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ABSTRACT

In this article, we perform a dynamic Monte
Carlo simulation study of the helix—coil tran-
sition by using a bond-fluctuation lattice
model. The results of the simulations are com-
pared with those predicted by the Zimm-—
Bragg statistical thermodynamic theory with
propagation and nucleation parameters deter-
mined from simulation data. The Zimm-—
Bragg theory provides a satisfactory descrip-
tion of the helix—coil transition of a homopo-
lypeptide chain of 32 residues (N = 32). For
such a medium-length chain, however, the an-
alytical equation based on a widely-used
large-N approximation to the Zimm-Bragg
theory is not suitable to predict the average
length of helical blocks at low temperatures
when helicity is high. We propose an analyti-
cal large-eigenvalue (1) approximation. The
new equation yields a significantly improved
agreement on the average helix-block length
with the original Zimm—Bragg theory for both
medium and long chain lengths in the entire
temperature range. Nevertheless, even the
original Zimm-Bragg theory does not provide
an accurate description of helix—coil transi-
tion for longer chains. We assume that the sin-
gle-residue nucleation of helix formation as
suggested in the original Zimm—Bragg model
might be responsible for this deviation. A
mechanism of nucleation by a short helical
block is proposed by us and provides a signifi-
cantly improved agreement with our simula-
tion data.
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INTRODUCTION

a-helix, first proposed by Pauling and coworkers in 1950,1:2 is one of
the basic structural elements in proteins.3 So far, it has been used as a
model system for studying the formation of secondary structures in pro-
teins by experimental,4_13 theoretical,14_25 and simulation meth-
0ds.26-51 Theories of helix—coil transitions have been used for interpret-
ing experimental and simulation results. One of the best-known theories
for the helix—coil transition was established by Zimm and Bragg!® since
five decades ago. In this classical theory, each residue is assumed to be
either in a coiled or a helical state. The formation of a native hydrogen
bond (H-bond) distinguishes a “helical” residue from a “coil” residue, as
schematically shown in Figure 1. The theory has two parameters. A
nucleation parameter (o) reflects the degree of difficulty in nucleating a
helical residue among coil blocks and a propagation parameter (s) meas-
ures the ability of helix propagation at the helix—coil interface.

These two Zimm-Bragg parameters (¢ and s) have been considered as
the fundamental parameters for describing the helix—coil transition and
the tendency of different residues in helix formation.>~ For example,
Scheraga and coworkers first put forward a host-guest method, in which
the amino acid of interest is incorporated into long random copolymers
to measure Zimm-Bragg parameters.5 Later, an alternative method was
proposed by Baldwin and coworkers, in which the parameters are deter-
mined via substitution into short polyalanine helices.? These experimen-
tal results revealed different tendencies of helical formations for different
residues. The two parameters have also been determined by computer
simulations.27-32,38,40,46,47,49,51 Recently, the importance of these pa-
rameters was reassessed by Baldwin.>2
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Figure 1

Schematic representation of the formation of an a-helix block. Symbols “0” and “1” denote the coiled residue and helical residue, respectively. K;, K,, and K,, denote the
equilibrium constants of the conversion between the coiled state and the helical state of the interface residue between a helical block and a coil block. The associated

7

representative snap from our simulations of a h

polypeptide are shown on the right side. The helical and coiled residues are colored as red and gray, respectively.

A blue arrow denotes a native H-bonding between the two residues that are four residues from each other in the sequence. A green arrow denotes a nonnative H-bonding.
Here, residue i is denoted as state “1” (a helical residue) only when a native H-bonding with residue i — 4 is formed.

In this work, a dynamic Monte Carlo (MC) simulation
has been performed to investigate the helix—coil transi-
tion of a self-avoiding lattice chain in the three-dimen-
sional space. Statistical analysis of equilibrium constants
for the dynamic processes of helical block formation and
disruption allows us to directly calculate ¢ and s parame-
ters in the simulation27>>1 in addition to evaluation of
helicity 6 and average helical block length L. The avail-
ability of o, 5, 0, and L from our simulations permits a
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detailed comparison between the simulated data and the
predictions given by the Zimm-Bragg theory. We show
that it is necessary to introduce a short helical block
(rather than a single helical residue) for nucleation in
order to bridge the gap between theoretical predictions
and simulation results for chains longer than 32 residues.
Moreover, we find a large-eigenvalue (L) approximation
that leads to a more accurate simple analytic equation of
the average length of helix blocks.

PROTEINS B9



Y. Chen et al.

METHODS
The Zimm—Bragg theory

The partition function Q in the Zimm-Bragg theoryl®
is expressed as”3

4 min(k,N—k—4)

Q=2 X

Q; 0’5", (1)
k=1 j=1

where Q;; is the total number of ways to have k helical
hydrogen bonds in j distinct o-helical blocks. Note that a
helical block is made of consecutive unbroken helical res-
idues and N — 4 is the maximum number of a-helical
hydrogen bonds in a polypeptide chain of length N. In
this theory, the nucleation process is the formation of
the first «-helical residue (the first native hydrogen
bond) among coil blocks and its equilibrium constant K;
is the product of the nucleation parameter and the prop-
agation parameter. The propagation process, on the other
hand, is the formation of the helical residues that are the
neighbors of existing helical residues. The equilibrium
constants for adding and removing a helical residue from
an existing helical block of length n (K,, n > 1) are
assumed to be the same regardless the length of existing
helical block. So,

KIZGS7 (2)
K2:K3:"':Kn:"':5- (3)

For this simple model, Q has an analytical form given by

(o —5) =M (i — )

Q o — Iy )

(4)

where Ao = s+ 14 4/(1 — s)2 —|-465:| /2, Ay > Ay Ay

and A, are the large and the small eigenvalues of the
characteristic Zimm-Bragg matrix (2" X 2"), respectively.
Here, p = 1 for local interactions between two adjacent
residues only.15

Once Q is known, the helicity or the ratio of the num-
ber of helical residues in N — 4 residues, 0, the average
number of «-helical blocks, v, (helical segments sepa-
rated by coiled residues), and the number average length
of a-helical blocks, L, can be obtained from

1 0mQ
e7N—481n5’ (5)
~0IlnQ
- 0 lInc’ (©)
and
B 6 s 0InQ/0s
L_(N_4)§_Eaan/ao' @)
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Here, Egs. (5) and (6) correspond to Egs. (2) and (44),
respectively, in the original paper of Zimm and Bragg.!
Using Eq. (4), one can obtain

N-3 1 \oh 1
S ( Ao +}L0*S) Os Ao—s

6= ;
N-—4 _ hi—s 7‘?73
ho—s A3
N3y 1L )0 1 g, o
( I +7»175) s A—s 6750_8751 (8)
_ ho—s }‘f;\f*} 7\.0 - 7\.] ’
Ai—s }Lf”3
N-3 1 N-3 1 Ny O\
v m Ths O | T TES OM 555
=M 206 _lmsly 00 ho—hp |
ho—s 7»8’73 M—s 11”’*3
(9)
(N=3y L N (N=3y L VM1 g Iy
o g+ s o= 4 17 A i S T
sy st > o=
i S
S X \ 3
_ 0 1
L=— N-3, 1 N-3, 1 g Oy (10)
Mo hg—s Ok M s OM_ Jo Do
M ,S)JIV*3 Jo ;ho,sx(ﬁ’* Jdo ho—Aq
l=5= = TR N

The equations above are bit complicated. The large-N
approximation!® (i, In Q ~ N In),) was proposed to
simplify the equations and leads to12,30,53

1 1—
o=~ S (11)
24/(1 — 5)* + 405
2
L=1+ : (12)
1—s+4/(1—5)°+40s

It is of interest to check if the above equations satisfy
the high-helicity limit at low temperatures. At this limit,
it is very easy to propagate once the nucleation process is
completed. That is, s > 1 and, of course, also s > o
since o < 1 in all cases. According to Eqs. (11) and (12),
0 > 1land L - 1 + (s — 1)/o at this limit. While 0
approaches the correct limit, the correct limit for L
should be N — 4. Thus, the large-N approximation is
just appropriate for 0 but not for L because 1 + (s — 1)/
G can be significantly greater than N at low tempera-
tures. In the next subsection, we shall make another
approximation for simplifying those equations.

The large-). approximation

To achieve the correct limit for L at s > 1 and >o.
We introduce a large-eigenvalue (A) approximation. A
naive way is to neglect all of terms about A; in the
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expression of Q. Then, Eq. (4) becomes

InQ~ (N —4) Inky +In(ky — s). (13)

This leads to [cf. Eq. (6)].

v N -4 n 1 (14)
2 VA+s+1 VA-s+1

where

A= (1-5)°+4o0s. (15)

Combining Eqs. (11) and (14), we obtain

_N-4

L 25— 2s/(N — 3)
T N-3

1+

(1—s)?+405+1—s+42s/(N—3)
(16)

In this equation, L - N — 4 when s > 1 and >No.
The equation can be further reduced to Eq. (12) if N >
3+ (s — 1)/c or simply if N > s/c.

Equations (11) and (16) could also be obtained by a
direct simplification of Egs. (8) and (10) under the
approximation Ay ° > A} ® with a bit tedious proce-
dure. In fact, the so-called large-N approximation in the
literature and the so-called large-A approximation in this
article both contain Ay > A; and N > 1. But the large-
N approximation is stronger than the large-A approxima-
tion. At low temperatures, s > 1 and ¢ < 1. Then, N >
s/c is only justified for an extremely long chain. As a
result, the large-\ approximation is useful for both a me-
dium chain and a long chain, whereas the large-N
approximation is just for a very long chain at the high
helicity limit.

Nucleation by short helical block

In the Zimm-Bragg theory, nucleation is completed af-
ter the formation of the first helical residue and the rate
of propagation is the same regardless the length of the ini-
tial helical block. We think that it is possible that nuclea-
tion requires more than one helical residue. In that case,
K, will depend on the length of the existing helical block
(n) at least for the first few helical residues (short helical
block). To take into account this possibility, we define

K, = oys, (17)
K, = oss, (18)
K, = o,s, (19)
Ki1 =Ky =--=5, (20)
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where n is the size of the nucleation helix block. The
nucleation parameter "'°* for helical block is given by

(21)

Here, we extend the Zimm-Bragg theory by using the
block nucleation parameter c"°* and the propagation
parameter s obtained from the equilibrium constant K;
i > n. Equations from the original Zimm-Bragg theory,
the large-N approximation, and large-A approximation
can be used to calculate helical ratio and the average
length of helical blocks.

o™k = 5,0, o,

Simulation model

In this work, a coarse-grained lattice model is
employed to investigate the helix—coil transition. We use
a suitable lattice model because it allows efficient calcula-
tions while retaining essential physics of the transi-
tion.36> 5458 This model is an improved version of a
lattice model developed previously by us.>!

We consider a single polypeptide chain of length (N)
of 32 amino-acid residues, unless otherwise indicated.
The lattice space is composed of 36 X 36 X 36 cubic lat-
tice sites and the periodic boundary condition is
set along each dimension. In our model, each residue is
represented by a cube made of eight lattice sites sur-
rounding its center (Fig. 2). The bond length between
two consecutive residues may fluctuate within a defined
range.”” There are 87 bond orientations (relative orienta-
tions between cubes) in three dimensions that permit a
large number of possible bond angles.% This bond-fluc-
tuation lattice model®9=01 allows a better account for the
excluded volume effect and a more accurate description
of helical geometry without significantly changing the ef-
ficiency associated with simple lattice models.02:03 An al-
ternative approach to improve the accuracy of lattice
models was the 210 lattice model developed by Kolinski
and Skolnick.04=66 A large number of bond orientations
reduce the artificial anisotropy of a lattice model.

The total residue-residue interaction energy E is the
sum of the internal energies for bond length (E;), bond
angle (Ey), chirality (E,) and nonbonded interaction for
hydrogen bond (H-bond, Eyg).

E = E + Ey + Ey, + Egns, (22)
where
N-1 N-14
E = = k(i —h)’ 23
1 ;ul,z ;2 l(l 0)7 ( )
and
N-1 N-1,
Ey = ; Uy = ;Eke(cos 0; — cos B)”. (24)
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Figure 2

Schematic representation of the coarse-grained lattice model. Each residue
occupies eight lattice sites. Each lattice site can only be occupied by one residue
at one time. The elementary movement is set to allow “half residue” to jump to
the four nearest-neighbor vacant sites along one of the six marked directions. A
hydrogen bond can be formed between two residues with sequence separation of
more than three residues within a cutoff distance.

Here k; and kg are the corresponding force constants
for the associated harmonic potentials; /; and 0; are the
ith bond length and bond angle, respectively; 8, and I,
are their respective expected values. 0y is set to be
88.9° as the actual value in a-helix. All lengths are
scaled by the size of cube. The bond length I, is set to
be /6, the distance between (0,0,0) and (2,1,1). This dis-
tance allows the bonded chain to move efficiently. In this
coarse-grained model, the side chains of amino-acid resi-
dues are not treated explicitly, thus the specific packing
effect cannot be reproduced. As an alternative, we
include a term E, to reproduce the fact that most heli-
ces in proteins are right-handed helices.

N-3
Ech = Z Uch,i, (25)
i=1
where
_Jea (i XLy -1y <0)
Uch,i = { 0 (1l- X iy - lipn > 0)- (26)

That is, a left-handed chirality for three continuous
bond vectors will be penalized with a positive energy &,.

62 PROTEINS

The interaction energy of H-bonding is expressed as

N—4
Eyg = Z UHB, i) (27)
i=1
where
0 (h,‘,]' < hl)
upp,i = § —eup (< hij <h), (28)
0 (h,‘J‘ < hy)
and
i>i+4. (29)

Here, eyp is the energy of each H-bond, and h;; is the
distance between residue i to residue j (The position of a
residue is defined by the residue center). The H-bonding
interaction occurs when the inter-residue distance is
within the distance range from h; to h, and their
sequence separation is four residues or more. This model
allows nonnative H-bonds for sequence separation of five
residues or more. The model is an improvement over the
previous model which limits the H-bonds for li—jl = 4
(i.e. native H-bonds only).51 Values for h; and h, as well
as &> eyp, kp and kg are determined by trials and errors.
The parameters are set so that helix conformation is sta-
ble at low temperatures. by = v/11.5, hy = /12.5, &4, =

SHB/Z’ kl = EHB» and ke = 2¢yg.

Simulation method

The bond-fluctuation model is simulated with the
same dynamic MC simulation technique employed in
our previous work.21 Every MC step contains N
attempts. In each attempt, a residue and four sites that
are the nearest neighbors to one of its six cube surfaces
are selected randomly (Fig. 2).51:59,60 The residue
moves when the selected four sites become the new cube
surface of the residue. This move is accepted if all the
four sites are not occupied and the standard Metropolis
criterion®7 is satisfied.

Equilibrium constants of helix-coil
transitions from simulations

We use “0” and “1” to denote the coiled and helical
residues, respectively. As shown in Figure 1, the i-th resi-
due is labeled as “1” if an a-helical H-bond is formed
between the i-th residue and the (i — 4)-th residue and
“0” otherwise. (To avoid redundancy, we use only one
direction to define helical residues). We also use
“100 — 110” to denote the propagation of a helix regard-
less the length of a-helical block by converting a coiled
residue located between a helical residue and a coiled res-
idue to a helical one. #199-110,iry a0d 7199 110,5uc are the
number of tried and the number of successful attempts

DOI 10.1002/prot



The Helix-Coil Transition Revisited

for making a conversion. The probability of propagating
Proo110 1s thus calculated from

< 1100—110,suc >

Proo—110 = (30)

b)
< 1M100—110,try >

here ‘<>’ denotes the average over all residues and asso-
ciated attempts. Similarly, the possibility of successful
attempts for the reverse process (helical to coiled resi-
due), p110-100> can also been calculated. The equilibrium
constant Kjgo.,110 between helix propagating and its
reverse process can be calculated from pigo_110/P110-100-
Similarly, the equilibrium constant Kpyg..010 between
nucleation and its reverse process and Kjg;..11; between
formation and breakage of helical block can be respec-
tively determined by pooo—o10/Por0—000 and pioii11/
Pii1—101- Here, pooo—o010s Po10—000> Pro1—111 and, prii—io1
denote the probabilities for the nucleation process, its
reverse process, formation, and breakage of an «-helical
block, respectively. In the Zimm-Bragg theory, Kjgo._.110
=5, Kyoos010 = 05, Kigrs111 = s/o. Thus, the knowl-
edge of any two equilibrium constants will allow us to
calculate the ¢ and s parameters from simulation data.
To apply the extended Zimm-Bragg theory based on
the helical-block nucleation, we obtain the number of
tries and successes for adding or removing a helical resi-
due from a helical block of length m (1m,100- 110ty

M, 100—110,5u, Mm, 110100,y @D 7 1105 100,6uc)- 1f the
nucleation block size is n, then

l n
block
c = I | Ko 100110
S m=1

n
1 < My 100—110,5u¢ >/ < M, 100—110,try > (31)
7 21 <M, 110-100,suc > /< My 110—100,try >

For s, we simply collect the statistics for m > n, regard-
less the length of helix block, in order to increase the sta-
tistical certainty of the result.

Reduced specific heat

The specific heat (Cy) or reduced specific heat31 ()
is calculated from the energy fluctuation theorem

v N(ksT)*

where kg, T, and E denote the Boltzmann constant, abso-
lute temperature, and the total energy of the system,
respectively, and “<>” means the averaging over
sampled conformations. A reduced, dimensionless tem-
perature T*(= kgT/eyp) will be used in this paper.
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Simulation procedure

The model is simulated at 19 different temperatures
(1/T* = 0, 0.415, 0.830, 1.245, 1.660, 2.075, 2.490, 2.905,
3.320, 3.735, 4.150, 4.565, 4.980, 5.395, 5.810, 6.225,
6.640, 7.055, and 7.470). Each simulation starts from an
equilibrated conformation from a previous simulation at
a higher temperature and the temperature is gradually
decreased from the highest temperate to the desired tem-
perature. Each temperature is independently simulated 20
times for error estimation. For each simulation, the first
half of the simulation is for equilibration and the second
half is for data collection. The total number of MC steps
for each simulation is between 2 millions for the highest
temperature and 38 millions for the lowest temperature.
The program is written in FORTRAN. For N = 32, it
takes about 90 h for all of the 19 simulations on a PC
with 2.4 GHz Xeon CPU.

While the majority of our simulations are on the chain
length of 32 residues, we also simulate chain length of
12, 16, 24, 50, 65, 80, and 100. The sizes of simulation
boxes are adjusted according to chain size to avoid self-
interaction due to the period boundary condition. For
example, the size of the simulation box is 70 X 70 X 70
for a chain of 100 residues. Simulating chains with differ-
ent lengths allows us to examine how chain length affects
the performance of the Zimm-Bragg theory.

RESULTS
Specific heat

The reduced specific heat as a function of inverse tem-
perature is shown in Figure 3. There is a peak at 1/T* =
4.15 indicating a thermodynamic transition for the simu-
lated single homopolypeptide chain. Examination of
structures reveals that this process is a transition from
coil to helix.

Nucleation and propagation parameters
for the lattice model

The nucleation and propagation parameters (o, s) are
calculated from equilibrium constants from the simula-
tions. Figure 4 shows the values of ¢ and s that are cal-
culated either from Kjgg.110 and Kygooso1o Or from
Kio1111 and Kygoo10 at different temperatures. The fig-
ure shows that two parameters, ¢ and s, have very differ-
ent temperature dependence. The nucleation parameter
varies between 0 and 0.4 over the entire temperature
range simulated while the propagation parameter changes
three orders of magnitude in the same temperature
range. This means that the initiation of the first helical
residue is only slightly easier (high o values) at high
temperatures than at low temperature. Once the first hel-
ical residue is formed, helical propagation is much easier
at lower temperatures when helix structures are more
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Figure 3

Reduced specific heat c* as a function of reduced inverse temperature 1/T*.
Insets are the typical snapshots of the configurations at associated reduced
inverse temperature. The error bars indicate the standard deviations of all
examined trajectories, and are shown unless smaller than the sizes of underlying
data points.

stable. Similar temperature dependences of ¢ and s are
also observed by other theoretical studies.32:51

Figure 4 also shows that the differences between the
two sets of ¢ and s are small, especially at low tempera-
tures. This validates the approaches we used to calculate
o and s. Moreover, the results further suggest that helical
nucleation and propagation parameters provide a reason-
able description for the formation and breakage of helical

from Kjgo..110 and Koygoo10 in the remaining sections of
this article, because this calculation is easier and concep-
tually more direct.

Helical ratio and helical block length

The average helical ratio (helicity) and the average
length of helical blocks can be obtained directly from
simulations. They can also be calculated from the original
Zimm-Bragg theory, the large-N approximation, and the
large-A approximation by using ¢ and s derived from the
simulation data as mentioned above.

As shown in Figure 5(a), the helical ratios determined
from Eq. (8) (the original Zimm-Bragg theory) and
Eq. (11) (the large-N approximation) are in a good agree-
ment with the direct simulation results in the entire tem-
perature range simulated. There are also good agreements
between the simulated mean lengths of a-helical blocks
and calculated values based on the original Zimm-Bragg
theory [Fig. 5(b)]. The large-N approximation, however,
produces unphysically high lengths for helical blocks at
low temperatures (much greater than the maximum pos-
sible length of 28 residues). The results from the large-A

blocks (Kjp1s111) as well. We used ¢ and s calculated

1.00 . T
4 1000
100110 & 000010
0.75 *— 101111 & 000010 i
7 w7 4100
"
o ¥
T
0.50 g 410
b . \ h J —_—- u’
Yo g ¥
0.25 : &
53 -— ¥
- L4 X T . NN
v . et ] 40.1
0.00 . ' e
2 4 6 8
UT
Figure 4

Nucleation parameter & and propagation parameter s obtained from the
equilibrium simulations. They are calculated from the combination of two
equilibrium constants (either from Kygo—110 and Kopo—o10 0r from Kigri11
and Kooo-010)-

64 PROTEINS

104 (a) T PP PP
1 ,u'“? e Simulation
0.5 e/ —+  Original equation
= éﬁ ©o— Large-i appro.
ga/ .— Large-N appro.
oo 2% . | ,
; aa
1000{ (b) AD
100 - e
307 R s
A =" P s s
20 +
~l i
v
10+ )
P .,n'llr
ool T 1 !
1T
Figure 5

The helical ratio © (a) and the averaged length of o-helical blocks, L (b)
obtained directly from simulation (solid circles) or calculated from the Zimm—
Bragg theory using the original equation [Eqs. (8) and (10), diamonds], large-N
approximation [Eqs. (11) and (12), open triangles], and large-)\. approximation
[Egs. (11) and (16), open circles].
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As in Figure 5 but as a function of chain length. The simulation temperature is
at T./1.3. T, refers to the temperature at which specific heat is at its
maximum. Simulated chain lengths are 12, 16, 24, 32, 50, 65, 80, and 100.

approximation make a significant improvement over
those from the large-N approximation by satisfying the
low temperature high-helicity limit.

One interesting question is whether or not the agree-
ment between the Zimm-Bragg theory and the large-N
approximation will improve as the chain length increases.
Figure 6 compares the average lengths of helical blocks
for different chain lengths at a temperature that is lower
than the transition temperature. Indeed, the results from
the large-N approximation become in close agreement
with those from the original Zimm-Bragg theory at N =
100. However, we surprisingly found that the agreement
between simulation results and the results from the
Zimm-Bragg theory (no matter from the original formu-
lae, large-N approximation, or large-A approximation)
was not satisfactory even when chain length was
increased.

Nucleation by short helical block

The significant difference between what predicted from
the Zimm-Bragg theory and what obtained from simula-
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tions in Figure 6 implies that there is room for improve-
ment of the original Zimm-Bragg model.

In the Zimm-Bragg theory, it is assumed that the
propagation parameter (s) is independent of the length
of a-helical block. That is, the equilibrium constant
Ki1005110 between adding a helical residue to a helical
block of length m and its reverse process is a constant
(equal to s), independent of .

In Figure 7, K, 100--110 is plotted as a function of m
for the homopolypeptide chain of 32 residues. The
results show that K, 00,110 could be regarded as a con-
stant only after helical block is longer than six residues
for the model studied here. Kjjp0..110 is the smallest
among K, 100-.110. This means that the formation of the
first helical residue is the most difficult. K; 100,110 is the
second smallest among K, 100-.110. S0, the second helical
residue is still difficult to form. Thus, while it is mostly
true that the propagation parameter is the same after
nucleation it takes more than one residue for the com-
pletion of nucleation process.

To improve the Zimm-Bragg model, we assume that
helix propagation is initiated by a helical block of length
n rather than a single helical residue. The block nuclea-
tion parameter can be calculated from K, 1001100 M < 1
(see methods). The new block nucleation parameter and
propagation parameter are then used to calculate helical
ratio and average helical-block length. Figure 8 shows
that when helical blocks are used for nucleation, the
agreement between predicted and simulated values for
average helix length and helical ratio are significantly
improved, at long chain length, in particular. A block of
two residues makes the largest improvement in agree-
ment between theory and simulation results.
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Figure 7

Equilibrium constants Ky, 100,110 as a function of the existing helical block
length m. The lines are for guiding eyes.
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As in Figure 6 but to compare with theoretical predictions based on the
mechanism of helical-block nucleation. n = 1, 2, 4, 6 indicates the size (number
of residue) of nucleation helical block. The original Zimm—Bragg theory
corresponds ton = 1.

DISCUSSION

In this article, we investigate the helix—coil transition
of a bond-fluctuation lattice model by using MC simula-
tion techniques. For a chain length of 32 residues, the
simulation result can be described reasonably well by the
Zimm-Bragg theory. This is significant because our lat-
tice model allows the formation of nonnative H-bonds.
The result is consistent with other simulation stud-
ies.32:38 For example, Takano et al.38 showed a qualita-
tive agreement between the Zimm-Bragg theory and the
all-atom molecular dynamics simulation of a short polya-
lanine chain (N = 15).

The commonly-used large-N approximation for the
Zimm-Bragg theory is shown not accurate for predicting
the average helix length based on nucleation and propa-
gation parameters. This is because a chain length of 32
residues is not long enough to satisfy the large-N approx-
imation. Similar result has been observed by Ohkubo
and Brooks.32 In fact, our detailed analysis indicates that
the large-N approximation would be satisfied only if
N > s/c rather than N > 1. Because the helical lengths in
proteins are often short, it is necessary to have a simple
equation that is applicable at the medium chain length as
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well. We proposed a large-A approximation for the aver-
age helix length. The result of the new equation is in
excellent agreement with the result from the more
sophisticate equation in the original Zimm-Bragg theory.
The large-A approximation allows a simple way to relate
the helical ratio and the average helix length to the
nucleation and propagation parameters in accuracy simi-
lar to the original Zimm-Bragg theory.

We further show that the propagating ability is nearly
independent of the length of a-helical block if the block
is longer than a certain length. This validates the basic
assumption in the Zimm-Bragg theory that the propaga-
tion parameter is constant after the nucleation process.
The phenomena is reminiscent of the radical polymeriza-
tion in polymer chemistry, in which the polymerizing
ability of each step is nearly independent of the chain
length after initiation.®8 However, the length of nuclea-
tion block is greater than 1. The formations of first sev-
eral helical residues (not just the first residue) are all dif-
ficult although the first helical residue is the hardest to
form. This is understandable because the a-helical H-
bond happens not between two neighboring residues but
between two residues that has a sequence separation of
four residues.

Our simulation discovers that the single-residue nucle-
ation used in the Zimm-Bragg theory leads to a system-
atic deviation from the simulation results as the chain
length becomes longer. We demonstrate that this devia-
tion can be removed by using a mechanism of helix-
block nucleation.
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