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ABSTRACT The infrared (IR) absorption of the amide I band for the loop structure may overlap with that of the a-helices,
which can lead to themisassignment of the protein secondary structures. A resolution-enhanced Fourier transform infrared (FTIR)
spectroscopic method and temperature-jump (T-jump) time-resolved IR absorbance difference spectra were used to identify one
specific loop absorption from the helical IR absorption bands of horse heart cytochrome c in D2O at a pD around 7.0. This small
loop consists of residues 70–85 with Met-80 binding to the heme Fe(III). The FTIR spectra in amide I9 region indicate that the
loop and the helical absorption bands overlap at 1653 cm�1 at room temperature. Thermal titration of the amide I9 intensity at
1653 cm�1 reveals that a transition in loop structural change occurs at lower temperature (Tm ¼ 45�C), well before the global
unfolding of the secondary structure (Tm � 82�C). This loop structural change is assigned as being triggered by the Met-80
deligation from the heme Fe(III). T-jump time-resolved IR absorbance difference spectra reveal that a T-jump from 25�C to 35�C
breaks the Fe-S bond between the Met-80 and the iron reversibly, which leads to a loop (1653 cm�1, overlap with the helical
absorption) to random coil (1645 cm�1) transition. The observed unfolding rate constant interpreted as the intrachain diffusion rate
for this 16 residue loop was ;3.6 3 106 s�1.

INTRODUCTION

The amide I infrared (IR) absorbance, originatingmainly from

the amide C¼O stretch vibrations of the peptide backbone

(1–3), is an established indicator of the secondary and tertiary

structures of proteins because of its sensitivity to hydrogen

bonding, dipole-dipole interactions, and geometry of the

peptide backbone (2,4,5). This broad multicomponent band

contains contributions from the entire polypeptide backbone

(a-helix, b-sheets, loops, and random coils, etc.). However

the overall amide I absorption band is rather featureless, and

different spectral resolution-enhanced methods have been

developed to resolve the secondary structural components

(6–8). Due to the spectral overlap of the structural compo-

nents, unequivocal determination of the protein secondary

structures by the use of resolution-enhanced IR spectroscopy

still encounters difficulties.

Compared to the IR absorption of the other secondary

structures, the correlation of the IR absorption band around

1655 cm�1 has been well established with the presence of

a-helix for a large number of proteins, which has seldom led

to a controversial assignment (2,3,9,10). However excep-

tions have been reported. Wilder et al. have investigated the

Fourier transform infrared (FTIR) spectra of the secondary

structures for two marine recombinant proteins (11) in which

they found that the proteins have a significant absorption

band near 1656 cm�1, which is typically assigned to a-helical

or random structure for other proteins. However circular di-

chroism (CD) spectroscopy analysis of the same proteins did

not show any evidence of an a-helical structure. By com-

paring the proteins with their homolog whose structures have

been determined by x-ray crystallography and NMR show-

ing absence of a-helical structure, the observed 1656 cm�1

absorption band was thus assigned to a large loop rather than

the a-helical structure. This indicates that the IR absorption

from loop structure can overlap with that from the a-helical
absorption and can be easily neglected or go unnoticed, es-

pecially when proteins consist of both the a-helical and the

loop structures.

Cytochrome c (cyt c) is a small, water-soluble protein

consisting of both a-helices and loops. The protein has a

single polypeptide chain organized into three major helices

and three major v-loops with a covalently bound ferric heme

group (12). The heme group binds to the peptide through the

six-coordinate, low-spin iron present in heme. The fifth and

sixth axial positions of iron are occupied by a relatively weak

bond between the iron and sulfur of Met-80 and a stronger

bond between the iron and N3 from His-18 (13,14). It has

been found that the Met-80 ligation would stabilize the local

conformation of the cyt c (15). The high-resolution crystal

structure of oxidized horse heart cyt c (16) and the stability of
its secondary structural components marked in different

colors with increasing stability in a sequence as red, yellow,

green, and blue (17) are illustrated in Fig. 1 (upper panel).
The lower panel in Fig. 1 presents the structures of three

major v-loops with residue sequence of 70–85, 36–61, and

20–35, respectively. It has been shown that the structure of

oxidized horse cyt c in solution appears to be similar to that
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of the x-ray structure (18,19). The structural flexibility is

considered to play a special role in the formation and

dissociation of cyt c (20), which has been studied extensively
by the use of molecular dynamics simulations and a variety

of experimental methods (21–23), e.g., CD, fluorescence, and

IR spectroscopy.

It has been shown that cyt c undergoes sequential co-

operative unfolding of its secondary structural components

(24). When increasing temperature or pH of the solution,

some of the loop structures (red and yellow in Fig. 1) unfold

before a-helices; in particular, the v-loop containing Met-

80, which is the most unstable structural unit, unfolds at a

lower temperature. It has been found that weakening of the

iron-sulfur bond by raising the pH at room temperature or

by increasing the temperature at neutral pH is associated

with the well-documented alkaline isomerization, where the

Met-80 ligand was replaced by one or more strong field

ligand (25). FTIR spectroscopy has been used to investigate

the thermally induced conformation change of cyt c. By
tracing the amide II intensity of the buried peptide NH protons

in D2O (1525–1560 cm�1), which comprises primarily the

NH bending of peptide groups, the result shows a tertiary

structural transition at 54�C. This transition occurs well

before loss of the secondary structure and is assigned to the

protein conformational change induced by the Met-80 heme-

ligand exchange (26).

The folding paths of cyt c, especially the ultrafast kinetic

phase (submicrosecond) is still under intensive investigation

(27). The ultrafast folding kinetics of cyt c has been studied

mainly in its reduced form, i.e., ferrocytochrome c, by use of
the photoinitiation mechanism of Jones et al. (28), which

involves photodissociation of the CO complex of cyt c
partially denatured in guandidine HCl (GuHCl). Photolysis

is expected to trigger folding because the protein is desta-

bilized by displacement of the native ligand Met-80 by

exogenous CO at the heme Fe(II) axial coordination site

(29). Since photodissociation of CO occurs in subpicosecond

times (30), there is virtually no dead time in probing the

dynamics of the refolding peptide. The presence of the heme

renders possible the use of a variety of spectroscopic probes

in the time-resolved mode in the Soret band including opti-

cal spectroscopy and magnetic CD (29,31). In the optical

absorption-probed photolysis experiment, the sensitivity of

the Soret band to heme ligation facilitates the detection of

methonine or histidine ligation to the heme Fe(II), which

enables the probe of the diffusive intrachain dynamics. To

the authors’ knowledge, direct probe of the secondary struc-

tural change reflecting the intrachain diffusion in cyt c has

not been reported yet.

In contrast to the optical absorption in the visible region,

mid-IR spectra can probe the protein secondary structures.

The temperature-jump (T-jump) method can initiate a ther-

mally induced protein unfolding process with a time-resolution

as high as 70 ps (32). The T-jump method combined with the

time-resolved IR absorbance difference spectra are well es-

tablished for the study of ultrafast protein folding/unfolding

dynamics (33,34). The T-jump method provides a means to

quickly perturb the temperature of the system and shift the

equilibrium position of the folded/unfolded state. The

relaxation to the new equilibrium position corresponding to

the elevated temperature is monitored by the time-resolved

amide I9 (the prime denotes the frequencies of deuterated amide

groups) absorbance of the polypeptide backbone. Here we

report the investigation on differentiating amide I9 absorp-
tion of the loop from that of the helices for the deuterated

oxidized horse cyt c by means of temperature-dependent

FTIR difference spectra. We further studied the folding/

unfolding kinetics of the loop dissociation associated with

the methionine deligation from the heme Fe(III), in which a

intrachain diffusion time constant of the loop at a submicro-

second timescale was determined. The ability to trace the

ultrafast secondary structural transition during the T-jump-

induced deligation of methionine from heme Fe(III) dis-

tinguishes this work from earlier studies that employed Soret

band absorption of heme as the probe for the ultrafast intrachain

diffusion (28,31).

FIGURE 1 Schematic representation of the structure of horse heart cyt c

and the three loop structural components based on the high-resolution crystal

structure of oxidized horse heart cyt c. (Upper panel) Structure of horse heart
cyt c. (Lower panel) Structures of three loops: (A) Small v-loop 70–85

containingMet-80; (B) v-loop from 36–61; and (C) v-loop from 20–35. The

thermal stability is marked in color with an increasing order of red,yellow,
green,blue.
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MATERIALS AND METHODS

Chemicals

Horse heart cyt c (c-7752) was purchased from Sigma (St. Louis, MO) and

used without further purification.

FTIR spectroscopy

FTIR absorbance spectra of cyt c at various temperatures were collected on

an ABB-BOMEM FTIR spectrometer (ABB-BOMEM, Bureau, Québec)

equippedwith a liquid nitrogen cooled broadbandmercury cadmium telluride

(MCT) detector. Horse heart cyt c for FTIR measurement was prepared by

dissolving the cyt c in 99.9% D2O at a pD around 7.0 and a concentration of

1 mM in an airtight bottle for 24 h. It has been noted that salt linkage to the

carboxyl groups would alter the amide I9 frequency (35), thus we dissolved

cyt c in D2O instead of the corresponding buffer solution. It has been shown

that cyt c in neutral or slightly basic water without buffer is still in its native

state (36). Two mounted CaF2 sample cells were filled with the sample

solution and the reference D2O using a Teflon spacer at an optical path length

of 56 mm. To correct for slow instrument drift, a programmable translation

stagewas used tomove both the sample and reference cells in and out of the IR

beam, alternatively. Each spectrum was recorded in the amide I9 band at a

resolution of 2 cm�1 and 300 scans were signal averaged.

To eliminate spectral interference from atmospheric water vapor, the

measurement was performed in a vacuum chamber at a vacuum of 22 Pa

in a specially designed chamber which allows the water flowing through

vacuum-sealed pipes to maintain the samples at the desired temperature. The

temperature was controlled to an accuracy within 60.25�C using a

thermostat (Harrick, Pleasantville, NY). The spectra were taken every 2�C
or 3�C between 25�C and 58�C, and every 5�C between 58�C and 93�C. The
FTIR spectrum was collected after the sample was thermally equilibrated for

15 min. The reference D2O spectra were recorded under the same condition.

Reference spectral subtraction was carried out digitally to give a straight

baseline in the spectral region of 1750 ; 2000 cm�1 (17). A linear baseline

was subtracted from each spectrum.

Heating-and-cooling scan FTIR spectra were collected to examine the

reversibility of folding/unfolding as well as the hydrogen/deuterium ex-

change processes for cyt c at different temperatures. Difference FTIR spectra

were acquired between those before and after the sample was cycled to

different elevated temperatures up to 60�C then returned to the room

temperature. It is found that the FTIR spectra exhibit no changes when the

sample was cycled to a temperature below 35�C, whereas the difference

spectra between the cycled and noncycled samples show a small bleaching

band at 1653 cm�1 when the cycling temperature is lower than 45�C. When

the temperature is raised to 50�C or higher, a broad absorption amide I9 band
spanning from 1605 to 1690 cm�1 with a peak at 1648 cm�1 appears. This

multicomponent absorption is possibly due to the irreversible protein

folding/unfolding as well as the hydrogen/deuterium exchange of the buried

groups. Therefore we concluded that the hydrogen/deuterium exchange was

almost completed for the exposed groups, which unfold at a temperature

below 45�C, and the cyt c undergoes a completely reversible folding/

unfolding process when the heated temperature is lower or around 35�C.
Evidence of obvious aggregation was found at temperatures above 50�C
(;6%).

IR-SD spectra

Second derivative spectrum is a resolution-enhanced method for spectral

analysis (2,37). In this spectrum, the resulting peak frequencies would be

identical to that of the original FTIR spectra; however the halfwidth of the

band would be reduced by a factor of 2.7, which substantially increases the

spectral resolution (2,37). In this work, the second derivative spectra were

calculated using Savitsky-Golay derivative software.

T-jump and time-resolved IR difference
absorbance spectra

The laser-induced T-jump technique and the time-resolved IR spectrometer

have been described elsewhere (38). Briefly, a 1.9 mm heating pulse was

generated via Raman shifting the 1064 nm fundamental output of a Nd:YAG

laser (Lab 170, 10 Hz, 8–12 ns, Spectra Physics, Mountain View, CA) in a

Raman cell filled with H2 gas at a pressure of ;50 atm. A liquid N2 cooled

continuous wave CO laser (Dalian University of Technology, Dalian, China)

was employed as the IR probe source, which was tunable from 5.0 mm (2000

cm�1) to 6.5 mm (1540 cm�1). A single output wavelength can be selected

within the CO vibration-rotation spectrum with an approximate spectral

spacing of 4 cm�1 by tuning the angle of the grating inside the laser cavity.

The output wavelength was calibrated by an IR monochromator within an

uncertainty of 2 cm�1. The IR laser has a TEM00 mode from a 165 cm laser

cavity with an average output power at a single wavelength around 20 mW.

Compared to the previously widely used diode laser IR probe source, the CO

laser has a much higher output power, wider tunable range, and possibly a

better beam quality, rendering itself an excellent probe source for the study

of T-jump-induced protein secondary structural changes in the amide I

region. The IR probe beam was detected by a liquid N2 cooled photovoltaic

MCT detector (Kolmar, Newburyport, MA) equipped with a sensitive cur-

rent preamplifier (Kolmar, KA020-A1), which has a band-pass of 20 MHz.

An accessible dynamic range is from;20 ns (limited by the detector rise

time and laser pulse width after deconvolution of the instrumental response

function) to;1ms (when the solution starts to cool, where the monoexponential

decay time constant for the thermal relaxation was ;6 ms, depending on

the magnitude of T-jump and the optical path length). The intensity of

the transmitted IR probe beam and the corresponding transient absorbance

change induced by the T-jump pulses represented byV0 andDV, respectively,

were recorded by a digital oscilloscope (Tektronix TDS520D, Santa Clara,

CA). Both the signals were finally transferred to a PC for data analysis. The

difference spectra were reconstructed by the optical difference between the

T-jump-induced absorbance change of the sample and that of the reference

D2O. The calibration of the T-jump amplitude follows the reported protocols

(39). Briefly, the T-jump-induced absorbance change of the reference D2O at

probing wavelength n (DA(DT,n)) was measured, and the T-jump amplitude

was estimated by the following equation: DAðDT; nÞ ¼ aðnÞDT1 bðnÞDT2;

where DT¼ Tf� Ti is the T-jump amplitude; Tf and Ti correspond to the final

and initial temperature, respectively; and a(n) and b(n) are the fitting parameters

determined by the FTIR spectra of D2O measured at different temperatures

(40). The instrumental temporal response of this system is ;80 ns as deter-

mined by fitting the T-jump kinetics of the D2O reference signal convoluted

with a Gaussian instrumental response function, where the rising time con-

stant for heating D2O is set as 20 ns based on the pulse width of the Nd:YAG

laser. If it is not stated otherwise, the time constants from the fitting of the

experimental kinetics are deconvolved by the instrumental response function.

In the T-jump measurement, the CaF2 sample cell was divided into two

compartments with a 56-mm-thick Teflon sheet. One compartment was filled

with the sample solution, whereas the other was filled with D2O reference.

The T-jump-induced absorbance difference measured when the two com-

partments were filled with D2O was;53 10�4 in optical density (OD) after

averaging for 300 laser shots. However this detection limit was difficult to

achieve for protein samples. The T-jump-induced absorbance change of

proteins is very sensitive to the T-jump amplitude, and in this work the

accuracy of theDTwaswithin61.5�C.Therefore, repeated experimentswere

conducted for the reproducibility of the presented T-jump-induced time-

resolved IR absorbance difference spectra. To further confirm the reversibility

of the folding as suggested by the reviewers, the folding/unfolding kinetics as

well as the T-jump time-resolved difference IR spectra were conducted in a

flowing cell of the same path length, in which both the sample and reference

compartments were flowed with a peristaltic pump (Cole-Parmer, Vernon

Hills, IL). The calculated minimum flow rate for having every laser shot heat

the fresh sample is 23.6 mL/min. In the experiment, we kept a flow rate of

1 mL/min, well above the minimum requirement.
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RESULTS AND DISCUSSION

Correlations between the amide I9 band positions and the

secondary structure in proteins have shown that the band

centered at ;1654 cm�1 corresponds to that of a-helices;
1629 and 1675 cm�1 bands to the low- and high-frequency of

b-sheet structure; 1668, 1675, and 1686 cm�1 to turns; and a

component at 1645 cm�1 to the disordered random coils

(41,42). Fig. 2A shows a series of selected FTIR spectra of cyt

c in D2O at different temperatures (from 25–93�C). From Fig.

2 A, it can be seen that as the temperature rises, the major

broad band at 1653 cm�1 loses its intensity with a concom-

itant peak shift from 1653 to 1649 cm�1, whereas the two

bands at 1614 and 1684 cm�1 increased slightly, which can be

assigned to the formation of the intermolecular antiparallel

b-sheets resulting from reversible or irreversible aggregation

(43) depending on the temperature to which the sample is

heated as discussed in the previous section.

Fig. 2, B and C, displays a series of typical second

derivatives of the FTIR spectra over different temperature

regions, i.e., 25–68�C (Fig. 2 B) and 68–93�C (Fig. 2 C). Fig.
2 B reveals clearly that at the lower temperature range the

major band shifts from 1653 to 1649 cm�1 as temperature is

increased. Fig. 2 C shows an increase in intensity of two new

major bands appearing at 1684 and 1614 cm�1 with a simul-

taneous loss of intensity at 1649 cm�1 on further increase of

temperature. Combining Fig. 2,B andC, the results reveal that
the major peak shifts from 1653 to 1649 cm�1 as the tem-

perature rises and it is stabilized at 1649 cm�1 at a temperature

around 68�C or higher. This fact suggests that the structural

component corresponding to the absorption band at 1653 cm�1

is less stable to thermal perturbation than that at 1649 cm�1.

It has been assumed in the literature that the FTIR

absorptivities of the secondary structural elements are the

same, though some side chains also have absorptions in the

amide I9 spectral region (44). We use the integrated area

under the fitted band as a quantitative content indicator for

the given secondary structure (3,18). We examined depen-

dency of the total integrated area of the amide I9 band against
the temperature. The result shows that although the amide I9
absorption band shape changes with the increasing temper-

ature, the total integrated intensity drops by only ;1.3%

when the temperature is raised from 25�C to 93�C. This fact
justifies the validity of the above assumption in the case here.

Fig. 3 plots thermal titration curves of cyto c at 1614, 1635,
and 1653 cm�1, respectively, from 4�C to 93�C.
On fitting the data in Fig. 3, upper panel andmiddle panel,

with a two-state transition curve, the transition midpoint

temperature (Tm) of the corresponding secondary structures

associated to intermolecular aggregation and extended b-
sheet was obtained as 82�C and 85�C for 1614 and 1635

cm�1 bands, respectively. These Tm values agree well with

those for cyt c reported by Muga (45) and are interpreted as

the Tm for two-state global unfolding of cyt c. A remarkable

feature in Fig. 3, bottom panel, is that the curve can be fitted

by two independent two-state transition curves with the first

transition midpoint temperature at 45�C and the second at

82�C, respectively. Obviously the second transition process

at higher temperature merges into the global unfolding process

of cyt c; therefore the lower-temperature transition process

should come from the unfolding of a less stable local structural

segment.

It has been reported that when pD is changed from 7 to 11,

the amide I9 peak shifts from 1652 cm�1 to 1648 cm�1

accompanied by an intensity loss. This has been suggested as

the axial methionine bond to the iron being broken at a high

pH value, thus lowering the structural integrity of the protein

(35). NMR experiments have further established the interde-

pendence between the pH- and temperature-induced local

conformational changes occurring during the conversion of

FIGURE 2 (A) FTIR absorption spectra of oxidized horse heart cyt c in

D2O, 1 mM (pD; 7.0) at different temperatures. Second derivative of FTIR

absorption spectra for oxidized horse heart cyt c at different temperatures of

(B) 25�C, 40�C, and 68�C and (C) of 68�C, 83�C, and 93�C, respectively.
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native horse ferricytochrome c to its alkaline isomers (46).

Apparently our observed lower transition midpoint at 1653

cm�1 band and the corresponding band shift coincide well to

that observed pH-induced cyt c alkaline isomerization

process. Therefore the observed thermally induced band

loss at 1653 cm�1 in a lower temperature region should

correspond to the thermal breaking of the iron-sulfur (Met-80)

bond, leading to the unfolding of the small loop containing

residues of 70–85. Thus we suggest that except for the

a-helical absorption, an additional absorption component at

1653 cm�1 should come from the v-loop containing Met-80.

This is in agreementwith the conclusion of the other study that

the v-loop containing Met-80 is the most unstable structural

unit which unfolds at a lower temperature (24). Once this

v-loop unfolds, it lowers the integrity of the cyt c molecule,

leading to a red shift of the helical absorption band.

To get an insight into the thermally induced unfolding

process of cyt c, T-jump time-resolved IR difference absor-

bance spectra were employed to probe the unfolding process

of thev-loop containingMet-80 and its corresponding conver-

sion to other secondary structural components. The unfolding

process can be initiated by T-jump (24). This technique has

also been used to study the unfolding of apomyglobin (47) and

the folding/unfolding process of the other proteins (39). For a

simple two-state kinetics, the observed relaxation rate is the

sum of the forward and backward reaction rates, and each can

be determined separately if the equilibrium constant is known

(48). Fig. 4 A shows the T-jump time-resolved IR absorbance

difference spectrum in amide I9 region recorded at 1.4ms after
the T-jump at 25�C with a DT of 10�C, and the difference

FTIR absorption spectrum between 36�C and 25�C is also

presented for comparison, which reveals that the envelope of

the time-resolved transient difference IR spectrum is roughly

coincident with that of the difference FTIR spectrum.

The T-jump time-resolved IR absorbance difference

spectrum shows several bleaching peaks at 1634, 1651,

and 1674 cm�1 and a main absorption peak at 1645 cm�1 in

contrast to the broad-band spectrum with discernable peaks

at 1635, 1653, and a shoulder at 1674 cm�1 in the difference

FTIR spectra (the slight difference in the peak wavelength

between the steady-date IR and time-resolved IR is caused

by the CO probe laser since it delivers individual wavelength

with a spacing around 4 cm�1). The bleaching peaks indicate

that a T-jump induces the unfolding kinetics of b-sheet
(1635 cm�1), v-loop containing Met-80 (1651 cm�1), and

turn (1674 cm�1) structures, whereas the absorption peaks

indicate the folding kinetics of random coil (1645 cm�1).

A striking difference between the T-jump time-resolved IR

absorbance difference spectrum and that of the steady-state

FTIR is that the absorption peak at 1645 cm�1 appearing in the

former is missing in the latter. To further confirm that this

absorption peak would not originate from the irreversible

aggregation of the protein due to repeated laser shot, we

conducted the T-jump experiment in a flowing cell. The

T-jump time-resolved difference spectra of the sample under

flowing and nonflowing conditions are compared in Fig. 4 B,
where the result shows that the main spectral features are

reproducible, excluding the possibility that this transient

absorption comes from the irreversible unfolding of the

protein. The 1645 cm�1 absorption peak lies between two

neighboring bleaching peaks at 1635 and 1651 cm�1 in the

T-jump time-resolved difference spectra. It is expected to

appear also in the steady-state FTIR difference spectrum.

FIGURE 3 Thermal titration of amide I9 intensity for oxidized horse heart
cyt c at (top) 1614 cm�1, (middle) 1635 cm�1, and (bottom) 1653 cm�1.

Open circles are the experimental data, and the solid line is the fitted curve.

The 1614 and 1635 cm�1 data are fitted with a two-state transition model,

which give similar transition midpoint temperatures (Tm) of 82�C and 85�C,
respectively. The absorbance change at 1653 cm�1 is fitted by two inde-

pendent two-state transition models with two transition midpoint temper-

ature of 45�C (Tm1) and 82�C (Tm2), respectively.
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However, the spectral bands in the steady-state FTIR dif-

ference spectrum are broader, and there is a great chance that

the positive absorbance at 1645 cm�1 would be offset by the

two neighboring intense bleaching peaks leading to a dip at

1641 cm�1 riding on the bleaching envelope.

Fig. 5 presents the corresponding kinetics at the two typical

bands, i.e., a bleaching recovery kinetics at 1651 cm�1 with a

time constant of 140 6 20 ns and an absorption kinetics at

1645 cm�1 with a time constant of 1406 20 ns for the rising

phase fitted by a monoexponential equation. When the

bleaching kinetics at 1651 cm�1 is inverted, it well matches

that of the absorption kinetics at 1645 cm�1 as shown in the

inset. This fact suggests that unfolding of the v-loop
containing Met-80 leads to the formation of a random coil

structure (1645 cm�1), i.e., the bleaching kinetics corresponds

to the process of iron-sulfur bond dissociation and a coopera-

tive unfolding of the v-loop containing Met-80, whereas the

absorption kinetics arises from the formation of the random

coil structure generated by the unfolding of the v-loop.

Fig. 6 presents the IR response kinetics detected at 1635

cm�1 after the T-jump, where the b-sheet absorption is

expected. This kinetics can be resolved into two independent

processes, i.e., a bleaching kinetics with a time constant of

;60 6 20 ns with a relative amplitude of 60% and an

absorption kinetics with a time constant;2806 20 ns and a

relative amplitude of 40%. Thus we assign the 60 6 20 ns

time constant to the unfolding of the b-sheet and the 280 6
20 ns to the formation of the b-sheet from the other structural

components. The bleaching phase with a time constant of

606 20 ns is faster than that for the unfolding kinetics of the

v-loop containing Met-80. Therefore the unfolding process

of b-sheet absorbing at 1635 cm�1 with a time constant of

606 20 ns and the v-loop at 1651 cm�1 are not cooperative

within the observed temporal region.

When raising the initial temperature from 25�C to 40�C,
the protein folding/unfolding equilibrium would shift toward

a more unfolded state, especially for the most unstable

v-loop containing Met-80. Fig. 7 shows the time-resolved

difference IR spectrum in which temperature jumps from

40�C to 50�C acquired in a nonflowing cell. Later it has been

confirmed that the main spectral features can be reproduced

in a flowing cell. The corresponding difference FTIR spec-

trum between the final and initial temperature was also given

for comparison. Unlike Fig. 4 A, the time-resolved transient

difference IR spectrum after T-jump shown in Fig. 7 is quite

different from the steady-state difference FTIR spectrum. In

the T-jump-induced time-resolved transient difference IR

spectrum, there are two major peaks, one is the bleaching

peak at 1675 cm�1 and the other is the absorption peak at

1655 cm�1. These two peaks can be interpreted as the

FIGURE 4 (A) Comparison of the FTIR absorbance difference spectrum

(shaded line) between 36�C and 25�C with the T-jump (from 25�C to 35�C)
time-resolved IR absorbance difference spectrum delayed at 1.4 ms (open

circles) for the oxidized horse heart cyt c. The error bars were calculated

based on three parallel measurements with the same sample. (B) Comparison

of the T-jump (from 25�C to 35�C) time-resolved IR absorbance difference

spectrum delayed at 1.4 ms for the oxidized horse heart cyt c acquired in the

flowing and nonflowing cell.

FIGURE 5 Kinetic IR response (dashed lines) of oxidized horse heart cyt

c at two different probe wavelengths for a T-jump from 25�C to 35�C at

1645 cm�1 (A) and 1651 cm�1 (B). The solid curves represent fits of the

experimental data to single-exponential kinetics convoluted with the

instrument response function. The time constants are 140 6 20 ns for

both the kinetics. (Inset) Superimposing of kinetic trace at 1645 cm�1

(shaded line) with the inverted trace at 1651 cm�1 (solid line).
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unfolding of the b-turn and the formation of the loop

structure. In the steady-state difference FTIR spectrum, there

is one major bleaching peak at 1653 cm�1 together with a

bleaching shoulder at 1636 cm�1, which correspond to the

unfolding of the v-loop containing Met-80 or a-helices
(1653 cm�1) and the b-sheet (1636 cm�1).

The difference between the time-resolved and the steady-

state difference IR spectra can be interpreted as follows. The

T-jump generated by the heating laser pulse can persist only

for tens of milliseconds (with a decay time constant around

6 ms) before relaxation to the initial temperature and the

T-jump-inducedprotein folding/unfolding processes are revers-

ible at the short timescale. We have acquired the T-jump-

induced folding/unfolding kinetics at millisecond timescale,

and the results show that the transient signal returns to the

background level when the initial temperature is recovered.

In contrast, for the conventional heating process a constant

thermal flow is employed to heat the system or keep the

system at a constant temperature. This would induce some

irreversible protein unfolding process especially at a higher

temperature. As revealed by the FTIR difference spectra of

scanning the temperature up and down,;6% cyto c undergoes
irreversible change when it is heated up to 50�C. Therefore
the time-resolved difference IR spectra reflect the fast ele-

mentary steps comprising the folding/unfolding equilibrium

on a short timescale, whereas the steady-state difference IR

spectra comprise all the slow and fast, reversible and ir-

reversible processes. Especially when the slow folding pro-

cess dominates that of the fast process, the discrepancy

between these two different kinds of difference spectra can

be significant.

At a higher temperature, the protein folding/unfolding

equilibrium shifts to the unfolded state, and the population

ratio for the native state and the unfolded state can be

inverted. It is expected that the unfolding process of the

v-loop containing Met-80 would become less prominent as

that observed at lower temperatures. In addition, at higher

temperatures other more stable secondary structures would

begin to lose their stability, and the corresponding folding/

unfolding kinetics would be complicated by folding/unfold-

ing kinetics of several intermediate unfolded states, which

gives rise to different spectral features in time-resolved IR

absorbance difference spectra when the initial temperature

for the T-jump is different.

Fig. 8 shows transient bleaching recovery kinetics in

response to a T-jump from 40�C to 50�C probed at 1635

cm�1, which is assigned to the b-sheet absorption (49). This

FIGURE 6 Kinetic IR response of oxidized horse heart cyt c at 1635 cm�1

with a T-jump from 25�C to 35�C (A, solid line). The corresponding fitting

curve (A, shaded line) is a sum of two individual monoexponential

processes: an absorption kinetics with a rise time constant of 280 6 20 ns

and a relative amplitude of 40% (B) and a bleaching process with a time

constant ;60 6 20 ns and relative amplitude of 60% (C).

FIGURE 7 Comparison of the FTIR absorbance difference spectrum

between 50�C and 40�C (shaded line) to the T-jump time-resolved IR

difference absorption spectrum delayed at 1.4 ms with a T-jump from 40�C
to 50�C (open circles) for the oxidized horse heart cyt c. Averaged error bars

based on the resolution limit of the instrument were pasted.

FIGURE 8 Kinetic IR response of oxidized horse heart cyt c at 1635 cm�1

with a T-jump from 40�C to 50�C (A, dotted line). The fitting curve (A,

shaded line) is a sum of two monoexponential processes: an absorption

kinetics with a rise time constant of 1106 20 ns and a relative amplitude of

53% (B) and a bleaching kinetics with a time constant ;60 6 20 ns and

relative amplitude of 47% (C).
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kinetics can be resolved into two individual dynamic

processes: a bleaching kinetics with a time constant of 60

6 20 ns and a relative amplitude of 47% and an absorption

kinetics with a time constant of 110 6 20 ns and a relative

amplitude of 53% fitted by a monoexponential kinetics. The

combination of these two individual kinetics can well fit the

experimental kinetics, which indicates that the breaking of

the b-sheet occurs faster than its generation from the other

secondary structure. Compared to the same band of T-jump

at room temperature (Fig. 6), the dynamic feature is quite

similar. However, at the higher temperature the formation

of b-sheet dominates over its unfolding process. This is

consistent with the fact that at a higher temperature more

aggregated intermolecular b-sheet has been formed, since

the b-sheet within an individual protein molecule is the

precursor for the aggregated form.

Fig. 9 displays the bleaching kinetics at 1675 cm�1 for

b-turn structure and an absorption kinetics at 1655 cm�1,

which can be assigned as the absorption from the loop

structure rather than the helices, for even at a temperature

above 50�C, the helical absorption remains at 1649 cm�1 for

cyt c. When this bleaching kinetics is inverted to compare

with that of the absorption as shown in the inset, both the

kinetics are well matched with a time constant around 40 ns,

i.e., 406 10 ns at 1655 cm�1 and 356 10 ns at 1675 cm�1.

Therefore, this pair of kinetics would correspond to the

unfolding of the b-turn structure occurring simultaneously

with the formation of a loop structure. It should be noted that

the time constant for unfolding b-turn structures (1675

cm�1) coincides well with the breaking of the b-sheet (1635
cm�1, 60 6 20 ns as shown in Fig. 8); therefore, it can be

suggested that thermally induced unfolding of b-turn and

b-sheet structure is a cooperative process. The assignments

of the observed bands in both FTIR and the time-resolved IR

spectra are summarized in Table 1.

The v-loops investigated are segments along the poly-

peptide chain of cyt c with their two ends constrained by the

neighboring structural units. However the loop structures can

be viewed as the short polypeptide chains of the same residue

sequence with special end caps. For the v-loop with Met-80,

we have shown that the T-jump at room temperature induces

a loop to random coil transition. It is known that end caps and

the peptide length can dramatically influence the thermody-

namics of the helix-coil transition (39). Therefore an analogy

can be made between the loop-coil and helix-coil transition.

Recently, Gai’s group has investigated the dependence of

helix-coil transition kinetics on the end caps as well as the

peptide length by the method of T-jump time-resolved

difference IR absorbance spectra (39). They found that with

T-jump from 25�C to 35�C, the unfolding time constant for

the helix-coil transition is less dependent on the end caps and

monotonically depends on the length of the peptide, i.e.,

from ;70 ns for a 19 residue peptide to ;170 ns for a 39-

residue peptide.

Fast folding kinetics for a loop structure has also been

investigated intensively in both theory (50,51) and experi-

ments (52,53). The results show that the folding speed is

limited by the rate of intramolecular contact formation or

intrachain diffusion. This speed limit depends on the length

of peptide separating the two contacting residues. Experi-

mental measurement of the length dependence of an end-to-

end contact rate for model peptides shows that the folding

rate decreases from 1/(40 ns) for a separation of three

residues to ;1/(140 ns) for a separation of 18 residues (53).

Dyer and co-workers have measured the fast folding/

unfolding kinetics in a T-jump-perturbed small 21-residue

alanine-based model peptide by means of time-resolved IR

absorbance difference spectra (54). They observed the model

peptide exhibiting a fast unfolding of helix to coil kinetics

with a time constant of 1606 60 ns at 28�C in response to a

FIGURE 9 Kinetic IR response for a T-jump from 40�C to 50�C at (A)
1655 cm�1, and (B) 1675 cm�1 (solid black lines). The solid shaded curves

represent fits of the data to monoexponential kinetics convoluted with the

instrument response function. The monoexpontial fittings yield time

constants of 40 6 10 ns and 35 6 10 ns for the absorption and bleaching

kinetics, respectively. (Inset) Superimposing of kinetic trace at 1655 cm�1

with the inverted trace at 1675 cm�1.

TABLE 1 Assignment of the observed amide I9 band to its

corresponding secondary structures

Observed (cm�1)

FTIR (T-jump) Assignment

Literature

values References

1614 Intermolecular

antiparallel

b-sheets

from aggregation

1614 43

1635 (1634) b-sheet 1634 ; 1635 44

1645 Random coil 1645 ; 1647 41,42

1653 (1651, 1655) a-Helix and loop 1650 ; 1656 2,3,9–11

1674 (1675) b-Turn 1674 ; 1675 41,42

1684 Intermolecular

antiparallel

b-sheets from

aggregation

1684 ; 1685 43
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T-jump of 18�C, which provides a limit speed for the un-

folding of the secondary structure.

Kumar et al. recently investigated the ultrafast kinetics in

the folding of the ferrocytochrome c by the use of laser flash

photolysis and stop flow methods. They found that under the

absolute refolding condition, the kinetics for intrapolypep-

tide making transient contacts with the heme iron in which

the binding groups such as Met and His are brought to make

a contact with heme Fe(II) by the chain diffusion to form a

S-Fe or N-Fe bond have two distinct kinetic phases with a

time constant of ;400 ns and 3 ms, respectively (31). These

two kinetic phases are assigned to the transient binding of

methonines (Met-80 and Met-65) and histidines (H-26 and

H-33), respectively. It should be noted that in a similar

experiment, Jones et al. have observed a 4 ms kinetic process
assigned to the dissociation between the Met-80 and the

heme group in the reduced cyt c (28), which is in agreement

with the slower kinetic process observed by Kumar et al. In

our T-jump experiment, the observed rate is a summation of

the rates for transient contact and dissociation between the

heme and Met-80.

As we have determined that the Tm of the loop-coil

transition for the v-loop containing Met-80 is ;45�C, the
rate for the transient contact and dissociation would be the

same at this temperature. We assume that the transient

contact and dissociation would approximately have an equal

rate at 36�C (T-jump from 25�C to 36�C); thus our observed
time constant for dissociation of the iron-sulfur bond and

transient contact between the heme and the Met-80 (loop

diffusion) would be 280 6 40 ns, which is consistent with

that of the fast kinetic phase (;400 ns) probed for the

transient contact between the heme and the Met-80 as

reported in Kumar et al.’s work. In addition the unfolding

time constant 60 6 20 ns assigned to that of the folding/

unfolding kinetics for the b-sheet and/or turns is close to the

resolution limit of the instrument (;20 ns), indicating a

much faster kinetic phase for the unfolding of the b-sheet or
turns. It has been reported that the estimated time constant of

making or breaking a single H-bond in a nucleated structure

in a b-hairpin, referred to as the propagation time, is ;1 ns

(55), and the disruption of b-sheet H-bonds in response to a

T-jump has been reported to occur on a 1–5 ns timescale in

ribonuclease A (32). Thus our results are in agreement with

the literature values.

CONCLUSIONS

Due to the overlap of the amide I9 IR absorption band, band

resolution and unambiguous assignment of the structural

components can be difficult. Especially the loop absorption

band is easily underscored when the helical secondary

structures are also present. In this work, we investigated the

FTIR spectra of horse cyt c, which consists of both helices

and loops in D2O under thermal perturbation. Furthermore

T-jump time-resolved mid-IR absorbance difference spectra

are used to investigate its thermal stability and folding/

unfolding kinetics of the structural units. We distinguished

the IR absorption band of a small v-loop from that of the

a-helices, i.e., the loop consists of residues 70–85 and binds

to the heme Fe(III) through Met-80. Our results show that at

room temperature both the loop and helical absorption bands

overlap at 1653 cm�1.

When raising the temperature, the absorption band at 1653

cm�1 shifts to 1649 cm�1 with an intensity loss. Thermal

titration of the absorption intensity at this peak leads to a

lower-temperature transition (Tm ¼ 45�C), well before the

global unfolding of the cyto c (Tm � 82�C). This lower-

temperature transition is assigned to the unfolding of the

small v-loop containing Met-80 in accompany with the

thermal disruption of the S-Fe bond at the heme coordination

site. T-jump time-resolved mid-IR absorbance difference

spectra further show that the thermally induced unfolding

process is a sequential process having several cooperative

folding subunits characterized by their unfolding/folding

time constants. At room temperature, a T-jump of 10�C
induces an unfolding of the v-loop with residues of 70–85 to
a random coil with an observed time constant of 140 6 20

ns. At a higher temperature of 40�C, a T-jump of 10�Cwould

induce a cooperative unfolding of b-sheet (1635 cm�1) and

turn structures (1675 cm�1) with a similar time constant, i.e.,

60 6 20 and 35 6 10 ns.
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