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INTRODUCTION

T
ransition between the a-helical structures and ran-

dom coil is one of the important elementary steps in

folding of polypeptide chains into functional pro-

teins. Following the early observations of cooperative

helix to random coil transitions in polypeptides,1,2 a

family of simple statistical mechanical treatments for the he-

lix-coil equilibria was developed.3 All these models have in

common that the polypeptide chains are represented as one-

dimensional sequences of linked amino acid residues, where

each of the individual residues can exist in one of only two

possible states: helix or coil. Such simple representation

allows calculating the partition functions and therefore the

thermodynamic parameters for the helix-coil transition in

terms of very few parameters that can be obtained from the

experimental data. With the discovery of stable alanine-rich

oligopeptides as models for the a-helices in proteins,4 the he-
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ABSTRACT:

The nearest-neighbor (l 5 1) variant of the Zimm and

Bragg (ZB) model has been extensively used to describe

the helix-coil transition in biopolymers. In this work, we

investigate the helix-coil transition for a 21-residue

alanine peptide (AP) with the ZB model up to fourth

nearest neighbor (l 5 1, 2, 3, and 4). We use a matrix

approach that takes into account combinations of any

number of helical stretches of any length and therefore

gives the exact statistical weight of the chain within the

assumptions of the ZB model. The parameters of the

model are determined by fitting the temperature-

dependent circular dichroism and Fourier transform

infrared experimental spectra of the AP. All variants of

the model fit the experimental data, thus giving similar

results in terms of the macroscopic observables, such as

temperature-dependent fractional helicity. However, the

resulting microscopic parameters, such as distributions of

the individual residue helical probabilities and free

energy surfaces, vary significantly depending on the

variant of the model. Overall, the mean residue enthalpy

and entropy (in the absolute value) both increase with l,

but combined yield essentially the same ‘‘effective’’ value

of the ZB propagation parameters for all l. Greater

helical probabilities for individual residues are predicted

for larger l, in particular, near the center of the sequence.

The ZB nucleation parameters increase with increasing l,

which results in a lower free energy barrier to helix

nucleation and lower apparent ‘‘cooperativity’’ of the

transition. The significance of the long-range interactions

for the predictions of ZB model for helix-coil transition,

the calculated model parameters and the limitations of

the model are discussed. # 2008 Wiley Periodicals, Inc.
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lix-coil transition received a renewed interest5–9 and the sta-

tistical mechanical models for helix-coil transition have been

extended to include additional interactions.5,9

One of the most popular statistical mechanical models for

the helix-coil transitions is the Zimm–Bragg (ZB) model.10

The ZB model assumes that a given state of the chain can be

completely described by the hydrogen bonding state of the

amide oxygen atoms; that is whether or not each oxygen is

hydrogen bonded to the amino group of the third preceding

segment (Scheme 1). The equilibrium constant for trans-

forming a coil residue into a helical residue at the end of a

helical sequence is given by the propagation parameter s,

which corresponds to the equilibrium constant between the

helix and coil state of the last residue and is on the order of

unity. The equilibrium constant for initiating a helical unit is

given by rs, where r is much smaller than one and is known

as the nucleation parameter.

Because of its simplicity, the most commonly used variant

of the ZB model is the nearest neighbor (l5 1), in which the

statistical weight of the state of each amide group depends

only on the state of the preceding one.6,10–12 Since there are

�3.6 residues per a-helical turn and a hydrogen bond is

formed between the residues i and i 1 4 (amide groups i and

i 1 3, Scheme 1), the ZB model which considers interactions

between segments formed by three successive amide groups

(l 5 3) has been generally considered most appropriate for

characterizing the helix-coil transition.3,6,10 However, l does

not represent the range of hydrogen bonding, which is always

assumed to occur to the third preceding segment, but an effec-

tive ‘‘cutoff ’’ for the decrease in the statistical weight due to a

hydrogen bond following a stretch of unbonded segments.10

As a consequence, it is not obvious which value of l would

give the most realistic description of the helix-coil transition.

A number of extensions of the nearest-neighbor ZB

approach, which include specific side chain interactions,13–16

and modified models with additional parameters were pro-

posed.16,17 Wako et al.18 presented a rigorous statistical me-

chanical treatment of the polypeptide chain with interactions

up to the fourth nearest neighbor and applied it to analysis

of the a-helical and extended segments in proteins. This

model3,19,20 is similar to ZB, but the interresidue interactions

are taken into account explicitly with additional interaction

terms and the application to protein sequences also explicitly

accounted for residue-specific interactions. The important

result of the Wako et al. study18 was that the long range inter-

actions (up to l 5 4 in our notation) were necessary to

reproduce the correct experimental protein conformation.

The objective of this work is to systematically investigate

the effects of incorporating the long-range interactions in the

ZB model10 on the analysis of helix-coil transition in a model

oligopeptide. We adhere to the original formulation of the

model, which only considers intrahelical hydrogen bonding

but does not take into account the heteropolymer nature of

the peptide by explicitly including any specific residue-

dependent interactions as the model of Wako et al.18 Within

the assumptions of the ZB model we obtain the exact solu-

tion for the statistical weight of the chain by taking into

account combinations of any number of helical stretches of

any length. This is in contrast to simplifying assumptions

that are often made, such as a single sequence approximation,

which allow only a single helical stretch.6,7,9,10 The four (l 5

1, 2, 3, and 4) variants of the model are used to describe the

helix-coil transition in an alanine-rich peptide, measured

experimentally by circular dichroism (CD) and Fourier trans-

form infrared (FTIR) spectroscopy. The different variants of

the ZB model are compared in terms of the microscopic pa-

rameters, such as conformational free energies and residue

helical probabilities, which are obtained from the best fit to

the experimental data. We also use these parameters to calcu-

late and compare the microscopic distributions of the helical

probabilities within the oligopeptide chain as well as the free

energy surfaces for the helix-coil transition. Finally, we dis-

cuss the implications of the long-range interactions on the

microscopic predictions of the ZB model along with impor-

tant limitations of the model.

EXPERIMENTAL

Peptide Synthesis
The 21-residue oligopeptide with the sequence Ac-AAAAAAAAR-

AAAARAAAARAA��COOH (denoted AP) was synthesized using

standard FMOC solid phase synthesis methods on a PS3 peptide

synthesizer (Protein Technologies Inc.). The synthesized peptide

was purified by HPLC to [95% purity as evidenced by MALDI-

TOF mass spectrometry.

Experimental Measurements
Far-ultraviolet CD spectra were recorded from 260 to 180 nm on a

Jasco-810 spectropolarimeter, equipped with a thermoelectric

SCHEME 1 Hydrogen bonding in the a-helix with Zimm–Bragg

notation and weighing scheme.
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(Peltier) device for precise temperature control. The samples were

prepared at 300 lM peptide concentration in water at pH 7 and

measured in a 0.2-cm pathlength quartz cuvette. The pH of the

samples was adjusted to pH 7 by adding minute amounts of aque-

ous NaOH solution. The temperature-dependent spectra were

recorded from 273 to 348 Kwith a step of 5 K. The CD spectra were

acquired in the continuous mode with 1-nm bandwidth, 1-s

response, and a scan speed of 20 nm min21; 16 scans were accumu-

lated to obtain the final spectra. The CD baseline was corrected by

subtracting identically measured CD traces of just the water.

The FTIR absorption spectra were recorded using a Bruker Tensor

27 (FTIR) spectrometer, equipped with a RT-DLaTGS detector, at

4 cm21 nominal resolution. The samples were prepared in D2O at

20 mg mL21 peptide concentration at pH 7. An average of 256 scans

was collected every 5 K from 273 to 318 K. The temperature was con-

trolled by an external water bath connected to the heating jacket/

sample cell assembly (Specac). The sample cell consisted of CaF2 win-

dows and 50-lm Teflon spacer. The exact temperature of the sample

was measured with a thermocouple. The FTIR baseline was corrected

by subtracting identically measured FTIR traces of just D2O.

CALCULATIONS
All calculations were carried out using Matlab (Mathworks,

Inc). Below we outline the Zimm–Bragg theory, the matrix

method and its extensions employed for calculations of the

partition functions as well as the procedures used to find the

parameters by fitting the experimental data.

Zimm–Bragg Model
In the ZB formalism, each amide unit of the peptide chain

can assume one of two possible configurations: hydrogen

bonded on the amide C¼¼O, denoted as ‘‘1’’ or unbonded ‘‘0’’

(Scheme 1). For shortness, we will also call the hydrogen-

bonded residues ‘‘helical’’ and the unbonded ones ‘‘coil’’. The

partition function for the oligopeptide chain is the sum of

the statistical weights of individual configurations, which are

constructed as the product of the following four factors:10

1 The quantity unity for every 0 (unbonded segment);

2 The quantity s for every 1 that follows another 1

(bonded segment);

3 The quantity rs for every 1 that follows l or more 0s;

4 The quantity 0 for every 1 that follows a number of 0’s

less than l.

The propagation factor s measures the contribution to the

partition function of a bonded residue relative to that of an

unbonded residue and can be expressed in terms of the en-

thalpy (DH) and entropy (DS) changes due to adding a

bonded residue:

s ¼ exp �ðDH � TDSÞ=RT½ � ð1Þ

The nucleation factor r is used to describe the large decrease

in the statistical weight caused by the first bond after l or

more unbonded residues; it is assumed independent of

temperature. The quantity l represents the range of the

interresidue interaction, whereby the state of each particular

segment (amide group) depends on the states of l preceding

segments. Thus, l 5 1 corresponds to the nearest-neighbor

interactions only, l 5 2, 3, and 4 take into account the inter-

actions up to the second, third, and fourth nearest neighbors,

respectively.

The Matrix Method

The partition function Q for the peptide chain can be enum-

erated exactly using the matrix formalism:10

Q ¼ xMnþl�4a
y ð2Þ

where a 5 (1,0,0,. . .,0) and x 5 (1,1,1,. . .,1) are vectors of

length 2l, M is a 2l 3 2l matrix and n is the length of the

chain. The explicit forms of the matrices M for l 5 1, 2, 3,

and 4 are given in the Appendix. Equation (2) ensures that

the first three residues of the chain are always ‘‘coil’’ (i.e.,

nonhydrogen bonded). Calculation of the partition func-

tion, therefore, reduces into multiplications of the statistical

weight matrices M.

The earlier formalism also allows calculations of the states

of the individual segments. The probability that segment i is

in joint configuration l is given by:

piðlÞ ¼ bi;lai;l=Q ð3Þ

where,

a
y
i ¼ Miþl�4ay ð4Þ

bi ¼ xMn�i ð5Þ

are statistical weight vectors, whose components are the ag-

gregate statistical weights of the possible joint configurations

of the part of the chain preceding (ai) and following (bi) the

segment of interest. Obviously, bi � ayi 5 Q.

Calculations of Average Fractional Helicity

The matrix formalism can be used to calculate the partition

function as well as the probabilities that the individual amino

acid residues in the chain are helical (or, strictly speaking,

hydrogen bonded on C¼¼O). However, it is not entirely

straightforward to express the probability for the overall frac-

tion of the helical residues irrespective of the residue posi-

tion. Since the overall average helical content is measured
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experimentally, this quantity is necessary for fitting the

experimental data. To calculate the probability of the config-

urations with given number of helical residues, we decom-

pose the partition function as follows:21

Q ¼ 1þ
Xn�3

q¼1

Qqk
q ð6Þ

where Qq is the partition function of all the configurations

with the q helical residues and k is a dummy variable, which

multiplies each hydrogen-bonded (helical) state (i.e., s and

rs) in the statistical weight matrices. Therefore, the exponent

of k tracks the number of helical residues. The probability of

the configuration with q helical residues is then given as:

pðqÞ ¼ Qq

Q
¼ expð�DGq=RTÞ ð7Þ

whereDGq is the Gibbs free energy of the particular configura-

tion with respect to the all-coil state. Equation (7) can also be

used to calculate free energy surfaces as a function of the frac-

tion of the helical residues representing the reaction coordi-

nate. The fractional helicity yT at a specified temperature T is

then:

hT ¼ 1

n

Xn�3

q¼1

qpðqÞ ð8Þ

Modeling the Experimental Data

The sets of experimental CD and FTIR temperature-depend-

ent data were first decomposed by singular value decomposi-

tion (SVD):22

D ¼ USVT ¼ UCT ð9Þ

where U is the matrix of the basis functions (spectra), V is

the matrix of temperature-dependent coefficients, and S

is the diagonal matrix of the singular values. We denote as C

the matrix of the coefficients contracted with the correspond-

ing singular values S: C 5 VS. Two significant components

for each set of data were retained and simultaneously fitted

to the fractional populations of helix yT and coil states (1 2

yT), obtained from the ZB model [Eq. (8)]. With a given set

of parameters DH, DS, and s, first the linear fitting procedure

is used to find the combination of C vectors that gives the

best least squares fit to the populations. The parameters are

then varied and the earlier procedure repeated until the sum

of squares is then minimized.

RESULTS

Experimental Data Analysis and Parameters

of the Model

Temperature-dependent far-ultraviolet CD and amide I0

FTIR spectra of AP are shown in Figure 1. The CD spectra of

the AP (Figure 1A) are characterized by a deep (negative)

minimum at 222 nm and a secondary minimum at 208 as

well as a maximum at 192 nm typical for the a-helical con-
formation. The 222 and 208 nm CD increases with the

increasing temperature while the 192 nm maximum

decreases, indicating the a-helix to random coil transition of

the AP. The highest temperature CD (at 248 K) has a pro-

nounced minimum around 200 nm, but preserves some neg-

ative ellipticity at 222 nm as well as positive at 192 nm, indi-

cating that even at 248 K the peptide is not fully random

coil. Figure 1A shows a well defined isodichroic point at

202 nm, which is often regarded as a signature for just two

states in the system.

The helix-coil transition in the AP is also monitored by

the frequency and intensity changes in the amide I0 FTIR
spectrum (Figure 1B). The amide I0 peak frequency shows a

shift from 1633 cm21 at 273 K to 1640 cm21 at 318 K, which

is characteristic for helix-coil transition in alanine-rich oligo-

peptides.23–25 In addition, the peak intensity of the amide I0

decreases and the band broadens with the increasing temper-

ature, again reflecting the melting of the regular a-helical
structure into the random coil.

In many cases, CD ellipticity at 222 nm and the FTIR am-

ide I0 band frequencies are used to estimate the a-helical con-
tent. We used a more general approach, which does not

reduce the experimental spectra into a single frequency or in-

tensity changes, but takes into account all the features of the

CD and FTIR experimental spectra. SVD of the spectral sets

FIGURE 1 Experimental data for the helix-coil transition in the

alanine 21-mer peptide (AP). Temperature-dependent CD (A) am-

ide I’ FTIR (B) for the AP from 273 to 318 K every 5 K.
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provides basis for such global analysis of the experimental

data sets.22 SVD of the experimental CD and amide I0 FTIR
spectra of the AP yielded two significant components for

each data set, that is, two U and V eigenvectors correspond-

ing to the highest and second-highest singular values S,

which accounted for[99% of the data. The remaining com-

ponents contain only noise and were discarded.

The results of the SVD, the basis spectra U and the

weighted temperature-dependent coefficients C [Eq. (9)] are

shown in Figure 2 along with the best fits to the four variants

(l 5 1, 2, 3, and 4) of the ZB model. The fitting was per-

formed as described earlier (see ‘‘Calculations’’ section),

using the full matrix representation of the l 5 1, 2, 3, and 4

ZB model to obtain the populations of ‘‘helix’’ and ‘‘coil’’

states. The resulting fractional helical populations (or, rigor-

ously, the fractions of the hydrogen bonds formed) are

shown in Figure 3. The inset in Figure 3 shows the depend-

ence of the propagation parameter s [Eq. (1)] on tempera-

ture.

From Figure 3, it is evident that the overall population of

the helical states is the same independently of the particular

variant of the model. This is a consequence of fitting to the

same set of the experimental CD and FTIR data, which mon-

itor the overall a-helical content. As a result of the ZB postu-

late that the first three residues in the chain are invariably

hydrogen unbonded (i.e., ‘‘coil’’), the maximum helical con-

tent of a 21-residue peptide is 18/21 � 85%. The curves in

Figure 3 approach this value in the limit of very cold temper-

ature. For high temperatures, the peptide becomes random

coil, and the average helical content converges to zero.

The resulting parameters from the best fits of the individ-

ual variants of the model are summarized in Table I. The en-

thalpy and entropy values, as well as the nucleation parame-

ters (Table I) fall within the range of previously determined

values for helix-coil transition in alanine-rich oligopepti-

des.5,14,26–33 On the other hand, the parameters are signifi-

cantly different from those determined by Scheraga and co-

workers from studies on triblock34 and host–guest random35

copolymers. These differences are likely to arise from our

treatment of the oligopeptides, which are effectively copoly-

mers, as homopolymers and mainly from our neglect of the

effect of the charged residues (in our case Arg) on the pep-

FIGURE 2 Singular value decomposition (SVD) and global fit-

ting analysis of the experimental data. Basis spectra (columns of U)

from the SVD of the CD (A). First component is shown as a dashed

line, second as a solid line. Corresponding temperature-dependent

coefficients (columns of V weighted by the singular values) for the

first (red triangles) and second (red stars) component, along with

the fit (black lines) to the l 5 1–4 variants of ZB model (B). (The

curves from individual ZB model variants are superimposable.)

FTIR basis spectra for the first (dashed) and second (solid) SVD

components (C). Corresponding temperature-dependent first (red

squares) and second (red circles) component SV vectors (D). The

fits to the four variants of the ZB model are shown as black lines.

FIGURE 3 Fractional helicity (fraction of intersegment hydrogen

bonds) yT as a function of temperature for the four variants of ZB

model: l 5 1 (green), l 5 2 (blue), l 5 3 (red) and l 5 4 (black).

Inset: temperature dependence of the propagation parameter s for

l 5 1 (green), l 5 2 (blue), l 5 3 (red) and l5 4 (black).

Table I Parameters of the Four Variants of the Zimm-Bragg

Model (l 5 1–4) Obtained from the Best Fit of the Experimental

CD and FTIR data

l
r

(3 1023)

DH
(cal mol21 res21)

DS
(cal mol21 K21 res21)

1 (1.4 6 0.1) 2978 6 9 22.786 0.02

2 (2.3 6 0.2) 21044 6 10 23.066 0.03

3 (3.2 6 0.3) 21100 6 10 23.286 0.03

4 (3.9 6 0.3) 21133 6 10 23.416 0.03
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tide backbone solvation.36–38 We will return to these values

in the ‘‘Discussion’’ section, here we only point out that our

goal is not the accurate determination of the helix-coil transi-

tion parameters, but comparison of different variants of ZB

model.

The (microscopic) parameters of the model differ signifi-

cantly, depending on the value of l: the nucleation parameter

r increases with the increasing l as do, in the absolute value,

the enthalpy and entropy changes per residue for the helix

propagation (Table II). Interestingly, the resulting propaga-

tion parameters s (see Figure 2), also listed for several tem-

peratures in Table III, are very similar for all l, despite the

variation in DH and DS. In fact, at low temperatures, where

the peptide is mostly helical, within error the s values are the

same for all l (Table III). At higher temperatures (T & 300

K) the propagation parameters become smaller for higher l.

Helical Probability Distributions for

Individual Residues

The probabilities that a residue is helical (hydrogen bonded)

for the l 5 1, 2, 3, and 4 variants of the ZB model have been

calculated from Eq. (3) and are shown in Figure 4 for two

temperatures, 273 K (Figure 4A), and 300 K (Figure 4B).

These temperatures were chosen because high a-helical con-
tent is observed at 273 and at 300 K a substantial fraction of

AP a-helix is converted into random coil, highlighting the

temperature-dependent residue helical probabilities.

The general feature of the model are significantly higher

helical probabilities for the central residues compared to the

chain termini in agreement with numerous other statistical

mechanical models for helix-coil transition7,17,30 as well as

experimental results.39–41 In addition, Figure 4 shows that

the helical probability of each individual residue in the chain

increases with the increasing value of l. This is especially evi-
dent from the plot of the residue helical probability distribu-

tions at 300 K (Figure 4B) and the most pronounced effect is

observed for the residues near the center of the sequence.

The residue-level helical probabilities of the oligopeptide are,

therefore, dependent on the range of interactions considered

in the ZB model. In other words, microscopic description of

the helix-coil transition varies with l, despite the fact that all
models, independently of l, fit the global helix-coil transition
according to the CD and FTIR experimental data.

Free Energy Surfaces for the Helix-Coil Transition

To compare the microscopic predictions of the ZB models

with different l in more detail, we computed the free energy

surfaces with the number of helical residues as the reaction

coordinate for the four variants of the model. Using Eqs. (6)

and (7) along with the full matrix expressions (given in the

Appendix), we were able to take into account any number of

helical sequences of any length and compute the exact statis-

tical weight of the chain and, therefore, the exact conforma-

tional free energy surfaces within the assumptions of the ZB

model. Calculation of the free energy surfaces as a function

of the number of helical residues yields the free-energy bar-

rier separating the helix and coil states and allows prediction

of helix-coil transition kinetics,42,43 which can be approxi-

Table II Mean Values and Standard Deviations of

Temperature-Dependent Propagation Parameters

Corresponding to (l 5 1–4) Shown as an Inset of Figure 3

T (K) l 5 1 l5 2 l 5 3 l 5 4

273 1.496 0.03 1.47 6 0.03 1.456 0.04 1.45 6 0.04

300 1.276 0.02 1.23 6 0.03 1.216 0.03 1.20 6 0.03

328 1.106 0.02 1.06 6 0.02 1.046 0.02 1.02 6 0.02

348 1.016 0.02 0.97 6 0.02 0.946 0.02 0.92 6 0.02

Table III The Nucleation Free-Energy Barrier for the Four

Variants of the ZB Model (l 5 1–4) at Several Temperatures

T (K)

Nucleation Free Energy Barrier (kcal mol21)

l5 1 l 5 2 l5 3 l 5 4

273 1.8160.03 1.54 60.04 1.3460.03 1.2760.03

300 2.0860.04 1.79 60.04 1.5860.04 1.4960.04

328 2.3760.04 2.06 60.05 1.8460.04 1.7660.04

348 2.5860.04 2.25 60.05 2.0260.04 1.9360.04

FIGURE 4 Distribution of probabilities for each residue being

helical (hydrogen bonded) in the AP at 273 K (A), and 300 K (B)

for l 5 1 (green) l 5 2 (blue), l 5 3 (red) and l 5 4 (black).
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mately modeled as diffusion on the one-dimensional free

energy surface.44

In Figure 5 we show the conformational free energies as a

function of the number of helical residues, from 273 to 353

K with a temperature step of 5 K. In all cases the conforma-

tional free energy profile has two minima separated by a

nucleation barrier indicative to the formation of the first

hydrogen bond in the all-coil molecule.

While the plots in Figures 5A–5D look very similar, differ-

ent values of l in the ZB model produce observable differen-

ces in the calculated free energy surfaces. These differences

are better visualized in Figure 6, where the probability distri-

butions corresponding to the free energy surfaces from Fig-

ure 5 are plotted at 273 and 300 K. At 273 K all probability

distributions have a maximum (corresponding to the free

energy minimum) at 16 helical residues, which is the most

probable number of helical residues in the sequence. Note,

once again, that ZB model only allows 18 helical residues.

However, even at 273 K it is clear that the distribution for

l 5 1 is narrower with a sharper maximum and more bi-

modal, that is the population of the all-coil configurations

also increases. At 300 K the distributions for larger l values

become appreciably broader, populating more the states with

very few formed hydrogen bonds. These apparently broader

distributions of the helical states for the ZB model with larger

l are a consequence of lower nucleation free-energy barrier

resulting in a more gradual free energy profiles. The decrease

in the height of the nucleation free-energy barrier follows

from the increase in the nucleation parameter r (Table I)

with the increase in l. The nucleation free-energy barriers

for several temperatures are compared in Table III.

The variations in the predicted free energy surfaces under-

line the fact that different variants of the ZB model (l 5 1, 2,

3, and 4), while fitting the same overall helix-coil transition

thermodynamics, yield different description of the helix-coil

transition at the microscopic detail. The observed trends and

potential significance of the observed differences among the

tested variants of the ZB model are discussed in the next

section.

DISCUSSION

Comparison of Zimm–Bragg Model Variants with

Different l

As our results show, all variants of the ZB model that differ

in the span of residue–residue interactions from the nearest-

neighbor (l 5 1) up to i, i 1 4 (l 5 4) produce equally

good fit to the experimental temperature-dependent CD and

FTIR data for the AP oligopeptide and therefore describe the

macroscopic, average a-helical content. By contrast, the mi-

croscopic predictions at the level of individual residues of

each ZB model variant are significantly different. These

include the nucleation parameters r, and residue enthalpy

and entropy changes for the a-helix propagation, as well as

probability distributions of being helical for individual resi-

dues and free energy surfaces as a function of the number of

FIGURE 6 Distribution of populations of helical (hydrogen

bonded) and coil (unbonded) states at 273 K (A) and 300 K (B) for

ZB models l 5 1 (green), l 5 2 (blue), l 5 3 (red) and l 5 4

(black).

FIGURE 5 Free energy profiles as a function of the number of

helical (hydrogen bonded) peptide bonds for ZB modes with l 5 1

(A), l 5 2 (B), l 5 3 (C) and l 5 4 (D). Temperature-dependent

free energies are plotted from 273 K (light cyan curves) to 363 K

(navy curves) every 5 K. Arrows indicate changes with decreasing

temperature.
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a-helical residues. All these properties show rather clear

trends with increasing l. The nucleation parameter increases

with l, as do (in the absolute value) the DH and DS for helix

propagation (Table I). The probabilities of being helical for

individual residues are higher for larger l (see Figure 4),

whereas the free energy surfaces exhibit lower nucleation bar-

riers (see Figure 5) and result in broader distributions of heli-

cal populations that are shifted toward lower number of the

helical residues for greater l (see Figure 6).

These effects can be understood on the basis on Zimm–

Bragg postulates, namely postulate (4): ‘‘the quantity zero for

every bonded residue that follows a number of unbonded

residues less than l’’. This, in fact, is the postulate that

defines how the long-range interactions are accounted for

and differentiates between the variants of the ZB model with

different l.10 As a consequence, the larger the l, the smaller

the number of configurations with a nontrivial contribution

to the statistical weight in the partition function. For exam-

ple, the ZB model with l 5 4 does not allow any configura-

tions of the chain with the stretches of three or less

unbonded (coil) residues. Since this eliminates all sequences,

where stretches of hydrogen-bonded segments are interleaved

by short (\l) stretches of unbonded segments, this assump-

tion inherently builds more cooperativity into models with

higher l.
On the other hand, the cooperativity of the helix-coil

transition is strongly dependent on the value of the nuclea-

tion parameter r—the smaller the r, the more ‘‘cooperative’’

(sharper) the transition. This is demonstrated by distribu-

tions of the helix and coil populations that are sharper and

shifted more toward higher fractions of hydrogen-bonded

residues for smaller l as a result of the decrease in r (see Fig-

ure 6).

In the ZB model, the parameters l and r are effective val-

ues that approximate the dependence of r on the number of

unbonded residues before the first bonded one. The r pa-

rameter is expected to increase with increasing l10 presum-

ably because more ‘‘coil’’ (unbonded) residues before the first

one to hydrogen bond represent smaller conformational

restriction than those already hydrogen bonded within the

preceding a-helical stretch. The increase in r with l can also

be understood on the basis of the reduced statistical contri-

bution of the partially helical configurations with increasing

l. Greater value of r facilitates the formation of shorter a-
helical stretches and counteracts the loss of the ‘‘forbidden’’

partially helical states.

Similar arguments can explain the trends in DH and DS,
the enthalpy and entropy, respectively, required for adding a

helical residue to the pre-existing sequence of helical resi-

dues. Both DH and DS increase in their absolute value with

the increasing l (Table I). This is, once again, due to the fact

that increasing l results in reduced number of partially heli-

cal conformations, which contribute both the enthalpy and

entropy to the partition function. Fewer allowed configura-

tions for larger l result in higher DH and DS per added resi-

due to produce the same overall transition. The increase in

DH and DS is also consistent with the purpose of higher l to

approximate the long-range interactions between the resi-

dues composing the chain. Longer span of the interresidue

interactions translates into the increase in enthalpy resulting

from adding the helical residue to the chain, which, on the

other hand, must be counterbalanced by the increase in the

(unfavorable) entropy change.

Just as the increase in the nucleation parameter and (in

the absolute value) the enthalpy and entropy changes per res-

idue in the helix-coil transition, the higher overall probabil-

ities for the individual residues to be helical follow from

larger l. Since fewer hydrogen bonded segments contribute

to the overall fraction of the a-helix, the probability of being
helical for the individual residue must be greater to produce

the same overall fractional helicity. To illustrate this fact

more quantitatively, we rewrite Eq. (3) as:

pi;l ¼ ½ai;l � bi;l=ðai;lbi;l þ xÞ� ð10Þ

where the Q is expressed as the sum of bi,l � ai,l, the statistical
weights corresponding to the residue i held helical, and the

term x which is the statistical weight of the remaining config-

urations of the chain, corresponding to the residue i held

coil. The three terms, pi,l, ai,l � bi,l, and x are functions of l.
The behavior of pi,l with respect to l can be inferred from the

analysis of the partial derivative of pi,l with respect to l,
q(pi,l)l:

@ðpi;lÞl ¼
ðai;l � bi;l þ xÞ � @ðai;l � bi;lÞl � ai;l � bi;l � @ðai;l � bi;l þ xÞl

ðai;l � bi;l þ xÞ2

¼ x � @ðai;l � bi;lÞl � ai;l � bi;l � @ðxÞl
ðai;l � bi;l þ xÞ2 ð11Þ

Since (ai,l � bi,l 1 x)2 is always positive, q(pi,l)l will be posi-

tive—and therefore pi,l will increase, if x >
ai;l �bi;l �@ðxÞl
@ðai;l �bi;lÞl . The

higher the value of l, the lower the increment of the statisti-

cal weights, because with each increment of l, there will

be an increased number of configurations of a statistical

weight zero, due to the fourth assumption of the model.

The consequences of this assumption are intensified in

short peptides; in fact, in the limit l 5 n 2 3, all possible

configurations of x are assigned statistical weights of zero,
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but the all-coil configuration, whose statistical weight is

one. Therefore, with increase in l, there is lower depend-

ence of the statistical weight of x on l. In the extreme case

of x independent on l, the derivative q(pi,l)l reduces to x �
q(ai,l � bi,l)/(ai,l � bi,l 1 x)2 and the condition q(pi,l)l [ 0

becomes q(ai,l � bi,l)l[ 0, since x[ 0. But q(ai,l � bi,l)l[ 0

is always true, because the increased number of residues per

segment (when increasing l), implies an increased statistical

weight of the configurations in the chain with the i residue

held helical.

All four variants of the ZB model equally well fit the CD

and FTIR experimental data, even though the microscopic

predictions for the distributions of the helical probabilities

among the individual residues differ. Since CD and FTIR

provide global information about average a-helical content,
but cannot sense the helical content for individual residues

or even short segments of the chain, by using these tradi-

tional methods it is impossible to distinguish which variant

of the model gives more realistic predictions. However, site-

specific experimental techniques, such as 13C isotopically

edited IR45–49 Raman41,50 and vibrational CD (VCD),40 and

NMR51,52 can provide data on the helix or coil state of a par-

ticular segment or residue in the sequence. Analysis of such

site-specific thermal unfolding data could therefore offer

more detailed insights into the microscopic nature of the he-

lix-coil transition as well as performance of various statistical

mechanical models.

Furthermore, kinetic measurements of helix-coil transi-

tion using laser temperature-jump methodology,23,46,47,53

yield the rate constants, which can be related to the nuclea-

tion and propagation parameters42,43 or, alternatively, to

the height of the free-energy barrier separating the coil and

helical states (see Figure 5). In principle, kinetics could

therefore be used to distinguish which model provides the

best description. In practice, however, the analysis of helix-

coil transition kinetics introduces additional unknowns, in

particular the rate constant (or constants) for the helix-coil

interconversion of the individual segments,43 which are

also necessary for obtaining the absolute free-energy bar-

rier heights. Since the helix-coil transition rates are also de-

pendent on other factors, such as solvent viscosity,54 it may

be difficult to characterize the free-energy barriers with ac-

curacy on the order of a kcal mol21 using kinetic measure-

ments alone. On the other hand, more light could be shed

on these ‘‘hidden’’ properties of the free-energy surfaces by

the combination of the fast kinetic experiments with site-

specific probes, including 13C-edited FTIR46,47 or Raman

studies on peptides with deuterated Ca-H groups.41,50

Analyses of such experiments still remain to be done with

models that take into account long-range intrahelical inter-

actions, such as ZB models with l [ 1 presented in this

study.

The Zimm–Bragg Model Parameters

Since the ZB model parameters are important measures of

helix forming tendencies, their determination for individual

amino acids has been the focus of numerous studies and sev-

eral experimental approaches have been developed.5,8

Depending on the particular approach, the thermodynamic

parameters describing the helix-coil transition can vary dra-

matically. In particular, the helix forming propensity of L-Ala

amino acid remains controversial.

The discovery of stable helical structures in short alanine-

rich oligopeptides by Baldwin and coworkers,4 has been

attributed to a very strong tendency of L-Ala to form a-heli-
ces. The a-helical propensity is most commonly measured by

the ZB propagation factor s [Eq. (1)]. From analysis of the

alanine-rich oligopeptide data, the s for L-Ala is near 1.5 at

273 K.30 The residue enthalpy for L-Ala is calculated28,30,33

near 21 kcal mol21 res21 with the nucleation parameter at

2–3 3 1023.5,28 Not surprisingly, since similar oligopeptide

model is used in this study, our ZB parameters (Tables I and

II) correspond very well to these values. A different approach

of Goch et al.,33 using prenucleated short Ala sequences, also

yielded very similar enthalpy parameters and helix propen-

sities.

The above values are, however, in sharp contrast with the

earlier experiments using the triblock34 and host–guest ran-

dom35 copolymers. These approaches yield significantly

lower helical propensities for L-Ala, about 1.08 at 273 K and

close to 1.00 at 335 K.8 The L-Ala residue enthalpies and

corresponding nucleation parameters are also much lower:

the triblock copolymer experiments34 yield the enthalpy of

2190 6 40 cal mol21 res21 and the nucleation parameter

of 1.4 3 1024, in good agreement with the values of 2242 6

21 cal mol21 res21 for the L-Ala enthalpy and the nucleation

parameter of 8 3 1024 determined from the host–guest ran-

dom copolymers.35 Furthermore, using synthetic helix-

nucleating template, Kemp et al.55 also obtained similar

results.

The explanation for this discrepancy is likely in the pres-

ence of charged (or polar) residues, which are necessary to

ensure solubility of the alanine-rich peptides. Kemp and cow-

orkers,36 and Vila et al.37,38 investigated the effects of charged

lysine residues on the helical content in alanine-rich peptides.

The lysine significantly promotes the helical structure, which

has been attributed to the shielding of the amide backbone

hydrogen bonds from solvent by the charged lysine side

chains, effectively having the same effect as reducing the
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solvent polarity.38 As a consequence, the backbone hydrogen

bond stability increases substantially, resulting in a much

higher apparent stability of the a-helix. The simulations of

Vila et al.38 bear this out by predicting[50% helicity in the

Ala-Lys sequences, but only 6–12% in an all-Ala peptide, in

agreement with very low helical content found experimen-

tally by the host–guest studies.34 Presumably, similar argu-

ments can rationalize the results of Goch et al.33 as the

charged amino acids in the helix-nucleating metal-binding

loop likely influence the solvation of the amide groups within

the short alanine helix.

The ZB parameters reported here must therefore be

regarded as effective values, which depend on the context of

the peptide sequence.18 In particular, the parameters implic-

itly factor in the competition for solvent between the peptide

backbone and charged Arg side chains, which, in the light of

the earlier discussion, are expected to have the dominant

effect on the a-helix stability. In addition, the parameters

include different helix forming tendencies of Ala and Arg res-

idues, although helical propensity of Arg is only slightly

smaller than that of Ala and both have similar temperature

dependence.8,30 Finally, as discussed in detail in the previous

section, the values of the thermodynamic parameters (Table

I) are ‘‘effective’’ in the sense that they depend on the details

of model. Even for the same model peptide sequence and ex-

perimental data set, the resulting helix-coil transition param-

eters reflect the approximations and limitations of the partic-

ular model used in the analysis.

Limitations of the Zimm–Bragg Model

The limitations of the simple statistical mechanical models

for helix-coil transitions have been discussed in detail6,9,12

and several were also alluded to in the earlier discussion.

An obvious limitation is the restriction of the model to a

homopolymer. The stabilization of the helix is assumed to

arise only from the amide hydrogen bonds and is consid-

ered the same regardless of the nature of the particular

amino acid. Any specific electrostatic and hydrophobic

interactions or solvation effects that would arise from the

heteropolymer sequence are neglected, or, strictly speak-

ing, implicitly factored into the model parameters. A num-

ber of authors have augmented the ZB and other helix-coil

transition models by additional terms to take specific

interactions into account.13–16 Wako et al.18 explicitly con-

sidered specific interactions for all pairs of amino acids up

to i, i 1 4, and showed that these are important particu-

larly if protein sequences are to be modeled. Although the

model of Wako et al. is much more physically realistic than

the ZB model, incorporating additional interactions intro-

duces more parameters whose precise determination gen-

erally requires a substantial amount of experimental data.

In their model, Wako et al. had to optimize 860 parame-

ters, which was done using the experimental structures for

37 proteins.18

In the ZB model, the long-range interactions are taken

into account in much simpler way, essentially following from

postulate (4), which restricts the l residues before the first

hydrogen bond to be unbonded, otherwise the interactions

are independent on the length of the helical stretch. As ZB

discuss in the original article,10 several r parameters should

be defined that would depend on the length of the unbonded

stretch preceding the first hydrogen-bonded amide. The l
value in the ZB model and ban on the less than l unbonded

residues before the first hydrogen bonded one represent an

effective approximation with a single nucleation parameter

r.10 As we have shown, even within this simple approxima-

tion of the original ZB model with only three parameters for

each particular l, it is difficult to determine the parameter

values and the optimum value of l precisely, since all the var-

iants of the model provide equally good fits to the experi-

mental data.

Another weakness of the ZB model is that definition of

the state of the chain solely by hydrogen bonded states of

the amide oxygen atoms may lead to somewhat unrealistic

picture of the helical conformation. The first hydrogen

bond is formed after l (or more) unbonded residues, but

since the hydrogen bond is always formed with the amino

group of the third preceding residue, this implies that the

three residues preceding the first one considered bonded

have to make a helical turn. If counted by conformation

(i.e., /, w angles) for l [ 3 there would additional three

helical residues in each stretch, however for l � 3 the state

of the chain becomes difficult to visualize, since some

‘‘coil’’ residues would necessarily be a part of the helical

stretch. In this light, it seems reasonable to assign the sta-

tistical weight zero to every bonded residue that follows

less than l unbonded residues and consider l [ 3, even

though this may drastically underestimate the entropy of

the chain by neglecting a large number of possible chain

configurations. By not allowing ‘‘coil’’ stretches of less than

l residues, this assumption notably affects the residue heli-

cal probabilities and is the principal reason for the substan-

tial differences in the microscopic predictions of the mod-

els, as discussed earlier.

Another direct consequence of counting only hydrogen

bonds on the oxygens is that the first three residues of the

chain (in this formulation from the C terminus) are always

assigned a coil conformation (unbonded), because they can-

not make hydrogen bonds on the amide oxygen. This makes
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the chain ‘‘non-symmetric’’: the first three residues from the

C-terminus are always unbonded, but the same is not true

for the N-terminus. Although the helicity distribution along

the peptide sequence is not expected to be symmetric,51 the

first three C-terminal residues are not always ‘‘coil’’. If one

defined, by analogy, the state of the chain by hydrogen bond-

ing of the amide N��H, it would be precisely the opposite.6

Finally we note that the statistical counting poses a problem

only for relatively short sequences; in the original calcula-

tions by ZB for very long polypeptides the state of the first

three residues becomes insignificant.10

CONCLUSION
We have investigated the thermodynamics of the helix-coil

transition in an alanine 21-mer oligopeptide using four var-

iants of the ZB model from the nearest-neighbor (l 5 1) to

fourth nearest-neighbor (l 5 4). The experimental CD and

FTIR data were analyzed by SVD and global fitting to the

ZB model, for which the partition functions were enumer-

ated exactly for any number of helical segments (stretches)

within the sequence. We have also calculated the (micro-

scopic) residue helicity distributions and free energy surfa-

ces as a function of the number of helical residues. All var-

iants of the model are capable of fitting the experimental

CD and FTIR data equally well. However, the microscopic

helical probability distributions, the free energy surfaces, as

well as the ZB model parameters (r and s) differ as a conse-

quence of varying the range of intrahelical interactions. The

nearest-neighbor ZB model yields the most cooperative

overall transition characterized by sharpest helix and coil

probability distributions and highest nucleation free-energy

barrier. With increasing l, the contribution of states with

less helical content becomes more significant. On the other

hand, the probability of each individual residue to be helical

increases with increase in l, as do the residue enthalpy and

entropy changes associated with the helix-coil transition, as

well as the nucleation parameters. This appears to be a con-

sequence of ZB postulates, which build more inherent

cooperativity into the variants of the model with higher l,
which is in turn counterbalanced by larger nucleation pa-

rameter r and, therefore, apparently less cooperative transi-

tion. The experimental data that provide only information

on the average helical content, such as CD and FTIR are

insufficient for distinguishing which variant of the ZB

model performs better. Site-specific experimental studies,

such as using isotopically edited vibrational spectroscopies

or NMR, will be necessary to test the microscopic predic-

tions of the different ZB model variants.

APPENDIX
The forms of the statistical weight matrices for Zimm–Bragg

model with different l are:
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