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ABSTRACT: Differential scanning calorimetry (DSC) analyses of a series of collagen model peptides suggest
that 4-hydroxyproline (Hyp) and 4-fluoroproline (fPro) have different effects on the stability of the collagen
triple helices according to the sequence of amino acids and stereochemistry at the 4 positions of these
imino acids. The thermodynamic parameters indicate that the enhanced stabilities are classified into two
different types: the enthalpy term is primarily responsible for the enhanced stability of the triple helix of
(Pro-HypR-Gly)10, whereas the entropy term dominates the enhanced stability of (Pro-fProR-Gly)10. The
difference between the molecular volumes observed in solution and intrinsic molecular volumes calculated
from the crystal structure indicates the different hydration states of these peptides. (Pro-HypR-Gly)10 is
highly hydrated compared to (Pro-Pro-Gly)10, which contributes to the larger enthalpy. In contrast, the
volume of (Pro-fProR-Gly)10 shows a smaller degree of hydration than that of (Pro-Pro-Gly)10. The entropic
cost of forming the triple helix of the fPro-containing peptides is compensated by a decrease in an ordered
structure of water molecules surrounding the peptide molecule, although the contribution of enthalpy
originating from the hydration is reduced. These arguments about the different contribution of entropic
and enthalpic terms were successfully applied to interpret the stability of the triple helix of (fProS-Pro-
Gly)10 as well.

The collagen triple helix is a unique structural motif found
in proteins, with a characteristic repeat of X-Y-Gly, where
X and Y are often imino acids, Pro, or 4(R)-Hyp (HypR)
(1). We synthesized the polytripeptides, (Pro-Pro-Gly)10 and
(Pro-HypR-Gly)10, and demonstrated that both peptides
exhibit triple-helical structures at low temperature and
undergo thermal transition to single random-coil states (2,
3). The higher transition temperature of (Pro-HypR-Gly)10

than that of (Pro-Pro-Gly)10 indicates that the hydroxyl group
of HypR residue enhances the stability of the triple-helical
structure. This is consistent with the relationship between
the content of HypR and the thermal stability of natural
collagens (4).

Many studies on various collagen model peptides have
been carried out to explain the mechanism of this stability
enhancement. An extremely ordered hydration structure
formed by water bridges with the hydroxyl group of Hyp
has been found in the crystal structure of (Pro-HypR-Gly)4-
Pro-HypR-Ala-(Pro-HypR-Gly)5 (5, 6), which exhibits ther-

mally stable triple-helical structure more than that of (Pro-
Pro-Gly)10 (7). However, a question arose about the
significance of water bridges in stabilizing the triple helix,
because the transition temperatures of both (Pro-Pro-Gly)10

and (Pro-HypR-Gly)10 increased extensively in an anhydrous
environment (8). To clarify this problem, Raines and co-
workers studied the polytripeptides (X-Y-Gly)n containing
4-fluoroproline (fPro) and showed that the thermal stability
of (Pro-fProR-Gly)10 is much higher than that of (Pro-HypR-
Gly)10 (9, 10). Because a fluorine atom in fluoroalkanes has
electron-withdrawing property but forms only a weak
hydrogen bond (11-13), it was postulated that hydrogen
bonding does not necessarily play an important role in
stabilizing the triple-helical structure (9, 10).

In contrast, some substitutions reduce the thermal stability
of the triple-helical structure depending on the sequence of
amino acids and stereochemistry at the 4 position of the
imino acids. For example, we showed that (Pro-HypS-Gly)10

(14), (HypS-Pro-Gly)10 (14), and (HypR-Pro-Gly)10 (15) exist
in single coils. Also, Raines and co-workers reported that
(Pro-fProS-Gly)10 has no tendency to form the triple helix
(16). To explain the effect of the substitution of Pro by Hyp
or fPro, Zagari and co-workers focused on the pyrrolidine
ring puckering of imino acid residues (17). They surveyed
the results of X-ray analyses on model peptides in the triple
helix and found that the down form tends to take place in
the X position and the up one, in Y position. It has been
known that HypR and fProR prefer the up form and HypS
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and fProS prefer the down one on the basis of X-ray analyses
and NMR spectroscopic and computational investigations on
various proline derivatives (17-24). Thus, they proposed a
rule that the replacement of Pro at the Y position with HypR

or fProR stabilizes the triple helix, whereas that of Pro at the
Y position with HypS or fProS and that of Pro at the X
position with HypR destabilize the triple helix. This rule
involved an inconsistency that (HypS-Pro-Gly)10 does not
form the triple helix (14). They regarded this as an exception
because of the steric hindrance between the hydroxyl group
of HypS and the pyrrolidine ring of Pro in an adjacent chain
(17). However, the recent result that demonstrated that (fProS-
Pro-Gly)10 forms a collagen triple helix (25, 26) contradicts
this explanation because the difference in volumes of a
hydroxyl group and a fluorine atom is too small to account
for the contrasting triple-helix propensity of these peptides.
To rationalize all of the experimental results, it is essential
to analyze the thermal stability of collagen triple helix
quantitatively. We have already estimated the thermodynamic
parameters of the transition from the circular dichroism (CD)1

transition profile with the van’t Hoff equation. However, as
we have already pointed out in our previous paper (25),
thermodynamic parameters obtained from the van’t Hoff
analysis for the triple helix to single coil embrace large
uncertainties. Actually, even though the following three
experiments treated the same sample, (Pro-HypR-Gly)10, the
reported∆H° values vary as 174, 220, and 134 kJ mol-1 in
the experiments of refs27, 28, and29, respectively. It should
be noted that these parameters from DSC measurements
would be problematic as well. For example, we had indicated
that the thermal transition from triple helix to single coil
has a strong scanning rate dependency (30, 31). Although
we have already reported the thermodynamic parameters
estimated from the simple integration of the DSC curves in
our manuscript for the short communication (32), the
transition from the triple-helix to single-coil states should
be treated as an association-dissociation system for a full
discussion. Therefore, in the present study, DSC experiments
were performed on the series of the model peptides with
such a low scanning rate as to attain the equilibrium condition
and the thermodynamic parameters are directly determined
with DSC curves by taking into account the association-
dissociation system between triple helix and single coil.
According to the resulting thermodynamic parameters of the
all model peptides, enhanced stabilities were classified into
two types: enthalpy-dominant and entropy-dominant en-
hanced stability. Subsequently, partial molar volumes of these
peptides in solution were determined by the density measure-
ments to clarify the hydration states of the peptides in triple-
helical structure. Considering these experimental results
together with the calculation of intrinsic volumes using the
atomic coordinates of the X-ray data, two types of enhanced
stabilities were explained by the difference in the hydration
states of Hyp- and fPro-containing model peptides.

EXPERIMENTAL SECTION

Preparation of Model Peptides.(Pro-Pro-Gly)10 and (Pro-
HypR-Gly)10 were synthesized as reported previously (33).
(Pro-fProR-Gly)10, (fProS-Pro-Gly)10, and (HypS-Pro-Gly)10

were synthesized using an Applied Biosystems 433A peptide
synthesizer. Couplings were carried out on an Alko-PEG
resin (Watanabe Chemical Industries, Ltd., 0.26 mmol g-1,
0.1 mmol) using Fmoc (9-fluorenyl-methoxycarbonyl) amino
acids (4.0 equiv). Fmoc-fProR-OH and Fmoc-fProS-OH were
synthesized as described previously (18). The absolute
configurations of fPro derivatives have been determined by
chiral HPLC and X-ray crystallography (18). Fmoc-HypS-
(But)-OH was synthesized from Boc-HypR-OH (see Scheme
S1 in the Supporting Information). HATU (O-7-azabenzo-
triazol-1-yl-1,1,3,3-tetramethyluronium hexafluorophosphate)
(4.0 equiv)/DIEA (N,N-diisopropylethylamine) (6.0 equiv)
mediated peptide couplings. Cleavage of the peptide resin
proceeded for 1 h using a TFA/water/triisopropylsilane
mixture (95:2.5:2.5). The peptides were purified by high-
performance liquid chromatography (HPLC) on an YMC-
PACK C-18 reversed-phase column. We employed a peptide
that has proven more than 97% pure as judged by HPLC.
The molecular weight of each peptide was determined by
MALDI -TOF mass spectrometry. Prior to a series of
physicochemical analyses, a stock solution of a peptide in
100 mM acetic acid was prepared by keeping the solution
at 90°C, with an exception of that of (Pro-Pro-Gly)10 at 60
°C, for 1 h tocomplete the dissociation into the monomer,
followed by gradual cooling to room temperature, and
equilibrated at 4°C for 3 days so that the triple helices could
be formed properly.

Analytical Ultracentrifugation.Sedimentation equilibrium
analyses were performed with a Beckman Optima XL-I
analytical ultracentrifuge at 10°C using double-sector
centerpieces with sapphire windows. The rotor speeds for
(Pro-Pro-Gly)10, (Pro-HypR-Gly)10, (Pro-fProR-Gly)10, (fProS-
Pro-Gly)10, and (HypS-Pro-Gly)10 were 32 000, 30 000,
40 000, 40 000, and 45 000 rpm, respectively. Each peptide
was dissolved at a concentration of 0.18-1.8 mM in 100
mM AcOH containing 100 mM NaCl. Data were collected
taking the average of 8 measurements at each radial distance.
Approach to equilibrium was considered to be completed
when replicate scans separated byg6 h were indistinguish-
able.

Partial Specific Volume Determination.The partial specific
volume of a solute (Vj) is obtained from the concentration
dependence of the density of the solution using the equation

where F and F0 are the densities of the solution and the
solvent, respectively (34). The densities of solutions of (Pro-
Pro-Gly)10, (Pro-HypR-Gly)10, (Pro-fProR-Gly)10, and (fProS-
Pro-Gly)10 were measured using a vibrational density meter,
Anton Paar DMA 5000, at 10°C (within (0.01 °C) and
were collected by taking the average of three measurements
(within (5 × 10-6 g cm-3). The concentration of a peptide
in solution [c, (g cm-3)] was determined based on the amino
acid analysis (see the Supporting Information).

Differential Scanning Calorimetry (DSC).DSC measure-
ments were carried out on a VP-DSC calorimeter (Microcal

1 Abbreviations: ASA, accessible surface area; Boc,t-butoxycar-
bonyl; But, t-butyl; CD, circular dichroism; DIEA,N,N-diisopropyl-
ethylamine; DSC, differential scanning calorimetry; fPro, 4-fluoropro-
line; Fmoc, 9-fluorenylmethoxycarbonyl; HATU,O-7-azabenzotriazol-
1-yl-1,1,3,3-tetramethyluronium hexafluorophosphate; HPLC, high-
performance liquid chromatography; Hyp, 4-hydroxyproline; MALDI-
TOF, matrix-assisted laser desorption/ionisation time-of-flight; PDB,
Protein Data Bank; TFA, trifluoroacetic acid.

(∂F
∂c)m,p

) 1 - VjF0 (1)
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Inc.). The peptides were dissolved in 100 mM AcOH at a
concentration of about 1.8 mM. A degassed peptide solution
was loaded into a calorimeter cell and heated from 10 to
110°C at a heating rate of 0.1 K min-1. Reversibility of the
transition was monitored by scanning the same sample 3
times without refilling the solution. To assess whether the
thermal transition of each peptide involves only two states
(a triple-helical structure and a single-coil state) or includes
the presence of intermediates, the data were analyzed for
both the three- and two-state models (35, 36). The estimation
procedures for the thermodynamic parameters considering
trimer-monomer association-dissociation equilibrium and
the change in the heat capacity between triple-helix (Ct) and
random-coil (Cs) states,∆Cp, are described in the Supporting
Information.

Calculations of the Intrinsic Molecular Volume and the
Accessible Surface Area (ASA).The intrinsic molecular
volume of each model peptide in the triple-helix state was
estimated using MSRoll (37). The atomic coordinates of the
triple helix of (Pro-Pro-Gly)10 were provided by the Protein
Data Bank (PDB) code 1K6F (38). Those of the triple helix
of (Pro-HypR-Gly)10 were given by Prof. Okuyama (Faculty
of Technology, Tokyo University of Agriculture and Tech-
nology). Assuming that the triple helix has almost the same
main-chain conformation for each collagen model peptide,
we created the atomic coordinates of (Pro-fProR-Gly)10 in
the triple-helix state by substituting the hydroxyl group in
(Pro-HypR-Gly)10 with a fluorine atom so that the pyrrolidine
ring of all of the imino acids take the requisite ring puckering
as a quantum mechanical study has suggested (23). The Cγ-
OH (Cγ-F) bond length and the angles Cδ-Cγ-OH (Cδ-
Cγ-F) and Câ-Cγ-OH (Câ-Cγ-F) were from ref23 and
PDB code 1CAG (5, 7). The structures of the single coils of
(Pro-Pro-Gly)10, (Pro-HypR-Gly)10, and (Pro-fProR-Gly)10

were obtained by energy minimization using X-PLOR (39).
ASA of each model peptide was calculated using MSRoll
(37), with the probe radius of water (equal to 1.4 Å). Total
ASA (ASAtotal) was assumed to be the sum of ASApol,
ASAnpol, and ASAfluorine, each of which corresponds to polar
(amide N, carbonyl O, and hydroxyl O), nonpolar (aliphatic
C and carbonyl C) (40), and fluorine components, respec-
tively.

CD Spectroscopy.Measurements of CD spectra were
carried out on an Aviv Model 202 spectropolarimeter. Spectra
were obtained with a cell of either a 1 or 5 mmpath length
by averaging 8 scans from 190 to 260 nm. The peptides were
dissolved in 100 mM AcOH at a concentration of 0.045 mM.

RESULTS

Sedimentation Equilibrium Experiments.The weight-
averaged molecular weights at infinite dilution for (Pro-Pro-
Gly)10, (Pro-HypR-Gly)10, (Pro-fProR-Gly)10, (fProS-Pro-
Gly)10, and (HypS-Pro-Gly)10 were determined and are listed
in Table 1. They indicate that only (HypS-Pro-Gly)10 is a
monomer, whereas the other peptides are trimers. Further
aggregation into more than trimers was not observed for all
of the peptides. The results of sedimentation equilibrium
measurements are shown in Figures S1 and S2 in the
Supporting Information.

Heat-Capacity CurVes of Collagen Model Peptides.The
heat-capacity curves at the second and third scan, without

refilling the solution, completely overlapped for all peptides,
indicating that these transitions are reversible processes. In
the present experiment, we used a reasonably low scanning
rate of 0.1 K min-1 to keep the system in thermal equilib-
rium, because the lower scanning rate of 0.05 K min-1 did
not improve the accuracy of the measurements but adversely
affected it by lowering the S/N ratio (see Figure S3 in the
Supporting Information). The dependencies of heat capacity
on the heating rate and peptide concentration of (Pro-Pro-
Gly)10 are shown in Figures S4 and S5 in the Supporting
Information.

Miles and Bailey have reported that the biphasic transitions
were observed when the scanning rate was low (below 0.25
K min-1) and considered the initial peak as a rate-process
endotherm (41). It is obvious in Figure 1 that only (Pro-
Pro-Gly)10 showed such a biphasic transition. The curve of
(Pro-Pro-Gly)10 was well-fitted to a three-state model, in
which a small heat absorption peak was separately observed
at a slightly lower temperature than the main peak as shown
in Figure 1.

Our previous NMR study on the thermal transition of (Pro-
Pro-Gly)10 demonstrated the presence of two different triple-
helical forms, i.e., HL and HH for a lower and a higher
temperature state, respectively (42). Recently, we reported
a HL-HH transition observed in an NMR study that corre-
sponds to local conformational changes of the pyrrolidine
rings of the Pro residues in the X position from an uniform
down puckering to a more flexible state (43). Thus, the
absorption at lower temperatures is associated with the
transition of the triple helix from HL to HH and the one at
higher temperatures with the transition from the triple-helix
to single-coil state. These transitions were separately ob-
served at the lower scanning rate (0.1 K min-1), which were
indistinguishable in the DSC measurement performed at
scanning rates, 0.25-2 K min-1 (30, 31), and were difficult
to be separated because the transition temperatures are very
close to each other. Our present study demonstrated also that
the transition of the triple helix from HL to HH is a kinetically
slow process. The fact that two transitions can be observed
separately only with a peptide solution of high concentration
and at a low scanning rate support these assignments. It is
the reason that the transition from the triple-helix to single-
coil state should be concentration-dependent, while the
transition of the triple helix from HL to HH should be
concentration-independent.

Table 1: Weight-Averaged Molecular Weights of Collagen Model
Peptides at 10°C

peptide
weight-averaged

molecular
weight (A)

molecular
weight

calculated
from the
chemical

composition
(B)

(A)/(B)

(Pro-Pro-Gly)10 (7.26( 0.36)× 103 2530.8 2.87( 0.14
(Pro-HypR-Gly)10 (7.48( 0.37)× 103 2690.8 2.78( 0.14
(Pro-fProR-Gly)10 (7.94( 0.40)× 103 2710.8 2.93( 0.15
(fProS-Pro-Gly)10 (8.31( 0.42)× 103 2710.8 3.07( 0.15
(HypS-Pro-Gly)10

a (2.17( 0.11)× 103a 2690.8 0.81( 0.04a

a The partial specific volume of (Pro-HypR-Gly)10 at 10°C is 0.612
cm3 g-1, which was applied for (HypS-Pro-Gly)10.
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Actually, these transitions of (Pro-Pro-Gly)10 at such
conditions are also separately observable by CD measure-
ment, provided as Figure S6 in the Supporting Information.

In contrast to the case of (Pro-Pro-Gly)10, the DSC curves
of (Pro-HypR-Gly)10, (Pro-fProR-Gly)10, and (fProS-Pro-Gly)10

were fitted to the two-state model well as shown in Figure
1. Triple-helical structures of these peptides change to single-
coil states without any significant intermediate. Further
investigations on the transition mechanisms of these peptides
are being done by NMR measurements.

The result that the heat-capacity curve of (HypS-Pro-Gly)10

showed no appreciable heat absorption (Figure 1) is consis-
tent with the results from CD measurement and ultracen-
trifugation analysis by Inouye et al. that (HypS-Pro-Gly)10

does not form the triple helix at 4°C (14).
Thermodynamic Parameters of the Transition.The ther-

modynamic parameters of the transition from the triple-helix
to random-coil states, which were calculated simply by the
integration of the DSC curves, have been previously reported

(32). In this paper, the errors inherent in the preliminary
thermodynamic analysis were minimized by an extensive
thermodynamic analysis by treating the system as an as-
sociation-dissociation equilibrium between the trimer and
monomer, along with taking the difference ofCp before and
after the transition into consideration. This newly developed
treatment provided enthalpy change (∆H), entropy change
(∆S), free-energy change (∆G), and heat-capacity change
(∆Cp) associated with the transition as temperature-dependent
parameters at various temperatures and made it possible for
the first time to compare the thermal stabilities of each
peptide at a given temperature. The resulting thermodynamic
parameters of the transition for the collagen model peptides
are shown in Table 2 and Figure 2. Note that transition
temperature (T1/2) is defined as the temperature where the
transition is half-completed and does not correspond to the
temperature where∆G equals zero (T°). To compare these
parameters with those of (Pro-Pro-Gly)10, we normalized the
values such asT°∆S and ∆G at T°PPG ) 71.9 °C for T° of
(Pro-Pro-Gly)10 as a reference. As illustrated in column B
in Figure 2, both∆H andT°PPG∆Sof (Pro-HypR-Gly)10 were
much higher than those of (Pro-Pro-Gly)10. This shows that
the increased stability of (Pro-HypR-Gly)10 results primarily
from the enthalpy term. In contrast, as illustrated in columns
C and D in Figure 2, both∆H and T°PPG∆S of (Pro-fProR-
Gly)10 and (fProS-Pro-Gly)10 were much smaller than those
of (Pro-Pro-Gly)10 and their ∆∆H and T°PPG∆∆S values
were opposite in sign to those of (Pro-HypR-Gly)10, implicat-
ing that the entropic term is a dominant factor in these fPro-
containing peptides.

ObserVed and Calculated Molar Volumes of Triple
Helices. Linear relationships between concentration and
density for all of the solutions of collagen model peptides
forming the triple helix were obtained at 10°C (Figure S7
in the Supporting Information). The observed partial specific
volume (Vjobs,t) and observed partial molar volume (Vhobs,t) of
the triple helix of each peptide at 10°C are listed in Table
3 along with the intrinsic molecular volume of the triple helix
(Vint,t) and the value ofVhobs,t - Vint,t. These values are those
per tripeptide X-Y-Gly unit. TheVhobs,t value of (Pro-HypR-
Gly)10 is smaller than that of (Pro-Pro-Gly)10, whereas the
Vhobs,tvalue of (Pro-fProR-Gly)10 or (fProS-Pro-Gly)10 is much
larger. TheVint,t values of these model peptides are almost
the same within the range of 4.1 cm3 mol-1.

ASAs and Heat-Capacity Changes.We calculated ASAs
of the collagen model peptides in their triple-helical structures
(Table 3). The ASApol,t value of (Pro-HypR-Gly)10 is signifi-
cantly larger than that of (Pro-Pro-Gly)10, whereas the
ASAnpol,t value of the former is considerably smaller than
that of the latter. On the other hand, the value of ASAnpol,t

of (Pro-fProR-Gly)10 is smaller than that of (Pro-Pro-Gly)10,
whereas the value of ASApol,t of (Pro-fProR-Gly)10 is almost
the same as that of (Pro-Pro-Gly)10. The values of ASAfluor,t

of (Pro-fProR-Gly)10 are considerably larger than zero because
the fluorine atoms of the triple helix of (Pro-fProR-Gly)10

are exposed to the solvent. The percentage of ASAfluor,t in
the ASAtotal,t is 13% as calculated from Table 3.

Using the three-dimensional coordinates assuming the
single-coil states for (Pro-Pro-Gly)10, (Pro-HypR-Gly)10, and
(Pro-fProR-Gly)10, we calculated the ASA values of polar
(ASApol,s), nonpolar (ASAnpol,s), and fluorine (ASAfluor,s)
atoms or groups in the single-coil state and the change of

FIGURE 1: Molar heat capacity curves of (Pro-Pro-Gly)10, (Pro-
HypR-Gly)10, (Pro-fProR-Gly)10, (fProS-Pro-Gly)10, and (HypS-Pro-
Gly)10 as a function of the temperature. For (Pro-Pro-Gly)10, the
curves deconvoluted by fitting to the three-state model are inserted.

Stabilizing Factors of Collagen Triple Helix Biochemistry, Vol. 44, No. 16, 20056037



the corresponding ASA values (∆ASApol, ∆ASAnpol, and
∆ASAfluor) associated with the conformational transition
(Table 4). We assume that the heat-capacity difference of
the transition of a protein can be expressed as a linear
combination of ∆ASApol, ∆ASAnpol, and ∆ASAfluor as
described in the literature (44)

where∆C°p,pol, ∆C°p,npol, and∆C°p,fluor represent the contribu-
tion of polar, nonpolar, and fluorine atoms or groups to the
total ∆Cp, respectively. Equation 2 allowed us to obtain
∆C°p,pol and ∆C°p,npol separately by taking into account the
numerical values of∆Cp, ∆ASApol, and∆ASAnpol for (Pro-
Pro-Gly)10 and (Pro-HypR-Gly)10 listed in Tables 2 and 4.
The results are

This result supports the presumption that∆C°p,pol is negative
and∆C°p,npol is positive according to the general properties
of proteins (45-49).

Using the resulting values, eq 2 gives

The fact that∆C°p,fluor has the same sign as that of∆C°p,npol is
consistent with the fact that the fluorine atom of fPro has a
hydrophobic nature.

CD Measurements.As shown in Figure 3, each CD
spectrum of (Pro-Pro-Gly)10, (Pro-HypR-Gly)10, and (Pro-
fProR-Gly)10 at 4 °C has a positive peak at 225 nm and a
negative peak at 198 nm, which are characteristics of a triple
helix. Also, their CD spectra at high temperature indicate

that these model peptides exist in random coils. On the other
hand, the CD spectra of (HypS-Pro-Gly)10 and (fProS-Pro-
Gly)10 at 4°C shown in Figure 4A were different from others.
It is obvious that (HypS-Pro-Gly)10 does not form the triple-
helical structure even at low temperature. In addition, the
peak of the CD pattern of (fProS-Pro-Gly)10 at 225 nm is
smaller than the others even though the ultracentrifugal
analysis showed that it forms the triple-helical structure. In
Figure 4B, there are no appreciable structural difference in
the negative peaks among the model peptides detected in
the single-coil state.

DISCUSSION

ResolVing Intrinsic, Thermal Motion, and Hydration
Contributions to the Partial Molar Volumes of Collagen
Model Peptides.The observed partial molar volume of a
collagen triple helix (Vhobs,t) is composed of three terms:
intrinsic (Vint,t), thermal motion (Vtherm,t), and hydration (Vhyd,t)
volumes (50-52).

Note that Vtherm,t is proportional to the total ASA value
(ASAtotal,t) (50) and that the contribution of nonpolar groups
to Vhyd,t is so small as to be negligible because of no direct
interaction with solvating water molecules (51). These are
written using numerical coefficients,a andb

Combing eqs 3, 4a, and 4b gives

The Factor Stabilizing the Triple-Helical Structure for
(Pro-HypR-Gly)10. Equation 5 allowed us to obtaina andb
separately by taking into account the numerical values of
Vhobs,t, Vint,t, ASAtotal,t, and ASApol,t for (Pro-Pro-Gly)10 and
(Pro-HypR-Gly)10 listed in Table 3. The results are

Therefore,Vhyd,t values for (Pro-Pro-Gly)10 and (Pro-HypR-
Gly)10 are -9.6 and-18.6 cm3 mol-1, respectively. To
associateVhyd with the degree of hydration, we rearranged
eq 3 in the form

wherenh,t is the number of water molecules involved in the
hydration of a peptide in the triple-helix state (50-52), V°h
is the partial molar volume of the hydration-shell water, and
V°0 is the molar volume of bulk water. It is known thatV°h

Table 2: Thermodynamic Parameters of the Transition of Collagen Model Peptides

peptides
T1/2

(°C)
T°

(°C)
∆H(T°PPG)

(kJ mol-1)a
- T°PPG∆S(T°PPG)

(kJ mol-1)
∆Cp(T°PPG)

(J mol-1 K-1)
∆G(T°PPG)
(kJ mol-1)

(Pro-Pro-Gly)10 31.4 71.9 108.1 -108.1 681.7 0
(Pro-HypR-Gly)10 62.2 92.3 147.1 -138.8 96.6 8.3
(Pro-fProR-Gly)10 77.0 126.7 85.7 -72.0 545.7 13.7
(fProS-Pro-Gly)10 54.5 116.7 65.9 -58.0 139.5 7.9

a T°PPG refers toT° ) 71.9 °C for (Pro-Pro-Gly)10.

FIGURE 2: Comparison of thermodynamic parameters of the
transition of collagen model peptides.

∆Cp ) ∆C°p,pol∆ASApol + ∆C°p,npol∆ASAnpol +
∆C°p,fluor∆ASAfluor (2)

∆C°p,pol ) -0.709 J K-1 (mol Å2)-1

∆C°p,npol ) 0.601 J K-1 (mol Å2)-1

∆C°p,fluor ) 0.141 J K-1 (mol Å2)-1

Vhobs,t) Vint,t + Vtherm,t+ Vhyd,t (3)

Vtherm,t) aASAtotal,t (4a)

Vhyd,t ) bASApol,t (4b)

Vhobs,t) Vint,t + aASAtotal,t + bASApol,t (5)

a ) 0.040 cm3 mol-1 Å-2 b ) -0.12 cm3 mol-1 Å-2

Vhobs,t) Vint,t + Vtherm,t+ nh,t(V°h - V°0) (6)
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can be smaller thanV°0 for a hydrophilic molecule because
of the contraction of water molecules that are in contact with
polar groups (50, 52). Because it is possible to assume that
the values ofV°h and V°0 are almost invariable among the
model peptides, about twice the largerVhyd,t value of-18.6
cm3 mol-1 for (Pro-HypR-Gly)10 than that of-9.6 cm3 mol-1

for (Pro-Pro-Gly)10 amounts to twice as many water mol-
ecules (nh,t) being involved in the hydration of (Pro-HypR-
Gly)10 as those in (Pro-Pro-Gly)10. This is consistent with
the results of the X-ray analyses of (Pro-Pro-Gly)10 (7, 17)
and Hyp-containing peptides (5, 6, 53, 54), where (Pro-Pro-
Gly)10 has only interchain water bridges connecting carbonyl
groups, whereas (Pro-HypR-Gly)10 has water bridges con-
necting carbonyl groups with hydroxyl groups in addition
to the carbonyl-carbonyl water bridges. Thus, we concluded
that the larger∆H of (Pro-HypR-Gly)10 is attributed to the

increased number of hydrogen bonds including water mol-
ecules owing to the higher degree of hydration. Because∆H
of (Pro-HypR-Gly)10 is larger than that of (Pro-Pro-Gly)10

by 39.0 kJ mol-1 (Table 2), we estimate 3.9 kJ mol-1 for
the enthalpy change associated with the breaking of one
hydrogen bond between a hydroxyl group and a water
molecule. This value is comparable to the energy of one
hydrogen bond between the hydroxyl group of a protein and
a water molecule (5.2 kJ mol-1) (55).

Hydration is one of the main factors that can reduce the
entropy; an ordered hydration structure because of hydration
leads to restriction of the motional freedom of the water
molecules surrounding the triple helix. The stabilizing effect
caused by the enthalpic term should dominate the entropic
term that otherwise acts to destabilize the triple helix of (Pro-
HypR-Gly)10.

The Factor Stabilizing the Triple-Helical Structure of (Pro-
fProR-Gly)10. Using the coefficientsa ) 0.040 cm3 mol-1

Å-2 andb ) -0.12 cm3 mol-1 Å-2 in eq 5, we obtained the
Vhyd value, 17.9 cm3 mol-1, for (Pro-fProR-Gly)10, which has
the opposite sign to that of (Pro-HypR-Gly)10 (-18.6 cm3

mol-1). In addition, the sign of∆C°p,fluor is opposed to that
of ∆C°p,pol. These contrasting trends are probably attributed
to the hydrophobic fluorine atom exposed to the solvent in
fPro, opposing the hydrophilic hydroxyl group of Hyp. These
results suggest that the degree of hydration of (Pro-fProR-
Gly)10 is much lower than that of (Pro-HypR-Gly)10 and (Pro-
Pro-Gly)10. Correspondingly, the∆H of (Pro-fProR-Gly)10 is
smaller than those of (Pro-HypR-Gly)10 and (Pro-Pro-Gly)10

Table 3: Observed Partial Specific (Vjobs,t), Observed Partial Molar (Vhobs,t), and Intrinsic Molecular (Vint,t) Volumes and the Difference between
Vhobs,t andVint,t (Vhobs,t - Vint,t), and ASAs of the Triple-Helical Collagen Model Peptides at 10°C

peptides
Vjobs,t

(cm3 g-1)
Vhobs,t

(cm3 mol-1)a
Vint,t

(cm3 mol-1)a
Vhobs,t- Vint,t

(cm3 mol-1)a
ASAtotal,t

(Å2)a
ASApol,t

(Å2)a
ASAnpol,t

(Å2)a
ASAfluor,t

(Å2)a

(Pro-Pro-Gly)10 0.6692 169.4 157.4 12.0 539.8 79.6 460.2 0
(Pro-HypR-Gly)10 0.6120 164.7 161.5 3.2 543.7 154.6 389.1 0
(Pro-fProR-Gly)10 0.7337 199.4 160.1 39.3 533.9 76.0 389.1 68.8
(fProS-Pro-Gly)10 0.7331 198.7

a Expressed per tripeptide unit.

Table 4: ASA Values of (Pro-Pro-Gly)10, (Pro-HypR-Gly)10, and (Pro-fProR-Gly)10 in the Triple-Helix and Single-Coil States

peptides

ASAamide N,t
ASAamide N,s

(Å2)

ASAcarbonyl O,t
ASAcarbonyl O,s

(Å2)

ASAhydroxyl O,t
ASAhydroxyl O,s

(Å2)

ASAaliphatic C,t
ASAaliphatic C,s

(Å2)

ASAcarbonyl C,t
ASAcarbonyl C,s

(Å2)

ASApol,t
ASApol,s

(Å2)

ASAnpol,t
ASAnpol,s

(Å2)

ASAfluor,t
ASAfluor,s

(Å2)
∆ASApol

(Å2)
∆ASAnpol

(Å2)
∆ASAfluor

(Å2)

(Pro-Pro-Gly)10 72 724 0 4477 125 796 4602 0 1581 2998 0
588 1789 0 7453 147 2377 7600 0

(Pro-HypR-Gly)10 68 692 785 3784 107 1545 3891 0 2092 2628 0
508 1804 1325 6394 125 3637 6519 0

(Pro-fProR-Gly)10 68 692 0 3784 107 760 3891 688 1552 2628 474
508 1804 0 6394 125 2312 6519 1162

FIGURE 3: CD spectra of (A) (Pro-Pro-Gly)10, (B) (Pro-HypR-Gly)10, and (C) (Pro-fProR-Gly)10 at 4 and 100°C with an exception of A at
4 and 60°C. Peptide concentrations are 0.045 mM in 100 mM acetic acid.

FIGURE 4: CD spectra of (HypS-Pro-Gly)10 and (fProS-Pro-Gly)10
at (A) 4 °C and (B) 100°C. Peptide concentrations are 0.045 mM
in 100 mM acetic acid.
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by 61.4 and 22.4 kJ mol-1, respectively (Table 2). This is
consistent with the notion that a fluorine atom in fluoroal-
kanes is less likely to form a hydrogen bond (9-11).
Assuming that the enthalpy change of breaking a hydrogen
bond between a carbonyl group and a water molecule is 3.9
kJ mol-1 as mentioned above, only 4 of 10 carbonyl groups
of fProR in (Pro-fProR-Gly)10 would participate in forming
water bridges. To interpret the higher thermal stability of
the triple helix of (Pro-fProR-Gly)10, it is thus necessary to
consider that the entropic term serves to compensate the
smaller enthalpy change of fPro-containing peptides. The
lower degree of hydration of fPro-containing peptides implies
that the entropy of (Pro-fProR-Gly)10 in the triple-helix state
is higher than those of (Pro-HypR-Gly)10 and (Pro-Pro-Gly)10

in the triple-helix state. Because the CD spectra shown in
Figure 3 indicate that neither of these model peptides appears
to form any secondary structure in high temperature, we can
reasonably consider that the conformational entropies of (Pro-
Pro-Gly)10, (Pro-HypR-Gly)10, and (Pro-fProR-Gly)10 in the
single-coil states are the same. Finally, by assuming that the
degree of hydration in the single-coil state is indistinguishable
for these three collagen model peptides, total entropies of
these three collagen model peptides in the single-coil state
are similar to each other. The entropies of the model peptides
are compared in a diagram shown in Figure 5. Because we
have designated the entropy difference between the triple-
helix and single-coil states as∆S, (Pro-fProR-Gly)10 has a
smaller ∆S than those of (Pro-HypR-Gly)10 and (Pro-Pro-
Gly)10, as illustrated in Figure 5.

A recent host-guest experiment has shown that the triple
helix of Ac-Gly-(Pro-HypR-Gly)3-Pro-fProR-Gly-(Pro-HypR-
Gly)4-Gly-NH2 is somewhat less stable than the correspond-
ing one that involves the simple Pro-HypR-Gly repeats,
contradicting the expected preference of Pro-fProR-Gly to a
polyproline-II-like structure (56). Note that this result could
also be understood in terms of distinct contributions of
enthalpy and entropy terms to stabilize the triple helix
containing Hyp and fPro, respectively. That is, Pro-fProR in
the context of Ac-Gly-(Pro-HypR-Gly)3-X-Y-Gly-(Pro-HypR-
Gly)4-Gly-NH2 can interrupt the water network, leading to
a slight loss of hydration enthalpy relative to Ac-Gly-(Pro-
HypR-Gly)8-Gly-NH2. The entropic gain attributable to one
fPro residue embedded in the midst of a long peptide chain
may not be sufficient to counteract the loss of such hydration
enthalpy.

The Factor Stabilizing the Triple-Helical Structure of
(fProS-Pro-Gly)10. Because theVhobs,t value of (fProS-Pro-
Gly)10 is almost identical to that of (Pro-fProR-Gly)10, the
stabilizing mechanism of the triple helix for (Pro-fProR-Gly)10

and (fProS-Pro-Gly)10 will be similar to each other. However,
∆H, ∆S, and∆Cp values of (fProS-Pro-Gly)10 are significantly
smaller than those of (Pro-fProR-Gly)10. In the CD spectra
of (Pro-fProR-Gly)10 and (fProS-Pro-Gly)10 at 4 °C, there
appears a considerable difference in the molar ellipticity in
the region 195-230 nm, indicating that their triple helices
are not quite the same (Figures 3C and 4A). The lower molar
ellipticity of (fProS-Pro-Gly)10 could possibly be attributed
to the looser fold than the ordinary triple-helical structure
of (Pro-fProR-Gly)10 with respect to the Rich-Crick hydrogen
bonds between the Gly NH proton and the carbonyl group
of imino acids in the X position of the adjacent chain (57).
It is very likely that the smaller∆H of (fProS-Pro-Gly)10 than
(Pro-fProR-Gly)10 is attributable to the imperfect pattern for
Rich-Crick hydrogen bonds, because breaking Rich-Crick
hydrogen bonds is needed to dissociate the triple helix. The
smaller∆S results from a higher degree of freedom in the
triple-helix state.

Opposite Propensities of (HypS-Pro-Gly)10 and (fProS-Pro-
Gly)10 for the Triple Helix.It is evident, from the molecular
weights determined by sedimentation equilibrium experi-
ments at 10°C, that (HypS-Pro-Gly)10 does not form the triple
helix but that (fProS-Pro-Gly)10 does (Table 1). The pos-
sibility of (HypS-Pro-Gly)10 undergoing an even less con-
siderable structural transition is excluded by the results of
DSC measurements (Figure 1). The opposite propensities of
these peptides for the triple-helix formation are also impli-
cated by the presence and absence of positive absorption at
220-230 nm in the CD spectra measured at 4°C (Figure
4A). There is no other reasonable explanation why (HypS-
Pro-Gly)10 does not form the triple helix than the possibility
of steric hindrance proposed by Zagari and co-workers (17).
However, as we mentioned above, it should be discussed
totally from both aspects of structural and thermodynamic
views.

The structure determination of (fProS-Pro-Gly)10 by either
a theoretical or an experimental method, which is in progress,
will provide us with the manner of stabilization. Furthermore,
it is unlikely that HypS is capable of replacing fProS without
affecting the interaction with water molecules, even though
the molecular geometries of HypS and fProS are similar (23).
If hydration of HypS serves to favorably stabilize the triple
helix, there is a possibility that (HypS-Pro-Gly)n forms the
triple helix as its degree of polymerization (n) increases to
much higher than 10, because the hydroxyl group of HypS

should not appreciably differ from the fluorine atom of fProS

as far as the molecular volume and geometrical parameters
of the pyrrolidine ring are concerned (23). Expecting to
obtain thermodynamic parameters associated with the pos-
sible monomer-trimer transition, we are now synthesizing
(HypS-Pro-Gly)n (n > 10) that may form a triple helix above
4 °C as well.

CONCLUSION

Contributions of the hydroxyl group of Hyp and the
fluorine atom of fPro at the Y position of (X-Y-Gly)n have
been discussed based on the same stabilizing mechanism.

FIGURE 5: Entropy diagrams in triple-helix and single-coil states
for (a) (Pro-Pro-Gly)10, (b) (Pro-HypR-Gly)10, and (c) (Pro-fProR-
Gly)10.

6040 Biochemistry, Vol. 44, No. 16, 2005 Nishi et al.



Our present thermodynamic analyses clearly explain en-
hanced thermal stabilities of Hyp- and fPro-containing
collagen model peptides. This conclusion is based on direct
thermodynamic measurements. Furthermore, a plausible
explanation for favorable enthalpy and entropy terms is
presented based on the comparison of molecular volumes
observed in solution with intrinsic ones from the crystal
structure. Further, precise analysis, with regard to structures
of the collagen model peptides in the random-coil state as
well as in the triple-helix state, should be carried out for
complete understanding of the stabilizing mechanism of
collagen triple helix. Recently, various kinds of interesting
collagen peptides in addition to these mentioned here have
been synthesized and characterized, including peptides of
which X and Y positions are substituted simultaneously (58-
60). Thermodynamic analyses on such peptides from the
aspect in this context should be promising to shed light on
thermal stability of a naturally occurring collagen molecule.
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