sites for cavitation, leading to large cavitation 

artifacts in the IR transients, which were not observed in our experiments. The absorbance 

spectra are constructed by subtracting the spectrum of reference buffer solution without 

protein from sample solution with protein. The temperature-dependent difference spectrum 

was then generated by subtracting the spectrum with a temperature corresponding to the 

initial T-jump temperature from the spectrum with a temperature corresponding to the final 

T-jump temperature.

2.4 Analysis of Kinetics Data

The peptide relaxation kinetics must be deconvolved from the observed kinetics. Accurate 

deconvolution is possible as the instrument response is determined from the reference 

measurement under the exact conditions of the sample measurements. In order to minimize 

detector artifacts, the reference is scaled prior to subtraction from the sample. The decay 

function is an exponential decay with the formula:

(1)

where A0 is an offset, n is the number of exponentials to fit, An is a preexponential factor, τn 

is the relaxation lifetime of the sample and x0 is the time offset. In order to best fit the data, 

the minimum number of exponentials with unique relaxation lifetimes was selected. IR data 

are fit over the interval from 90 ns to 0.4 ms, with the endpoint an order of magnitude 

greater than the lifetime of the slowest exponential. Fluorescence data are fit from 5 μs to 0.4 

ms, an order of magnitude in time before and after the observed exponential lifetime. The 

data analysis was performed in IGOR PRO (WaveMetrics, Lake Oswego, OR).

3. Results and Discussion

3.1 Determination of Instrument Sensitivity

The signal-to-noise (S/N) ratio of the IR and fluorescence T-jump was determined by 

comparing the difference between two reference transients. The transient absorbance 
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dynamics of 20 mM potassium phosphate buffer pD 7 at 1619 cm−1, in the amide I region, 

was induced by T-jump and signal averaged for 1000 shots. The difference was generated by 

subtracting the two reference transients (Figure 2A). The fluctuation of the difference 

between the two transients is ±0.2 mOD, giving a noise level on the order of 10−4 ΔOD. The 

minimum detection signal level under these conditions would be 0.2 ΔmOD giving a S/N 

ratio of ~1. This is consistent with the S/N ratio of previous time-resolved T-jump IR 

spectrometers both in our lab and reported by others.18,28 Equilibrium data can be used to 

determine the anticipated change in IR absorbance between two temperatures. Smaller 

signals can be detected by additional signal averaging, with a practical limit near 0.5×10−5 

ΔOD.

The same method was used to determine the S/N ratio of the fluorescence T-jump. 

Fluorescence kinetics of 400 μM Trp in 20 mM potassium phosphate buffer pD 7 were 

excited at 285 nm and monitored at 350 nm using a 200 Ω resistor. The 200 Ω resistor 

provides the maximum time resolution with the least signal amplification. For a given 

number of shots the Johnson-Nyquist noise is the same regardless of the resistor, so the 200 

Ω resistor provides the worst detection sensitivity of the available resistors. The signal was 

averaged for 5000 shots and the percent fluorescence was calculated as the change in 

fluorescence signal induced by the T-jump divided by the total observed fluorescence signal 

pre-jump. The difference was generated by subtracting two reference transients (Figure 2B). 

The fluctuation of the difference between the two transients is ±2 %. The number of shots 

can be optimized based on the anticipated change in fluorescence intensity determined from 

equilibrium fluorescence experiments. The detection limit can also be improved by selection 

of a larger resistor. The slight drift in the baseline arises from differences in saturation of the 

photomultiplier tube at long time. In summary, both the time-resolved T-jump fluorescence 

and IR spectrometers offer high sensitivity and reproducibility.

A computer controlled tuning element provides a fast and highly reproducible method for 

tuning the probe frequency across the available range of a specific QCL. The percent 

transmittance of the QCL through a pinhole was measured to determine the reproducibility 

of the probe beam alignment across the frequency tuning range of the QCL (Figure 3). The 

QCL signal was chopped and signal averaged to determine the total signal and recorded in 1 

cm−1 steps across the available range. Without modifying the beam alignment, a 100 μm 

pinhole was placed in the path of the beam and the signal transmitted through the pinhole 

was measured at each frequency using the same method. The average percent transmittance 

through the pinhole was 84 ± 4 %, with 92% of the frequencies falling in this range. The 

small variance of the transmittance through the 100 μm pinhole indicates that the alignment 

and focus of the probe laser does not change as the probe frequency is tuned. Most of the 

frequencies that do not fall within this range are near a water vapor line (Figure 3). At these 

frequencies, slight differences in probe frequency (0.01 cm−1) can make a large difference in 

the signal level between measurements due to differences in background absorbance of the 

very narrow atmospheric water vapor lines.
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3.2 T-jump Relaxation Kinetics

With the dual T-jump it is possible to simultaneously monitor the probe dependent relaxation 

kinetics by IR and fluorescence spectroscopy. To test the ability of the dual T-jump to 

measure the relaxation kinetics of protein folding/unfolding transitions, a well studied 

protein, FBP28-N,Q WW Domain, was selected as a model system.20 The complementary 

IR and fluorescence probes of the dual T-jump system are essential to sort out the complex 

folding mechanism of this WW domain.

Using the QCL it is possible to construct the time-dependent IR absorbance in the amide I′ 
region with a frequency resolution of 1 cm−1 or better. Figure 4A displays a 3D image of the 

frequency dependent relaxation kinetics of FBP28-N,Q following jumps from 15 to 30 °C. 

The x and y axes are frequency and time, respectively, and the third dimension is the change 

in absorbance (ΔA), represented by a color scale. From this 3-D landscape it is possible to 

make some preliminary assessments about the system. There are two main times of interest, 

a fast event around 10−7 s and a slow event between 10−5–10−3 s. Because there are multiple 

times where changes in absorbance occur, this suggests that FBP28-N,Q folding cannot be 

explained by a simple two-state model. There are three regions of interest in the amide I′ 
absorption band, negative difference regions between 1625–1650 cm−1 and at 1680 cm−1 

and a positive difference region around 1660 cm−1. It is possible to expand on these 

observations by taking a slice across a specific time or frequency of interest.

The T-jump induced transient IR absorbance spectra, obtained by plotting the IR absorbance 

at 50 ns, 70 μs and 400 μs after the laser pulse, are shown in Figure 4C. The transient IR 

spectra are compared to the equivalent equilibrium FTIR difference spectrum (Figure 4D) 

generated by subtracting the FTIR spectrum at 15 °C from the spectrum at 30 °C. Negative 

peaks in the FTIR difference spectrum correspond to specific structures or interactions 

present in the folded state, and positive peaks correspond to new interactions with solvent in 

the unfolded state. Analysis of the equilibrium difference spectra reveals four main 

components of the amide I′ band centered at ~1619, 1634, 1660 and 1680 cm−1. These 

peaks have previously been observed in other WW domains.20,29,30 The peaks in the 

transient difference spectra are sharper, slightly shifted in frequency and have intensities that 

change with time, but generally agree with the peaks identified in the equilibrium difference 

spectra. Improved resolution of IR bands by time-resolved T-jump IR spectroscopy over 

equilibrium FTIR has been reported for a similar T-jump apparatus.18 The likely explanation 

for this and for the slightly shifted maxima is that there is a slower phase (>0.5 ms) 

associated with the broad peak at 1660 cm−1 that is not captured by the transients at early 

time points. In particular the peak at 1680 cm−1, arising from out-of-phase coupling of 

carbonyls in the β-sheets, is relatively weak in the FTIR data but strong in the kinetic IR 

data. In the equilibrium data, this peak appears as a small negative peak on top of the broad 

positive peak characteristic of disordered polypeptides (Figure 4D).8,31,32 When the 

disordered peak is present it masks the smaller peak. This observation supports our 

assessment that the slow phase associated with the disordered peak has not been captured by 

the transients at these early times. The reason for this is that the laser induced T-jump 

persists for a few ms, then the solution cools back to the initial temperature. Therefore any 

events that occur more slowly (>1 ms) are not captured by this method. In summary, using 
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the QCL probe, the dual T-jump is capable of monitoring changes in the IR difference 

spectra with time from 10−7 to 10−2 s.

Wavelength dependent measurements reveal differences in the dynamics of specific 

secondary structure elements. The transient kinetics acquired at 1619 cm−1, 1634 cm−1 and 

1660 cm−1, assigned to the WW-Domain turn, β-sheets and disordered structure, 

respectively, are shown in Figure 4B.20,30,33,34 The slow (ms) return of the signal to the 

initial baseline, which is observed for all transients in Figure 4B, corresponds to re-cooling 

of the sample to the initial temperature. The heated region cools down by thermal 

conduction, on a timescale proportional to the square of its diameter. For a typical heated 

region the size of our pinhole, 100 μm, cooling is gradual and would take ~10 ms. Therefore, 

it is not possible to study fast re-folding dynamics during this cooling process. The apparent 

difference in the cooling between the 1634 cm−1 probe compared to the other two 

frequencies is caused by instrumental noise, a mismatch in low-frequency oscillations 

between the sample and reference caused by laser fluctuations and mechanical vibrations. 

Another example of this type of artifact is a small hiccup in the transient collected at 1660 

cm−1 between 10−3 and 10−2 s. As observed in previous experiments the folding kinetics are 

multi-exponential, and can be fit by a triple exponential (Equation 1) with a fast 100’s of ns 

phase, a μs phase and a slower ~100 μs phase.20 The peak at 1619 cm−1 appears as a 

shoulder on the 1634 cm−1 peak in the difference spectra (Figure 4D). Probes at either 1619 

or 1634 cm−1 are sensitive to dynamics associated with both locations because these peaks 

overlap one another.

It is also likely that the spectral responses are coupled such that formation of one structure 

affects the others. Differences in the intensity of each of the phases for the probed frequency 

reveal differences in the local folding of the turn and sheets. In Figure 4B, the amplitude of 

the ΔA of the fast 100 ns phase is the same for the 1619 and 1634 cm−1 probe, but the 

overall ΔA of the 1634 cm−1 is twice that of the 1619 cm−1 probe. There is a higher 

percentage of the overall intensity change in the fast 100 ns phase of the 1619 cm−1 probe, 

so the fast phase can be assigned to the turn. There is a higher percentage of the overall 

intensity change in the slow 100 μs phase of the 1634 cm−1 probe, so the 100 μs phase can 

be assigned to formation of hydrogen bonds in the β-sheet. The intermediate 10 μs phase is 

thought to arise from development of the cross-strand interactions of hairpin 1 to form the 

first half of the WW Domain. While this assignment cannot be made from the presented data 

alone, we have conducted two previous IR spectroscopy studies that confirm this 

assignment. In the first study the relative stability of the two hairpins was perturbed, 

resulting in characteristic IR peaks that could be assigned to each of the two hairpins.29 In 

the other, an aspartic acid side chain found in the turn of the first hairpin was monitored and 

found to change conformation on the same timescale as the intermediate phase.35 These 

studies have provided evidence that the intermediate phase arises from formation of the β-

sheet of the first hairpin. These assignments support a model where the turns form prior to 

the β-sheets, which has been predicted from previous studies.20–23 The kinetics at 1660 

cm−1 corresponds to formation of the disordered polypeptide upon unfolding, and cannot be 

assigned to a specific local structure. However, the kinetics measured at this frequency is a 

useful control, as it should reflect changes on similar time-scales to those recorded for the 
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other frequencies. In summary, varying the dual T-jump QCL probe frequency can be used 

to reveal subtle differences in the protein folding mechanism.

The dual T-jump can also determine the dependence of the relaxation rates on the final 

temperature following the T-jump (Figure 5A). In these experiments the magnitude of the T-

jumps was kept constant while varying the final temperature, with all final temperatures 

below the melting transition. The observed kinetic rates are dominated by the folding rate. 

Figure 5A displays the relaxation kinetics probed by IR spectroscopy of the peptide 

following 15 °C jumps with final temperatures between 30 and 45 °C. The T-jump is 

monitored at 1626 cm−1, the average of 1619 and 1634 cm−1, as a representative frequency 

of the structured amide I′ region. The same three phases evident in the 1619 and 1634 cm−1 

transients (Figure 4A) are present at all temperatures in the 1626 cm−1 transients. As the 

final temperatures becomes closer to the Tm, 52 °C, the magnitude of the ΔA increases.20 

The kinetics of the fast phase is relatively temperature independent with a similar intensity 

and relaxation lifetime regardless of temperature probed. This suggests that formation of the 

turn, assigned to the fast phase, requires little or no activation energy. The kinetics of the 

slow phase is highly temperature dependent, increasing in intensity and speeding up from 

100’s to 10’s of μs. Formation of the β-sheets, the slow step, is the rate-limiting step and has 

a relatively higher activation barrier. Temperature dependent measurements can be used to 

further expand our understanding of protein folding by providing information about the 

activation energies of each of the folding steps identified by frequency dependent 

measurements.

Complementary dual T-jump experiments can be probed by time-resolved fluorescence 

simultaneously to IR absorbance measurements (Figure 5B). There are two Trps in FBP28-

N,Q, one located on the outside of each β-sheet, so Trp fluorescence intensity is sensitive to 

changes in the environment of the β-sheets of the WW-domain. Unlike the IR absorbance 

measurements, which are sensitive to the peptide backbone, fluorescence measurements 

monitor packing of the Trp side chains into the hydrophobic core. Therefore, one advantage 

of the fluorescence measurements is that the kinetics is dominated by a single molecular 

process, the formation of the hydrophobic core. Because of this each transient can be fit to a 

single exponential (Equation 1).20 The fits of the fluorescence transients correspond to the 

slowest IR probed relaxation lifetime, supporting assignment of this kinetic phase to 

formation of the β-sheets. IR absorbance measurements offer a level of detail not available 

from the fluorescence experiments. Fluorescence measurements can be used to interpret IR 

absorbance measurements. Dual T-jump allows simultaneous collection of complementary 

time-resolved IR and fluorescence spectroscopy, which can be used to determine detailed 

mechanisms of protein folding.

4. Conclusions

We have developed a dual T-jump apparatus with a Ho:YAG laser as the pump source for 

simultaneous time-resolved laser-induced T-jump fluorescence and IR spectroscopy. The 

time-resolved T-jump IR spectroscopy has a sensitivity of 10−4 mOD and the fluorescence 

spectroscopy has a sensitivity of 2% of the total fluorescence signal. A QCL offers a highly 

flexible and reproducible IR probe source. As an example of the power of this technique we 
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have characterized the folding mechanism of the well studied protein, FBP28-N,Q WW 

domain. Using the dual T-jump it is possible to create an IR difference spectrum at any time 

of interest within 0.5 ms. Transients at frequencies corresponding to different secondary 

structures can be used to determine the folding mechanism. Fluorescence measurements 

complement IR absorbance measurements and can aid interpretation of complex IR 

absorbance results. Temperature dependent data can be used to determine the energy barriers 

associated with each phase. The high sensitivity of the dual T-jump to both fluorescence and 

IR absorbance measurements will be useful for determining protein-folding mechanisms.
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Highlights

• Dual time-resolved T-jump spectrometer simultaneously measures infrared 

and fluorescence transients with high sensitivity.

• Quantum cascade laser (QCL) infrared probe enables rapid acquisition of 

complete time-resolved IR spectrum with high temporal and spectral 

resolution.

• Complementary IR and fluorescence spectroscopic probes simplify 

assignment of complex kinetics observed in protein folding reactions.
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Figure 1. 
Schematic of the dual time-resolved T-jump fluorescence and IR spectrometer. An AOM 

pulse picker reduces the repetition rate of the 50 Hz pulsed Q-switched Ho:YAG laser and 

produces the 2.09 μm pump radiation that is the source for both the IR and fluorescence T-

jump. By using multiple quantum cascade lasers, the total frequency range spanned by the 

IR system is 1000–2250 cm−1. Fluorescence is excited using a mode-locked, frequency 

tripled Ti:Sapphire laser and emission is collected with a photomultiplier tube and an 

appropriate band pass filter.
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Figure 2. 
Difference between two signal averaged D2O reference transients. (A) Difference IR 

absorbance transient of 20 mM potassium phosphate buffer (pD 7) detected at 1619 cm−1 

with a 1000 shot average. (B) Difference fluorescence transient of 400 μM Trp in 20 mM 

potassium phosphate buffer (pD 7) excited at 285 nm and monitored at 350 nm using a 200 

Ω resistor and a 5000 shot average.
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Figure 3. 
Percent transmittance of the QCL probe beam through a 100 μM pinhole as a function of 

probe frequency. Error bars represent the standard deviation of three trials. Red lines 

represent one standard deviation from the average percent transmission through the pinhole. 

The FTIR absorbance spectrum of water vapor is overlaid for comparison (blue line, 

spectrum scaled for best comparison with QCL transmittance spectrum).
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Figure 4. 
(A) Wavelength dependent time-resolved T-jump IR spectroscopy of FBP28-N,Q monitored 

in the amide I′ spectral region following a T-jump from 15 to 30 °C. Individual T-jump 

transients were collected at 1 cm−1 resolution from 1550 to 1690 cm−1. The change in 

absorbance (mOD) is indicated by the color. (B) Representative IR relaxation kinetics 

monitored at 1619, 1634 and 1660 cm−1. (C) T-jump induced difference absorbance 

spectrum of FBP28-N,Q recorded at 50 ns, 70 μs and 400 μs after the pump laser. (D) 

Equilibrium difference spectra obtained by subtracting the equilibrium FTIR spectrum at 

15 °C from the spectrum at 30 °C.
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Figure 5. 
Representative IR absorbance (A) and fluorescence (B) relaxation kinetics of FBP28-N,Q 

following T-jumps to the listed final temperatures. IR absorbance relaxation kinetics were 

monitored in the amide I′ spectral region at 1626 cm−1 following a 15 °C T-jump. 

Fluorescence relaxation kinetics were excited at 285 nm and monitored at 350 nm following 

a 10 °C T-jump. Differences in fluorescence response times are due to resistor selection. 

Data at 30 and 40 °C were collected using a 10,630 Ω resistor and data at 50 °C were 

collected using a 500 Ω resistor. A triple exponential fit is overlaid on the IR absorbance 

transients and a single exponential fit is overlaid on the fluorescence transients (Equation 1).
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