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Statistical thermodynamic methods, developed for treating theR-helix-coil transition, are applied herein to
describe the formation of the triple helix from short free chains and short template-constrained chains of
collagen-like monodisperse poly(tripeptides), using poly(Gly-Pro-Hyp) as the example. For such short chains,
application of the one-helical-sequence approximation indicates that there is very little unwinding from the
ends, so that an all-or-none model is adequate to treat this transition. From the dependence of the helix
nucleation and propagation parameters on chain length, concentration, and temperature, the thermodynamic
parameters for formation of the triple helix from both free chains and template-constrained monodisperse
poly(Gly-Pro-Hyp) chains are similar, and also similar to those for free poly(Gly-Pro-Pro) chains.

Introduction

The statistical thermodynamics of the formation of a triple
helix has been studied extensively by a number of authors.1-8

In this paper, we describe an evaluation of the thermodynamics
for the formation of the triple helix of collagen-like monodis-
perse poly(tripeptides) not only from N-terminally capped free
chains but also from template-constrained chains. The template-
assembled analogues exhibit higher melting transition temper-
atures as well as faster triple helical folding rates, thereby
demonstrating more efficient triple helical folding than their
single-chain counterparts. In addition, we include an analysis
considering the effect of the length of the peptide chains as
well as the concentration of peptide in solution on triple helical
folding.

The compounds investigated are the acetyl analogues Ac-
(Gly-Pro-Hyp)n-NH2 (where n ) 3, 5, 6, 9) and the KTA
conjugates KTA-[Gly-(Gly-Pro-Hyp)n-NH2]3 (wheren ) 3, 4,
5, 6 and KTA denotes the Kemp triacid,cis,cis-1,3,5-trimeth-
ylcyclohexane-1,3,5-tricarboxylic acid). The chain-length de-
pendence and concentration dependence of the equilibrium
transition curves, published earlier,9,10 were used for analysis
of the thermodynamics of triple-helix formation.

It is well-known that the helix-coil transition in very short
chains can be treated by an all-or-none (AON) theory, whereas
short chains of moderate length can be treated by a one-helical-
sequence model, where the unwinding occurs from the ends.11

Since the chain lengths of the peptides are considered short,
we treat a system of free chains initially by the one-helical-
sequence model and then by the AON theory. These two
treatments show that, for the short chains considered here, the
AON model is more appropriate for free chains. Therefore, in
treating the template-constrained chains, we use only the AON
model.

We can define the state of the system by specifying the state
of each structural unit as being either in the triple-helical region

or in the non-triple-helical region. The structural unit of the
growing helix is defined as the tripeptide unit (intrastrand)

for the assembly of free-chain collagen-like sequences, and as
the tripeptide register (interstrand)

for the template-assembled collagen-like sequences.
In both systems, free-chain and template-assembled collagen-

like structures, triple-helix equilibria are pictured as a process
of winding/unwinding from the ends of the peptide chains.
Stepwise zippering of the triple helix requires the formation of
a nucleus to initiate the triple helix, followed by folding of the
chains to propagate the growth of the helix. The three peptide
chains in the triple helix are assumed to be staggered by one
residue from chain to chain.

Triple Helix -Coil Transition for Free Chains of
Collagen-like Peptides

One-Helical-Sequence Model.Following Schwarz and Po-
land,4 the partition function in this approximation may be written
as

The first term accounts for non-triple-helical structure;n is the
number of tripeptide units for each strand; the factor (n - m +
1) gives the number of ways to pickm tripeptide units in a
helical conformation from a total ofn; σ is the nucleation
parameter indicating how much more difficult nucleation is
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Z(n) ) 1 + ∑
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compared with propagation; ands is the equilibrium constant
for adding a tripeptide unit from each of the three chains to the
triple helix.

Designating a single strand of (Gly-Xxx-Yyy)n as S1 and the
three-stranded complex as S3, the intermolecular ensemble can
be described by the following equilibrium

with the constraint

whereC is the total concentration of single strands. Designating
the functionQ as

the equilibrium constant is then

The net fraction of helixθh is determined by

whereRobservedis the observed specific rotation,Rtrimer is the
specific rotation when the peptide is fully associated, i.e., in a
triple helical structure (given by linear extrapolation of the
premelting baseline from lower temperatures to the temperature
under investigation), andRmonomeris the specific rotation of the
monomer (determined by linear extrapolation of the specific
rotation at high temperature to the temperature under investiga-
tion). This parameter describes the quantity of the fraction of
molecules in the triple helix and the fraction of the helical array
in the complex.

Following the derivation described by Schwarz and Poland,4

eqs 7 and 8 are obtained

whereú denotes the fraction of free single strands, andQ and
Q′ (where Q′ denotes∂Q/∂ ln s) are expressed as finite
polynomials in s, n, and m to obtain s(T,C,n). Thus, the
logarithmic slope of the association isotherm at each value of
C at a given temperature givesú(T,C,n) (eq 7) which, with
θh(T,C,n) in eq 8, givess(T,C,n) at a given temperature. In this
calculation, it should be noted that, in contrast to the (single
strand)R-helix-coil transition, wheres(T) is independent ofn
andC, s(T) is a function ofn andC for the triple helix-coil
transition. Onces(T,C,n), and hence the values ofQ and Q′,
are known, the value forσ(T,C,n) can be determined.

Measurement of (∂ ln θh/∂ ln C)T,n at different temperatures
yields the temperature dependence ofs(T,C,n) and hence the
respective thermodynamic parameter∆Hs.

While, in principle, σ should depend on temperature,12 the
experimental data are too sparse to detect the temperature
dependence. Therefore, following the usual practice13 we take

Using eqs 9 and 10,s andσ can be written as

where it is assumed that∆Hσ, ∆Hs, ∆Ss, and ∆Sσ are
independent of temperature, andTc is the melting temperature
wheres ) 1 andθh ) 1/2 for the infinite polymer (n f ∞). The
value ofTc is obtained by plotting the reciprocal of the melting
temperature vs 1/n and extrapolating to 1/n f 0.

By repeating the above procedure at various temperatures,
the value of∆Hs can be obtained from the slope of the curves
of ln s(T,C,n) vs 1/T. The values of∆Ss and∆Sσ are calculated
from eqs 12 and 13, respectively.

All-or-None Model. In the AON model, only the triple helix
and free chains exist, without any intermediate (partially
unwound) chains. Following the derivation described by Schwarz
and Poland,4 the equilibrium constant for the all-or-none model
is written as

Implicit differentiation of eq 14 leads to

At θh ) 1/2, eqs 14-16 become

Equation 18, evaluated atθh ) 1/2, provides a useful test for
the all-or-none approximation. The slope of the thermal transi-
tion curve evaluated at the midpoint as a function of chain length
gives ∆Hs (eq 19). Knowing∆Hs, the parameters∆Ss and σ
can be evaluated from the chain-length dependence ofTm as
described in eq 20.

Triple Helix -Coil Transition of Template-Assembled
Collagen-like Peptides

One-Helical-Sequence Model.By analogy with the forma-
tion of the triple helix from free collagen-like chains, the

∆Hσ ) 0 (10)

s(C,n) ) exp(-∆Hs

RT
+

∆Ss

R ) ) exp(∆Hs(T - Tc)

RTTc
) (11)

Tc )
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R ) (13)

K ) σsn ) θh/3C2(1 - θh)
3 (14)

(∂ ln θh
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T,n

)
2(1 - θh)

1 + 2θh
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(∂ ln θh

∂(1/T))C,n
) (-

n∆Hs

R )( 1 - θh

1 + 2θh
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K ) 4/3C2 (17)
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assembly of triple-helical structures in covalently bridged
sequences is cooperative since the formation of the first stretch
of structure (nucleation) is thermodynamically more difficult
than the growth of structure via propagation. Hence, following
Roth and Heidemann7

where C is the unassembled structure, H is the nucleus, H3n-2

is the triple helix with 3n - 2 units from chains of n tripeptides
each in the triple-helical register (the “2” accounts for both ends
being staggered by one residue per chain), andσ is the
nucleation parameter which, in this case, is independent of the
concentration of the single-stranded chains since the entire
process proceeds intramolecularly.

The partition function for this model is particularly simple.
By analogy with theR-helix model,11 it is useful to define the
elementary structure-formation step as the change of a structural
unit (tripeptide register) from the unassembled to the triple-
helical assembled structure. This step is associated with the
formation of a hydrogen bond between a Gly and a Hyp of a
neighboring chain. That is,Z(n) can be expressed as a function
of the number (m) of trimeric units in a defined triple-helical
structure out of 3n - 2, the total number of trimeric units that
can possibly take part in the triple helix. A factor of (3n - m
- 1) arises from the number of ways of placing a sequence of
m trimeric units within three chains ofn units each.

If the template-assembled sequences constrain the helical section
to start at the template junction, then the factor (3n - m - 1)
in eq 22 would not apply; hence, it is omitted for the short
chains.

All-or-None Model. As will be shown in the Results section,
the AON model is adequate to describe the helix-coil transition
for the short free chains. Therefore, it is reasonable to expect
that the AON model will also be applicable to treat template-
constrained chains.

The range of validity for the two-state theory can be evaluated
using7

The values of s andσ can be expressed in terms of their
respective thermodynamic parameters, enthalpy and entropy,
using eqs 11 and 13. It is assumed thatσ does not depend on
temperature (∆Hσ ) 0). In analogy with eq 16, the following
is derived for intramolecular transitions:

Whenθh ) 1/2, K ) 1 and eq 25 becomes

Knowing ∆Hs, ∆Ss andσ and can be evaluated from the chain-

length dependence ofTm from the following equation

Determination of Parameters

Ac-(Gly-Pro-Hyp)n-NH2. Concentration Dependence ofθh.
The experimental transition curves reported in Figure 1 forn
) 5, using specific rotations at 365 nm as a function of
temperature for different concentrations, were converted to net
fraction of helix (θh) as a function of temperature, using eq 6.

Values of the fraction of helix (θh) as a function of the
concentration are reported as lnC and ln θh in Table 1 and
Figure 2 at different temperatures. Thus, the logarithmic slope
of the association isotherm can be computed at each concentra-
tion for each temperature from which the fraction of free single
strandsú(T,C) can be obtained by using eq 7. Substituting these
values in eq 8,s(T,C), the equilibrium constant for the
propagation step, is obtained. Having also determinedσ(T,C)
from an equation reported by Schwarz and Poland,4 the
temperature dependence ofs(T,C) (eqs 9, 11) leads to∆Hs(C).

In order to check that the AON model is applicable, we
evaluated∂ ln θh/∂ ln C at the temperature whereθh ) 1/2 (T )
Tm) at each concentration. A comparison between the AON and
the one-helical-sequence models from concentration dependence

Figure 1. Equilibrium transition curves measured by specific rotation
[R] at 365 nm for Ac-(Gly-Pro-Hyp)5-NH2 at different concentrations.

TABLE 1: Concentration Dependence of the Fraction of
Helix (θh) for Ac-(Gly-Pro-Hyp) 5-NH2 at the Corresponding
Melting Temperatures

T (K)
ln C

(C (mg/mL)) ln θh T (K)
ln C

(C (mg/mL)) ln θh

291 -2.30( 0.01 -1.07( 0.01 295 -2.30( 0.01 -2.35( 0.01
-1.66( 0.01 -0.72( 0.01 -1.66( 0.01 -1.82( 0.01
-0.36( 0.01 -0.23( 0.01 -0.36( 0.01 -0.77( 0.01

0.34( 0.01 -0.18( 0.01 0.34( 0.01 -0.36( 0.01
1.19( 0.01 -0.16( 0.01 1.19( 0.01 -0.34( 0.01
1.81( 0.01 -0.05( 0.01 1.81( 0.01 -0.18( 0.01
2.25( 0.01 -0.04( 0.01 2.25( 0.01 -0.15( 0.01

299 -2.30( 0.01 -5.81( 0.01 300 -2.30( 0.01 -6.10( 0.01
-1.66( 0.01 -3.33( 0.01 -1.66( 0.01 -3.56( 0.01
-0.36( 0.01 -1.91( 0.01 -0.36( 0.01 -2.28( 0.01

0.34( 0.01 -0.76( 0.01 0.34( 0.01 -0.87( 0.01
1.19( 0.01 -0.62( 0.01 1.19( 0.01 -0.71( 0.01
1.81( 0.01 -0.35( 0.01 1.81( 0.01 -0.40( 0.01
2.25( 0.01 -0.27( 0.01 2.25( 0.01 -0.31( 0.01

304 -2.30( 0.01 -6.71( 0.01 307 -2.30( 0.01 -7.24( 0.01
-1.66( 0.01 -4.12( 0.01 -1.66( 0.01 -4.64( 0.01
-0.36( 0.01 -2.94( 0.01 -0.36( 0.01 -3.60( 0.01

0.34( 0.01 -1.40( 0.01 0.34( 0.01 -2.03( 0.01
1.19( 0.01 -1.12( 0.01 1.19( 0.01 -1.53( 0.01
1.81( 0.01 -0.66( 0.01 1.81( 0.01 -1.00( 0.01
2.25( 0.01 -0.53( 0.01 2.25( 0.01 -0.72( 0.01

1
Tm

) 1
3n - 2

R ln σ
∆Hs

+
∆Ss

∆Hs
(27)

C y\z
σs

H h
s

H2 h
s
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s
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Z(n) ) 1 + ∑
m)1

3n-2

(3n - m - 1)σsm (22)

K ) σs3n-2 (23)

K ) θh/(1 - θh) (24)

(∂ ln θh

∂(1/T))n
) (-

(3n - 2)∆Hs
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data acquired atT ) 299 K is reported in Table 2. All the
parameters computed from the one-helical-sequence approxima-
tion are in good agreement, within the estimated errors, with
those derived from the AON theory.

The concentration dependence of the fraction of single strands
ú(T,C), of the logarithmic slope of the association isotherm
(∂ ln θh/∂ ln C)T,n and of the propagation parameters(T,C) at
different temperatures is reported in Table 3.

A comparison between the thermodynamic parameters ob-
tained for Ac-(Gly-Pro-Hyp)5-NH2 and the values previously
reported by Schwarz and Poland4 for (Gly-Pro-Pro)n sequences
is shown in Table 4. The concentration of Ac-(Gly-Pro-Hyp)5-
NH2 was such that the molarities of (Gly-Pro-Hyp) and (Gly-
Pro-Pro) tripeptide units were similar.

Chain-Length Dependence ofθh. The experimental transition
curves reported in Figure 3, which show specific rotation at
365 nm as a function of temperature for peptides forn ) 3, 5,
6, 9 atC ) 0.19 mg/mL, were converted to net fraction of helix
(θh) as a function of temperature using eq 6. The shorter
sequence (n ) 3) does not form a triple helix at any temperature.
The experimental conditions were such that the concentration
of (Gly-Pro-Hyp) tripeptide units was held constant, i.e.,nC )
C0 whereC is the total molar concentration of single strands.

The sharpness of the thermal transition, (∂ ln θ/∂(1/T))C,n,

was calculated at the midpoint as a function ofn for C ) 0.19
mg/mL. Using eq 16 evaluated atθh ) 1/2, i.e., eq 19,∆Hs was
computed as∆Hs ) -10 ( 0.5 kcal (mol trimeric unit)-1 at
this concentration from the slope of a plot of∂ ln θ/∂(1/T) vs n.

The transition curves readily provide the melting temperature
Tc for the infinite polymer. By plotting the reciprocal of the
melting temperature as a function of the reciprocal of the chain
length (Figure 4), we obtain an extrapolated value atn f ∞
(1/n f 0) of Tc ) 427 K. From a plot of 1/Tm vs 1/n at C )
0.19 mg/mL (eq 20), the equilibrium constant for the nucleation
step lnσ ) -12.5( 1.4, whereσ has the units (mol/L)-2, i.e.,
those of a trimolecular association constant, and∆Ss ) -23.4
( 1.2 cal (mol trimeric unit)-1 K-1 were obtained. The value
∆Sσ ) -24.8 ( 2.8 cal (mol trimeric unit)-1 K-1 was
determined using eq 13.

From∆Hs and∆Ss, which were determined from the length
dependence ofθh, and with the assumption that these two
parameters are independent of temperature,s(T,C) can be
computed at each temperature using eq 9. It should be pointed
out the∆Hs and∆Ss were derived from two sets of measure-

TABLE 2: Comparison between the AON and the One-Helical-Sequence Models from Concentration Dependence Data
Acquired for Ac-(Gly-Pro-Hyp) 5-NH2

C (mg/mL)a Tm (K) ∂ ln θh/∂ ln C ú θh

AON 1.40( 0.01 299( 1 0.50 0.50 0.50
one-helical-sequence 1.40( 0.01 299( 1 0.49( 0.02 0.49( 0.01 0.47( 0.01

a This concentration was chosen because the best fit of the data (lnθh vs ln C) was obtained in Figure 2.

Figure 2. Fraction of triple helix θh plotted as a function of
concentration for Ac-(Gly-Pro-Hyp)5-NH2 at different temperatures. The
symbols represent the experimental values and the lines represent fitted
curves obtained by using the nonlinear least-squares method.

TABLE 3: Concentration Dependence of the Fraction of
Single Strands (ú) on the Logarithmic Slope of the
Association Isotherm (D ln θh/D ln C) and of the Propagation
Parameter (s) for Ac-(Gly-Pro-Hyp) 5-NH2

T (K)
C

(mg/mL) θh ú ∂ ln θh/∂ ln C s

295( 1 0.70( 0.01 0.46( 0.01 0.35( 0.01 0.31( 0.02 4.8( 0.3
1.40( 0.01 0.69( 0.01 0.26( 0.01 0.21( 0.02 26( 7
3.30( 0.01 0.71( 0.01 0.25( 0.01 0.20( 0.02 38( 15

300( 1 0.70( 0.01 0.10( 0.01 0.65( 0.01 0.76( 0.02 0.7( 0.1
1.40( 0.01 0.42( 0.01 0.52( 0.01 0.53( 0.02 12( 2

299( 1 0.70( 0.01 0.15( 0.01 0.64( 0.01 0.74( 0.02 1.6( 0.1
1.40( 0.01 0.47( 0.01 0.49( 0.01 0.49( 0.02 18( 3

304( 1 0.70( 0.01 0.05( 0.01 0.65( 0.01 0.78( 0.02 ∼0
1.40( 0.01 0.24( 0.01 0.57( 0.01 0.61( 0.02 2.9( 0.3

Figure 3. Equilibrium transition curves measured by specific rotation
[R] at 365 nm for Ac-(Gly-Pro-Hyp)n-NH2 at 0.19 mg/mL withn ) 3,
5, 6, 9.

Figure 4. Chain-length dependence ofTm for Ac-(Gly-Pro-Hyp)n-NH2

at 0.19 mg/mL withn ) 5, 6, 9.
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ments: concentration and chain length dependence. Theoreti-
cally, the values obtained from both experimental approaches
should be the same. However, the values differ slightly because
the limited number of available data did not allow for the
determination of∆Hs and∆Ss for the chain length-dependent
analysis.

KTA-[Gly-(Gly-Pro-Hyp) n-NH2]3. Chain-Length Depen-
dence ofθh. The experimental transition curves reported in
Figure 5 show specific rotations at 365 nm as a function of
temperature for peptides for whichn ) 3, 4, 5, 6. These values
were converted to net fraction of helix (θh) as a function of
temperature using eq 6.

The sharpness of the thermal transition, (∂ ln θ/∂(1/T))n, was
calculated at the midpoint as a function of 3n - 2. Using eq
26, whenθh ) 1/2, ∆Hs was computed as∆Hs ) -5.2 ( 0.4
kcal (mol trimeric unit)-1.

The melting temperature for the infinite polymer (Tc ) 407
K) was determined by plotting the reciprocal of the melting
temperature vs 1/(3n - 2) (Figure 6). The equilibrium constant
for the nucleation step lnσ ) -15.4 ( 1.2, ∆Sσ ) -30.5 (
2.4 cal (mol trimeric unit)-1 K-1 and∆Ss ) -12.8 ( 1.0 cal
(mol trimeric unit)-1 K-1 were obtained by using eq 27 knowing
∆Hs. From ∆Hs and ∆Ss, and with the assumption that these
two parameters are independent of temperature,s can be
computed at each temperature by using eq 9.

Discussion

A thermodynamic treatment of the triple-helical folding for
the N-terminal acetyl free-chain Ac-(Gly-Pro-Hyp)n-NH2 (where
n ) 3, 5, 6, 9) and for the template-assembled KTA-[Gly-(Gly-
Pro-Hyp)n-NH2]3 (wheren ) 3, 4, 5, 6) is discussed.

For such short chains, the application of the one-helical-
sequence approximation indicates that there is very little
unwinding from the ends of the triple helix, so that an all-or-
none model is adequate to treat this transition. Table 2 shows
a comparison between the values obtained by the one-helical-

sequence and the all-or-none models which were applied to
describe the triple-helix formation for the free-chain Ac-(Gly-
Pro-Hyp)n-NH2. Furthermore, sequences wheren ) 5, 6, 9 were
found to be completely triple-helical (θh ) 1) at each lowest
temperature of the experimental transition curves. This result
justifies the all-or-none approximation which is even more
reasonable in the case of the shorter template-assembled
sequences.

For the free-chain sequences, the nucleation constant describes
a trimolecular process (intermolecular); hence,σ has the units
of (mol/L)-2. In contrast, the template-assembled structures
exhibit a monomolecular (intramolecular) transition from coil
to triple helix which is independent of peptide concentration.
Therefore, a comparison between theσ values and the corre-
sponding thermodynamic parameters (∆H and∆S) for the triple
helix transitions of free-chain and template-assembled structures
is meaningless.

Theσ values determined for free chains Ac-(Gly-Pro-Hyp)n-
NH2 from the concentration dependence and chain-length
dependence data are comparable. From the concentration
dependence ofθh for Ac-(Gly-Pro-Hyp)5-NH2, we obtained the
most reliable result (best curve fit of the association isotherm)
at C ) 1.4 mg/mL, while the chain-length dependence was
monitored atC ) 0.19 mg/mL. Consequently, the∆Sσ ) -24.8
( 2.8 cal (mol trimeric unit)-1 K-1 determined from the chain-
length dependence ofθh is more negative (less favorable) than
the∆Sσ ) -7.8( 1.4 cal (mol trimeric unit)-1 K-1 determined
from the concentration dependence ofθh because of the lower
molar concentration of the trimeric units. In fact, at the
concentration of 0.19 mg/mL, based upon the data reported in
Figure 2,θh is not at the plateau value but depends strongly on
concentration.

In both cases, free-chain and template-assembled collagen
peptides, the equilibrium constant for the propagation step,s,
is unitless since it refers to an intramolecular transition. When
s is greater, less than, or equal to unity, triple-helical formation

TABLE 4: Comparison between the Thermodynamic Parameters Measured for Ac-(Gly-Pro-Hyp)5-NH2 from Concentration
Dependence Data and the Values Measured for (Gly-Pro-Pro)n Sequences

nCa

(C(mM))
ln σ

(σ(mol/L)-2) ∆Hσ (kcal/mol) ∆Sσ (cal/(mol‚K))
∆Hs

(kcal/mol)
∆Ss

(cal/(mol‚K))

Ac-(Gly-Pro-Hyp)5-NH2 5.0( 0.1 -3.9( 1.0 0 -7.8( 1.4 -5.7( 0.3 -13.3( 0.8
H-(Gly-Pro-Pro)n-OH 6.5( 0.1 -9.3( 2.0 0 -18.6( 2.0 -7.4b( 0.8 -20.0( 2.0

a The nC is the total molar concentration of the tripeptide units.b Figure 3 of ref 4 shows essentially no dependence of∆Hs on n.

Figure 5. Equilibrium transition curves measured by specific rotation
[R] at 365 nm for KTA-[Gly-(Gly-Pro-Hyp)n-NH2]3 with n ) 3, 4, 5,
6. Figure 6. Chain-length dependence ofTm for KTA-[Gly-(Gly-Pro-

Hyp)n-NH2]3 with n ) 3, 4, 5, 6.
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is favored, unfavored, and of equal probability with respect to
unassembled structures, respectively. A comparison of the
thermodynamic parameters associated withs ensures that the
propagation step for the free-chain and template-assembled
structures involves the same change in free energy, since the
tripeptide unit is the same. The values of∆Hs and ∆Ss

determined from the concentration dependence ofθh for Ac-
(Gly-Pro-Hyp)5-NH2 (C ) 1.4 mg/mL,∆Hs ) -5.7( 0.3 kcal
(mol trimeric unit)-1, ∆Ss ) -13.3 ( 0.8 cal (mol trimeric
unit)-1 K-1) and from the chain-length dependence ofθh for
KTA-[Gly-(Gly-Pro-Hyp)n-NH2]3 (n ) 3, 4, 5, 6,∆Hs ) -5.2
( 0.4 kcal (mol trimeric unit)-1, ∆Ss ) -12.8( 1.0 cal (mol
trimeric unit)-1 K-1) are similar.

The nucleation for the template-assembled structures can be
described in terms of an intramolecular transition as noted above
for the propagation. Therefore, the enthalpy and entropy
involved in the two steps can be compared. Although covalent
bridging of the peptide chains is assumed to favor nucleation,
it is expected thatσ is less than unity reflecting the fact that
the ends of chain have a relatively low probability for triple
helicity. The nucleation gives rise to an entropic loss, thereby
rendering it more difficult than the growth of the helix by
propagation steps; i.e.,∆Sσ is much more negative than∆Ss.

Based upon the cooperativity of the process,sshould depend
strongly on the chain length for this association process.
However, our results do not distinguish between sequences that
differ only by the number of tripeptide units because the
concentration dependence data ofθh are available only for the
acetyl analogue with five tripeptide repeats and the chain-length
dependence data are available only forn ) 5, 6, 9 for the acetyl
free-chain analogues andn ) 3, 4, 5, 6 for the KTA assembled
structures. These data sets are not sufficient to allow a nonlinear
fit of the curve obtained by plotting the slope of the thermal
transition curve as a function ofn. In addition, the range ofn
is limited.

The thermodynamic parameters associated with the propaga-
tion step for free chains are not very different from those
published by Schwarz and Poland4 for the (Gly-Pro-Pro)n
sequences. The intrinsic lower tendency of the (Gly-Pro-Pro)n

than the (Gly-Pro-Hyp)n sequences to form triple helix is
probably balanced by the increased number of tripeptide units
n (up to 20) as treated by Schwarz and Poland.

On the contrary, there is a difference in the thermodynamic
parameters associated with the nucleation step. Specifically,
comparison of theσ values in Table 4 shows that the nucleation
step is much more favorable for our acetyl-terminated (Gly-
Pro-Hyp)n sequences than for the free amine-terminated (Gly-

Pro-Pro)n analogues. It has previously been seen in our
laboratories14 that acetylation at the N-termini of the peptide
chains greatly enhances triple-helical propensity.

In this paper, we focused on the thermodynamics of triple-
helical folding for single-stranded and template-assembled Gly-
Pro-Hyp sequences for relatively short peptide lengths. The
helical forming tendencies of peptide chains comprising different
tripeptide units can be compared rigorously by these methods.
Moreover, the influence of the capping mode by N-terminal
acetylation and by template assembly of the peptide chains was
evaluated. The effect of N-terminal acetylation versus the
presence of the terminal amine structures has been shown to be
more favorable for triple helical formation. Similarly, template
assembly of the collagen peptide chains not only enhances but
also stabilizes the triple helix, as demonstrated by their higher
melting temperatures and faster triple helix folding rate.9,10

Material and Methods

The synthesis of the polypeptides and all the biophysical
characterizations have been described elsewhere.9,10

The experimental equilibrium transition curves were fitted
by using the least-squares method to obtain the thermodynamic
parameters (σ, s, ∆Hs, ∆Sσ,s).

All the numerical calculations, plots, curve fitting, and curve
interpolation were carried out with the programMathematica
(Wolfram Research, Inc.) using an operating system based on
UNIX.
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