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Abstract

An infrared temperature-jump (T-jump) study by Huang et al. (Proc. Natl. Acad. Sci. 2002 99, 

2788–2793) showed that the conformational relaxation kinetics of an alanine-based α-helical 

peptide depend not only on the final temperature (Tf) but also on the initial temperature (Ti) when 

Tf is fixed. Their finding indicates that the folding free energy landscape of this peptide is non-

two-state like, allowing for the population of conformational ensembles with different helical 

lengths and relaxation times in the temperature range of the experiment. Because α-helix folding 

involves two fundamental events, nucleation and propagation, the results of Huang et al. thus 

present a unique opportunity to determine their rate constants – a long-sought goal in the study of 

the helix-coil transition dynamics. Herein, we capitalize on this notion and develop a coarse-

grained kinetic model to globally fit the thermal unfolding curve and T-jump kinetic traces of this 

peptide. Using this strategy, we are able to explicitly determine the microscopic rate constants of 

the kinetic steps encountered in the nucleation and propagation processes. Our results reveal that 

the time taken to form one α-helical turn (i.e., an α-helical segment with one helical hydrogen 

bond) is about 315 ns, whereas the time taken to elongate this nucleus by one residue (or backbone 

unit) is 5.9 ns, depending on the position of the residue.
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INTRODUCTION

The α-helix is not only ubiquitously found in proteins as a secondary structural element, it is 

also the folded conformation of many peptides. In this regard, the folding dynamics and 

mechanism of the α-helix have been extensively studied, either in the context of globular 

protein folding or as an individual and independent folding unit.1–37 Currently, the most 

widely accepted theoretical framework to describe the α-helix folding properties is the 

helix-coil transition theory introduced by Zimm and Bragg38–41 as well as Lifson and 

Roig.40–42 In essence, this theory is a coarse-grained, one-dimensional (1D) Ising model, 

which treats the peptide in question as a linear chain of basic units, corresponding to the 

constituent residues or peptide groups that can adopt either a helical (H) or coil (C) state. 

Thermodynamically, a C to H (C→H) transition leads to a decrease in the configurational 

entropy (ΔS) of the system, whereas the formation of a helical hydrogen bond (hH-bond) 

between two peptide groups that are in the H state (i.e., one at position i and the other at i+3) 

results in a favorable enthalpic gain (ΔH). Thus, based on the 1D Ising model,39, 40, 43–45 the 

free energy change (ΔG) upon formation of a particular helical conformation consisting of m 
hH-bonds and n H sites is: . Furthermore, the kinetics of the α-

helix formation are described by a series of sequential events, wherein the consecutive 

C→H transitions required to form the first hH-bond are regarded as the nucleation event, 

whereas the subsequent kinetic steps leading to lengthening of this nascent α-helical motif 

are referred to as the propagation process.

While such Ising-based models provide a sound theoretical framework for understanding the 

mechanism of the helix-coil transition,39–41, 44, 46–50 it has proven rather difficult to 

experimentally assess the mechanistic details they infer, especially the microscopic rate 

constants of the nucleation and propagation events. This is due to the fact, at least in part, 

that (1) both events occur on a rapid timescale (i.e., on the nanosecond timescale for alanine-

based α-helices);1, 9, 10, 14, 16, 19, 30, 50 (2) their rates are not well separated;4, 12, 31, 35, 51, 52 

(3) among the sequential kinetic events involved in α-helix folding, the first one (i.e., 

nucleation) is the slowest; and (4) there is not a simple experimental signal that can be used 

to distinguish nucleation from propagation. For example, although previous 

studies2, 9, 10, 14, 20, 28, 30, 50, 53, 54 on various α-helical peptides were able to directly 

characterize the overall relaxation kinetics of the helix-coil transition in question, induced by 

either a rapid temperature-jump (T-jump) or a photo-isomerization event, they were unable 

to unambiguously separate and, hence, determine the respective contributions from the 

nucleation and propagation processes to the observed kinetic signals. In light of this 

difficulty, several recent studies have explored the possibility of isolating and therefore 

exclusively detecting a specific microscopic event in α-helix folding. These include (1) 

using short peptides that can form only a single turn of an α-helix to assess the nucleation 

time via T-jump experiments;32 (2) using a photo-responsive cross-linker that induces a kink 

in an α-helix to probe the speed limit of the propagation process via transient two 

dimensional infrared (2D IR) measurements;36 and (3) employing a triplet-triplet energy 

transfer pair to assess local folding-unfolding dynamics of an α-helical peptide and using the 

resultant information to evaluate the helical propagation rate by analyzing the corresponding 

experimental results with the kinetic Ising model.15, 31, 35 Herein, we demonstrate a new 
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approach, which shows that the nucleation and propagation rates of an α-helix can be 

directly extracted by globally fitting its circular dichroism (CD) thermal unfolding curve and 

two T-jump kinetic traces, measured at the same final temperature but different initial 

temperatures, to a 1D Ising model.

A study by Huang et al.12 showed that the conformational relaxation kinetics of an alanine-

based α-helical peptide (hereafter referred to as AK peptide), in response to a rapid T-jump 

and as measured by time-resolved infrared (IR) spectroscopy, depend not only on the final 

temperature (Tf), as expected, but also on the initial temperature (Ti) for a fixed Tf (Figure 

1). Since varying the initial temperature of the system in question is equivalent to varying its 

initial potential (VIP), we therefore refer to this type of T-jump kinetics as VIPT-jump 

kinetics. Our previous study55 has shown that for a conformational relaxation process 

involving more than two conformational ensembles, its kinetics show a Ti-dependence for a 

given Tf. Therefore, the T-jump results of Huang et al. are not only consistent with the 

notion that the helix-coil transition kinetics involve multiple microscopic steps (e.g., 

nucleation and propagation) but also provide an additional piece of information that could be 

used to better determine their respective rate constants. This is because, as shown (Figure 2), 

the VIPT-jump kinetics of Huang et al. can be qualitatively understood in terms of three 

population ensembles (ES1, ES2 and ES3) having different helical conformational 

distributions and, in addition, going from ES1 to ES2 results in mostly shortening of the α-

helices (and hence is fast), whereas converting ES2 to ES3 leads to a larger percentage of the 

α-helices to completely unfold (and hence, on average, is slower). Herein, we aim to 

capitalize on this picture and to extract the α-helical nucleation and propagation rate 

constants by computationally fitting the VIPT-jump kinetics of Huang et al. to a 1D Ising-

like model.

COMPUTIONAL METHODS

All calculations were carried out using specially written MATLAB programs (Mathworks, 

Natick, MA) on a Dell PowerEdge T610 computer equipped with two six-core Intel Xeon 

X5690 processors. Specifically, the differential equations were numerically solved by the 

fourth-order Runge-Kutta algorithm where the stoichiometric matrix was converted to a 

sparse matrix to reduce the usage of computer memory. Global fitting of the T-jump kinetics 

and the CD thermal unfolding curve of the AK peptide was done using the derivative-free 

pattern search algorithm56, 57 wherein the quality of the fitting was judged by the χ2 value. 

More details are further discussed in the following section.

RESULTS AND DISCUSSION

To determine the helical nucleation and propagation rate constants of the AK peptide, we 

use a kinetic 1D-Ising model to simultaneously fit its CD thermal unfolding curve and 

VIPT-jump kinetics. Our coarse-grained model treats each amide bond of the α-helix in 

question as a basic unit, which can adopt either a H or C state. As shown (Scheme 1), the 

AK peptide consists of 14 such units. This is because the D-Arg residue (i.e., r) and the SPE 

motif in its sequence were introduced to serve as helix caps at the C- and N-terminus, 

respectively. In addition, since the experimental results of Huang et al. indicated that, as also 
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observed for other α-helical peptides,12, 31, 50, 58–65 the middle region of the AK α-helix is 

more stable than its N- and C-terminal regions, we further divide those 14 units into three 

regions (referred to as the N-, C-, M-region, respectively). Furthermore, we need to consider 

the fact that the VIPT-jump kinetics of Huang et al. were obtained by monitoring the amide I

′ band arising from 4 13C-isotopically-labeled Ala residues in the middle of the AK peptide 

(Scheme 1) when computing the relaxation kinetics for comparison (see below). It is also 

worth noting that our coarse-grained model does not consider the difference in the helical 

propensities of Ala and Lys residues as well as the effect of Lys sidechain on the stability of 

the α-helix.66–68

Unlike what has been done in many previous studies,2, 23, 43–45, 48–50, 69 which often treated 

the folding thermodynamics and kinetics of the helix-coil transition in question separately, 

herein we seek to develop a sequential and fully reversible kinetic model to simultaneously 

characterize the thermodynamic and kinetic properties of the AK peptide. The coarse-

grained model of the AK peptide (Scheme 1) gives rise to a total of 214 conformational 

states. Thus, without further approximation, one needs to consider 214 × (214 – 1) 

elementary reaction steps in the calculation of its conformational relaxation kinetics, which 

is neither practical nor necessary. To reduce the number of rate equations, we assume that in 

one microscopic kinetic step only one amide unit is allowed to change its conformational 

state, either C→H (i.e., forward or folding reaction) or H→C (i.e., backward or unfolding 

reaction). While this assumption decreases the total number of kinetic equations to a more 

manageable one (i.e., 14 × 214), the corresponding kinetic analysis would still involve a large 

number of rate constants. Thus, we further make the following definitions and assumptions 

to reduce the number of variables or fitting parameters in the computer simulation: (1) the 

elementary steps leading to formation of a helical nucleus (i.e., —CHHHC—) are 

considered as the nucleation events and have the same rate constant; (2) an elementary step 

leading to lengthening of a preexisting helical nucleus or helical segment (i.e., a sequence 

with more than 3 contiguous H units) is defined as a propagation step; (3) the nucleation rate 

constant (kN) and the rate constant (k-N) of the corresponding reverse reaction are position 

independent; (4) within an individual region (i.e., C-, M-, or N-region) the helical 

propagation rate constant (i.e., kPC, kPM, or kPN) and the rate constant (i.e., k−PC, k−PM, or 

k−PN) of the corresponding reverse reaction are position independent; and (5) since the 

temperature dependence of the folding rate constant is usually small in comparison to that of 

the corresponding unfolding rate constant in an activated folding-unfolding process, herein 

only the unfolding rate constants are treated as temperature dependent. Taken together, these 

assumptions reduce the total number of rate constants in the full kinetic model to 12, which 

are treated as global variables in the global fitting of the experimental T-jump kinetics and 

CD curve. As discussed below, the total number of global fitting parameters could be further 

reduced by making additional assumptions.

Thermodynamic Treatment

It is easy to show that once all of the microscopic rate constants of the system in question are 

known for a given temperature, one can easily compute the free energy of any helical state, 

relative to that (G0) of the completely unfolded or disordered state (i.e., 

CCCCCCCCCCCCCC). As illustrated by a specific example (Scheme 2), when G0 is set to 
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be zero, the free energy (Gi) of any one of the possible conformational states can be 

evaluated (where i represents state i). Based on this information, the population weight (χi) 

of the ith state (i = 1 to 214) at the temperature (T) of interest can be further determined by

(1)

where R is the gas constant.

Eq. (1) allows us to further evaluate the fractional helical content of the system at T, ξH(T), 

which is equal to the experimentally determined percent helicity at the same temperature via 

CD spectroscopy. It is straightforward to show that

(2)

where  represents the total number of hH-bonds contained in state i and  is the 

maximum number of hH-bonds that the AK peptide can form.

In order to use Eq. (2) to fit the CD thermal unfolding curve of the AK peptide, we need to 

further convert the CD signal at T to ξH(T). This is done by using the method of Baldwin 

and coworkers,70 as shown below:

(3)

with

(4)

and

(5)

where [θ]222 is the mean residue ellipticity measured at 222 nm, [θ]H is the mean residue 

ellipticity of the peptide with 100% helical content at 222 nm, [θ]C is the mean residue 

ellipticity of the peptide with 0% helical content at 222 nm, and n is the number of residues 

of the α-helix.
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Kinetic Treatment

As indicated above, the VIPT-jump kinetics of Huang et al. were obtained by monitoring the 

amide I′ band of 4 13C-isotopically-labeled Ala residues in the middle of the AK peptide. 

The amide I′ band is an established IR probe of protein secondary structures because of its 

dependence on interactions involving backbone amide groups, such as hydrogen bonding 

formation and transition dipole couplings.71, 72 Considering these factors, we assume that 

(1) only those amide units highlighted in gray in Scheme 1, all of which are able to form a 

hH-bond with one of the isotopically-labeled amide units, can potentially contribute to the 

kinetics signal (S); (2) S is linearly proportional to the number of hH-bonds (NhHS) formed 

within the signal region; and (3) S = 0 if there is only 1 hH-bond formed within the signal 

region (due to lack of vibrational coupling). For easy counting, we use the following 

equation in the computer program to determine NhHS,

(6)

where P(j) = 1 or 0 when the jth amide unit of AK peptide is in the H or C state.

To fit the experimentally determined T-jump kinetic traces, the following master equation is 

solved numerically by a fourth-order Runge-Kutta algorithm,55, 73

(7)

where C is the concentration vector, r is the rate vector, and αT is the transpose of the 

stoichiometric matrix. Specifically, the C vector is a 214 × 1 matrix, while the α matrix is 

14∙214 × 214, where the rows correspond to the elementary reactions in the model and the 

columns represent the states of the peptide. The matrix elements in α correspond to the 

reactant and product coefficients of the corresponding elementary reactions. The rate vector, 

r, is a 14∙214 × 1 matrix and contains all the rates of the corresponding elementary reactions 

in the model. To minimize the use of computer memory, the α matrix, each row of which 

contains only two non-zero values, is further converted into a sparse matrix in the 

calculation. Since the commonly used single-sequence approximation2, 23, 40, 49, 50, 74, 75 is 

not adopted in the current model, a single C→H (H→C) transition can lead to formation 

(breaking) of multiple hH-bonds due to the merging (splitting) of preexisting helical 

segments. For such conformational transitions, which are different from a simple 

propagation process, we evaluate their kinetics using a sequential model wherein the number 

of kinetic steps is determined based on the number of hH-bonds being formed (or broken).

Global Fitting

During the global fitting of the two T-jump kinetic traces and the CD thermal unfolding 

curve of the AK peptide, only the elementary rate constants are treated as variables. As 

described in detail below, the total number of rate constants is either 6, 9 or 12, depending 
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on whether the propagation rate constants are assumed to be region dependent or not. 

Regardless of this dependence, the global fitting always started from the same initial values 

for all of the propagation rate constants. In addition, we choose the lower initial temperature 

(i.e., 0.5 °C) and the final temperature (i.e., 14.5 °C) of the T-jump experiment of Huang et 
al. as the two reference temperatures (T1 and T2). For a rate constant that is assumed to be 

temperature dependent, its values obtained at these two temperatures (i.e., kT1 and kT2) are 

used to further calculate the corresponding free energy barrier, , via 

the following relationships:

(8)

(9)

where kB is the Boltzmann constant and A is the pre-exponential factor. Because the exact 

value of A for the folding dynamics of alanine-based helical peptides is not known, we used 

a value of 1010 s−1 in the current study. Our choice of this value was based on a recent 

transient two dimensional infrared (2D IR) study,36 which showed that the local 

reorganization rate within an alanine-based α-helix is on the order of 100 ps, With 

determined, the value of the rate constant in consideration at any other temperature T (kT) 

can be further calculated via following equation:

(10)

Repeating this process for all other temperature-dependent rate constants would allow us to 

obtain all kinetic information required to determine the conformational distribution at T, 

hence allowing the CD signal at T to be evaluated.

Fitting Results

Within the framework of our kinetic model (Scheme 1), we first tested whether a simpler 

scheme, where all of the propagation rate constants are assumed to be position independent, 

can fit the experimental data. As indicated (Figure S1, Supporting Information), this 

treatment, which involves only 6 global fitting parameters, obviously fails the test. Next, we 

tested a more complex kinetic treatment which assumes that the propagation rate constants 

in the N-region and C-region are the same but they are different from those in the M-region 

(Scheme 2). As shown (Figure 3), this kinetic model, which involves a total of 9 global 

fitting parameters (Table 1), yields a reasonable description of the experimental CD and T-

jump kinetics. It is worth noting that when these experimental data were individually fit to 

three equations, either 15 variables (i.e., 7 for fitting the CD curve to a two-state model 

when the temperature dependences of the folded and unfolded CD baseline are unknown76 
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and 4 for fitting each T-jump trace to a stretched exponential function) or 11 variables (if 

Eqs. (4) and (5) are used to describe the folded and unfolded CD baselines) would be 

required. Therefore, we believe that the 9 rate constants recovered from this coarse-grained 

kinetic model are statistically significant.

As expected (Figure S2, Supporting Information), a more complex kinetic model, which 

assumes that the N-region, C-region, and M-region all have different propagation rate 

constants and hence has a total of 12 fitting variables (Table S1, Supporting Information), 

yields a more satisfactory fit to the CD thermal unfolding curve and the VIPT-jump kinetic 

traces of the AK peptide. While we believe that this model better reflects the microscopic 

mechanism of α-helix folding, the resultant fitting parameters could be problematic due to 

potential overfitting. In order to truly differentiate the difference between the folding-

unfolding dynamics of the N-region and C-region, future studies involving collection of 

more VIPT-jump kinetics and similar global fitting are required. Nevertheless, the fact that 

the nucleation time constants obtained from the 9-parameter and 12-parameter models are 

almost identical (i.e., 104.7 ns versus 103.9 ns) suggests that the current analysis yields a 

reliable estimate of the time scale of the nucleation process.

In comparison, the fitting results obtained from our 9-paramter kinetic model are consistent 

with several expectations and previous studies. These include (1) for the nucleation process 

at 14.5 °C, the forward rate constant, kN = (104.7 ns)−1, is smaller than the backward rate 

constant, k−N = (20.7 ns)−1, which is consistent with the notion that the formation of an α-

helix nucleus is a thermodynamically unfavorable event;38, 40, 45, 77–80 (2) for the 

propagation process, the trend is reversed (for the temperature range considered), which is 

consistent with the notion that propagation leads to α-helix stabilization;35, 38–40, 77, 79 (3) 

for the propagation process, the ratio between the forward rate constant and the backward 

rate constant is 2.5 for the M-region, 1.5 for the N-region and C-region, which is consistent 

with the fact that the middle region of an α-helix is more stable than its terminal 

regions;12, 31, 35, 61, 63, 65, 81 and (4) using the value of kN, which is the rate constant of a 

single C→H transition involved in the nucleation process according to our model, we 

determine the time required to form a helical nucleus (i.e., the —CHHHC— state in our 

model) to be about 315 ns. This value is in close agreement with that (i.e., 400 ns) reported 

by Kiefhaber and cowokers31 and that (i.e., 300 ns) reported by Werner et al.31, 82 for 

alanine-based peptides. Similarly, using the propagation rate constant obtained for the M-

region (i.e., kPM), we calculate the time required to elongate a helical nucleus by 5 more hH-

bonds (or 5 H sites according to our model) to be about 30 ns, which is again similar to that 

(50 ns) determined by Kiefhaber and coworkers.31 Moreover, our results are also broadly 

consistent with the molecular dynamics (MD) simulation study of De Sancho and Best,52 

which showed that the timescales of the helix nucleation and elongation are 20–70 ns and ~1 

ns, respectively, for an alanine-based peptide.

Finally, with the fitting results in hand, we can make a more detailed assessment of the 

helix-coil transition mechanism of the AK peptide. First, the conformational distribution 

calculated based on our model (Figure 4) indicates that there is a significant percentage of 

peptide molecules that contain more than one contiguous helical segment per peptide chain. 

Here one contiguous helical segment is defined as a series of H backbone units (two or 
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more) that are next to each other. This result argues against the applicability of the 

commonly used single-sequence approximation. Second, the free energy profiles obtained at 

0.5 and 14.5 °C indicate that fully helical and the fully disordered states are separated by a 

rather broad free energy barrier, located between 0 and 8 folded (or H) peptide units (Figure 

5). This is consistent with a number of previous studies.2, 8, 23, 46, 50, 75, 83 Third, the 

minimum free energy surface is shallow at the folded side (Figure 5), allowing helical 

conformations with different helical chain length to populate. In addition, upon increasing 

the temperature from 0.5 to 14.5 °C, the helical conformation corresponding to the global 

free energy minimum is shortened from 11 H units to 8. A closer examination of the 

calculated conformational distribution at 14.5 °C reveals that most H units are concentrated 

in the middle region of the peptide, a picture consistent with the fact that the helical structure 

in the terminal regions of an α-helix is less stable and tends to be 

frayed.12, 31, 35, 58–60, 65, 75, 81, 84 As shown (Figure 6), the conformational distributions 

obtained at 0.5, 10.1 and 14.5 °C corroborate this notion as they indicate that, in this 

temperature range, increasing temperature does not lead to a simple population exchange, 

from the fully folded to the fully disordered conformation; instead, it mostly results in a 

decrease in the average helical chain length. It is this (gradual) conformational shift, a 

scenario that is in agreement with our qualitative interpretation of the experimental 

observation of Huang et al. (Figure 2), that causes the Ti-dependence in the T-jump 

measurements and therefore is the key to allow the propagation kinetics detectable. In 

support of this notion, comparing the equilibrium conformation distributions determined for 

0.5 and 14.5 °C of the peptide with the transient conformational distribution obtained at 200 

ns of the conformational relaxation kinetics, induced by a T-jump from 0.5 to 14.5 °C 

(Figure 7), indicates that a conformational shift involving mostly propagation steps occurs 

early, whereas a global unfolding process involving the nucleation step takes place at a later 

time.

CONCLUSIONS

For a protein or peptide that can only sample a folded and an unfolded state, the single-

exponential rate constant of its T-jump induced conformational relaxation kinetics only 

depends on the final temperature (Tf).55 Thus, the study of Huang et al.,12 which showed 

that the conformational relaxation kinetics of an alanine-based α-helical peptide exhibit a 

measurable dependence on the initial temperature (Ti) when Tf is fixed, not only suggests 

that the α-helix folding does not follow a two-state mechanism but also provides additional 

experimental information that can be used to determine the underlying nucleation and 

propagation rate constants. Taking advantage of this point, herein we develop a one-

dimensional (1D) kinetic Ising model that involves 214 conformational states and 9 

fundamental rate constants to describe the folding kinetics and thermodynamics of this 

peptide. Using this model, we are able to globally fit the thermal unfolding curve and T-

jump kinetics obtained by Huang et al., and hence extracting the rate constants for the 

elementary kinetic steps involved in the helical nucleation and propagation processes. Our 

results show that for this alanine-based peptide the nucleation process (i.e., forming the first 

α-helical turn) takes places on a timescale of about 315 ns, whereas the process of 

lengthening a preexisting helical segment by one more unit (i.e., propagation) occurs as 
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quickly as 5.9 ns. Furthermore, it is worth noting that the current coarse-grained kinetic 

model is not only applicable for extract the microscopic folding-unfolding rate constants of 

alanine-based peptides, but can also be used to analyzing the folding dynamics of other 

helical peptides, as long as the underlying helix-coil transition in question exhibits 

measurable non-two-state behaviors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

The helical nucleation and propagation rate constants of an alanine-based peptide were 

explicitly determined, providing new insight into the helix-coil transition dynamics.
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Figure 1. 
Normalized IR T-jump relaxation kinetics of the AK peptide, showing the dependence on Ti. 

Reprinted with permission from Reference 7 (Huang, C.-Y.; Getahun, Z.; Zhu, Y.; Klemke, 

J. W.; DeGrado, W. F.; Gai, F. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 2788–2793). 

Copyright 2002, Proceedings of the National Academy Sciences.

Lin and Gai Page 14

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cartoon illustration of the origin of Ti-dependent conformational relaxation kinetics of an α-

helix system.
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Figure 3. 
Global fitting results of the CD thermal unfolding curve (A) and the IR T-jump relaxation 

kinetics (B) of the AK peptide using 9 rate constants. In each case, the symbols represent the 

original experimental data and the line corresponds to the respective fit.
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Figure 4. 
Percent population distribution of the AK peptide as a function of the number of contiguous 

helical segments separated by at least one C unit per peptide chain at 0.5 and 14.5 °C, as 

shown. As expected, these results indicate that increasing temperature leads to an increase in 

peptide populations having more but short helical segments.
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Figure 5. 
Free energy (G) of the AK peptide as a function of its conformation (i.e., the number of 

peptide units in H state) at 0.5 and 14.5 °C, as indicated. In each case, the line represents the 

minimum free energy surface. Each data point represents the free energy of a possible 

conformational state, calculated based on the definition in Scheme 2.
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Figure 6. 
Conformational distribution of the AK peptide as a function of the number of peptide units 

in H state at 0.5, 10.1, and 14.5 °C, as indicated.
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Figure 7. 
Comparison of equilibrium conformational distributions of the AK peptide at 0.5 and 

14.5 °C with the transient conformational distribution obtained at 200 ns along the course of 

conformational relaxation induced by a T-jump from 0.5 to 14.5 °C.
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Scheme 1. 
(A) Sequence of the AK peptide, where the grey region indicates the helical residues; (B) 

coarse-grained model derived based on 14 helical amide units in the gray region of (A); (C) 

definition of the three different regions; (D) definition of the signal region, where the 

underline indicates the 13C=O labeled amide units; (E) representative conformational states, 

where “*” denotes a helical nucleus; and (F) definition of the nucleation and propagation 

steps and the respective rate constants.
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Scheme 2. 
An example showing how the free energy (G) of any conformation state in the system can be 

calculated if all of the microscopic rate constants are known. For convenience, the free 

energy of the fully disordered state, G0, is set to zero.
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