
Effect of Hydration on the Stability of the Collagen-like Triple-Helical Structure of
[4(R)-Hydroxyprolyl-4(R)-hydroxyprolylglycine]10

‡

Kazuki Kawahara,§ Yoshinori Nishi,§,| Shota Nakamura,§ Susumu Uchiyama,§,⊥ Yuji Nishiuchi,#

Takashi Nakazawa,4 Tadayasu Ohkubo,§ and Yuji Kobayashi*,§,|

Graduate School of Pharmaceutical Sciences, Osaka UniVersity, Suita, Osaka 565-0871, Japan, Peptide Institute Inc.,
Minoh, Osaka 562-8686, Japan, Department of Chemistry, Nara Women’s UniVersity, Nara 630-8506, Japan, and

Osaka UniVersity of Pharmaceutical Sciences, Takatsuki, Osaka 569-1094, Japan

ReceiVed August 14, 2005; ReVised Manuscript ReceiVed October 4, 2005

ABSTRACT: X-ray analysis has been carried out on a crystal of the collagen model peptide (HypR-HypR-
Gly)10 [where HypR is 4(R)-hydroxyproline] with 1.5 Å resolution. The triple-helical structure of (HypR-
HypR-Gly)10 has the same helical parameters and Rich and Crick II hydrogen bond patterns as those of
other collagen model peptides. However, our full-length crystal structure revealed that almost all consecutive
HypR residues take the up-up pucker in contrast to putative down-up puckering propensities of other
collagen model peptides. The unique feature of thermodynamic parameters associated with the
conformational transition of this peptide from triple helix to single coil is that both enthalpy and entropy
changes of the transition are much smaller than those of other model peptides such as (Pro-Pro-Gly)10

and (Pro-HypR-Gly)10. To corroborate the precise structural information including main- and side-chain
dihedral angles and intra- and interwater bridge networks, we estimated the degrees of hydration by
comparing molecular volumes observed experimentally in solution to those calculated ones from the crystal
structure. The results showed that the degree of hydration of (HypR-HypR-Gly)10 is comparable to that of
(Pro-HypR-Gly)10 in the triple-helical state, but the former was more highly hydrated than (Pro-HypR-
Gly)10 in the single-coil state. Because hydration reduces the enthalpy due to the formation of a hydrogen
bond with a water molecule and diminishes the entropy due to the restriction of water molecules surrounding
a peptide molecule, we concluded that the high thermal stability of (HypR-HypR-Gly)10 is able to be described
by its high hydration in the single-coil state.

Collagen is the main structural component of skin, bone,
and tendon (1). One of the main structural features of the
collagen molecule is the triple helix, consisting of three
polyproline II-like left-handed helices which form a right-
handed superhelical structure; these were initially revealed
from fiber diffraction studies of X-ray analysis (2, 3). Each
polypeptide chain of collagen consists of approximately 300
units of the X-Y-Gly triplet, where X is often proline (Pro)
and Y is often Pro or 4(R)-hydroxyproline (HypR) (1). We
first synthesized a series of polytripeptides (X-Y-Gly)n with
a defined number ofn as collagen mimics and demonstrated
that (Pro-Pro-Gly)10 takes a triple-helical structure at lower
temperature and shows the thermal transition to a single
random coil (4, 5). Since then, this peptide has been regarded
as the standard for the studies of thermal stability of the
collagen-like triple helix. We also showed that (Pro-HypR-

Gly)10 forms a triple-helical structure which has higher
thermal stability with a transition temperature of about 60
°C, which is 30°C higher than that of (Pro-Pro-Gly)10 (6-
8). This suggests that the HypR residue increases the stability
of the triple-helical structure. The subsequent high-resolution
X-ray analysis of the (Pro-HypR-Gly)4-Pro-HypR-Ala-(Pro-
HypR-Gly)5 analogue, which we refer to as Glyf Ala
hereafter, has provided the first experimental proof for the
existence of water bridges (9, 10). This is consistent with
the generally accepted hypothesis that hydrogen bonds
involving hydroxyl groups of HypR should act to stabilize
the collagen triple helix. This hypothesis was questioned
when (Pro-fProR-Gly)10, containing 4(R)-fluoroproline (fProR)
with a low ability to form a hydrogen bond, was found to
fold into a triple helix with extremely high thermal stability
(11, 12). However, our recent thermodynamic analyses
supported the significance of hydrogen bonds in the thermal
stability of the triple-helical structure for Hyp-containing
model peptides (13). There remains a further problem
concerning the apparently contradictory effect of the Hyp
residue on the stability of the triple-helical structure with
respect to its stereochemistry and sequence position. This
includes intriguing phenomena that neither (HypR-Pro-Gly)10

nor model peptides containing 4(S)-hydroxyproline (HypS),
(Pro-HypS-Gly)10 and (HypS-Pro-Gly)10, form a triple-helical
structure even at 4°C (14, 15).

‡ The coordinates of the X-ray structure have been deposited in the
Protein Data Bank as entry 1WZB.
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To explain these substitution effects, Zagari and co-
workers have elucidated an empirical rule, the so-called
propensity-based rule, of the pyrrolidine ring pucker for the
stability of collagen triple helix using the X-ray analytical
data on various collagen model peptides (16, 17); the
puckering should be down at the X position and up at the Y
position in the triple helix of collagen model peptides (X-
Y-Gly)n. According to the computational investigations
allowing for the electron-withdrawing effects of the hydroxyl
group and fluorine atom, it is confirmed that HypR and fProR

prefer the up form and that HypS and 4(S)-fluoroproline
(fProS) prefer the down form, whereas Pro can take both
forms (18-23). It is thus reasonable to presume that a stable
triple helix could arise when the X position is occupied with
HypS and the Y position with HypR. This could explain the
substitution effect in the cases of (HypR-Pro-Gly)10 and (Pro-
HypS-Gly)10 but not the fact that (HypS-Pro-Gly)10 does not
form a stable triple helix, whereas HypS at the X position
could be presumed to enhance the stability of the triple helix
due to its propensity to the down pucker.

To address these issues, (HypR-HypR-Gly)10 could provide
a versatile example concerning the effect of an extra HypR

residue on the tendencies of (HypR-Pro-Gly)10 and (Pro-HypR-
Gly)10 to stabilize and destabilize the triple helix, respec-
tively. In fact, (HypR-HypR-Gly)10 did form a thermally stable
triple helix (24-26), despite its predicted instability accord-
ing to a propensity-based rule that requires the pyrrolidine
ring pucker be down at the X position and up at the Y
position (16). In the previous thermodynamic studies, we
suggested that the stability of this peptide could not be
explained by resorting to the empirical rule of ring pucker
but be analyzed individually by careful thermodynamic
investigations in combination with precise crystallographic
data (26). A recent report by Ba¨chinger and co-workers has
clearly shown that the ring pucker of the consecutive HypR

residues is up-up in the crystal structure of (Gly-HypR-
HypR)9 (27), thus illuminating the need of an alternative route
leading to the comprehensive understanding of the stability
of the collagen triple helix.

Here we report the successful determination of the full-
length crystal structure of (HypR-HypR-Gly)10 at 1.5 Å
resolution. The results confirmed the reported structure of
(Gly-HypR-HypR)9 (27) at large, including important features
that almost all of the HypR-HypR unit in the (HypR-HypR-
Gly)10 crystal structure has up-up conformation and that
the triple-helical structure of (HypR-HypR-Gly)10 has 7/2
helical symmetry. However, the results from X-ray analysis
alone are not sufficient to explain its characteristic thermo-
dynamic properties such as high transition temperature and
lower enthalpy and entropy changes of the transition than
those of (Pro-HypR-Gly)10 (26). To correlate the crystal-
lographic structure and thermodynamic parameters, we paid
particular attention to the hydration structure of the triple
helix, because we recently suggested that the difference
between the molecular volumes observed in solution and
intrinsic ones calculated from the crystal structure concerning
collagen model peptides indicates the degree of hydration
which influences the enthalpy and entropy changes of the
transition (13). In this context, we determined the partial
molar volumes of (HypR-HypR-Gly)10 in the both triple-helix
and single-coil states. Together with structural results, the
stabilizing mechanism of (HypR-HypR-Gly)10 was elucidated.

EXPERIMENTAL PROCEDURES

Crystallization.(HypR-HypR-Gly)10 was synthesized and
purified as reported previously (26). Initial crystals were
obtained by the vapor diffusion method using Crystal Screen
kits I and II (Hampton Research Co., Ltd.). The orthorhombic
crystals of (HypR-HypR-Gly)10 were grown to appropriate size
for X-ray diffraction measurement in 1 week at 277 K when
poly(ethylene glycol) 4000 was used as the precipitating
agent. Refinement of this condition was performed by
varying the pH and mixing cryoprotectants. The best crystals
for crystallographic analysis were obtained from the drop
that consisted of 2µL of peptide solution (23 mg mL-1)
and 2µL of reservoir solution containing 20% (w/v) poly-
(ethylene glycol) 4000 and 20% (w/v) 2-propanol in 0.2 M
Tris buffer at pH 8.3. The crystals were cubic with typical
dimensions of approximately 0.5 mm× 0.4 mm× 0.3 mm.

Data Collection.Diffraction data of the crystal mounted
on a cryoloop (0.3-0.4 mm; Hampton Research Co.) were
collected at 100 K on anR-axis IV++ imaging plate detector
using Cu KR radiation equipped with a Rigaku MicroMax-
007 and confocal mirror optics. Data processing was
performed using the Crystal Clear version 1.3.5 software
(28). Data up to a maximum resolution of 1.5 Å were
collected. The whole diffraction pattern was characterized
by two types of reflections, subcell (with shortc axes,c′ )
22.41 Å) and unit cell (with longc axes,c ) 90.96 Å). The
spots from the unit cell were indexed in theP21 space group
with parametersa ) 18.41 Å,b ) 19.11 Å, andc ) 90.96
Å. For one molecule of molecular mass 2.8 kDa per
asymmetric unit (Z ) 2), the Matthews coefficient is 1.9 Å3

Da-1 and the solvent content is 33.6% (29).
Phase Determination and Refinements.Phase determina-

tion was performed by using ACORN-MR (30) with the
whole structure of the (Pro-Pro-Gly)10 (PDB entry 1K6F)
as a search model (31). The best score of the correlation
coefficient from ACORN-MR was 0.517. The phases from
ACORN were input into the warpNtrace mode of ARP/
wARP (32). The main-chain trace consisting of 69 out of
90 residues in three poly-Gly chains was built automatically.
Then, the missing parts were manually rebuilt with the
molecular graphics program Xfit implemented in XtalView
(33). In the next step, the poly-Gly chains were replaced
manually by Pro or HypR using XtalView. Maximum-
likelihood refinement of the resulting model and water
picking were carried out by REFMAC5 (34). The final model
consisted of 767 non-H protein atoms and 177 water
molecules; the resultingRfactor andRfree are 0.172 and 0.200,
respectively. Data collection and refinement statistics are
reported in Table 1. The coordinates of the (HypR-HypR-
Gly)10 crystal structure have been deposited in the RCSB
Protein Data Bank (entry 1WZB).

CD Measurements.Measurements of CD1 spectra were
carried out on a JASCO J-720W spectropolarimeter with the
airtight pressure-proof cell compartment. The details of the
airtight pressure-proof cell compartment are described in refs
35 and36. The temperature-dependent CD ellipticity, in the
range of 210-260 nm, was obtained with a cell of 1 mm
path length by averaging 16 scans. The spectra were recorded

1 Abbreviations: ASA, accessible surface area; CD, circular dichro-
ism; DSC, differential scanning calorimetry; PDB, Protein Data Bank.
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from 40 to 160°C with temperature intervals of 10°C. The
heating rate was 0.1 K min-1, which is slow enough to attain
the equilibrium condition as shown in our previous study
(7, 13). (HypR-HypR-Gly)10 was dissolved in 100 mM AcOH
at a concentration of 0.045 mM.

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 (37). The density of the solution of
(HypR-HypR-Gly)10 was measured using a vibrational density
meter, Anton Paar DMA 5000. The density of the solution
of the peptide was measured at 10 and 80°C with an
exception of (Pro-Pro-Gly)10 at 10 and 70°C (within (0.01
°C) and collected by taking the average of three measure-
ments (within(5 × 10-6 g cm-3). The concentration of a
peptide in solution was determined on the basis of the amino
acid analysis (see the Supporting Information).

Calculations of the Intrinsic Molecular Volume and the
Accessible Surface Area (ASA).The atomic coordinates of
(HypR-HypR-Gly)10 in the single-coil state were obtained by
energy minimization using X-PLOR (38) as already reported
in our last paper (13). The intrinsic volumes of (HypR-HypR-
Gly)10 in the triple-helix and single-coil states (Vint,t andVint,s,
respectively) were evaluated using MSRoll (39). Total ASAs
of the model peptide (HypR-HypR-Gly)10 in the triple-helix
and single-coil states (ASAtotal,t and ASAtotal,s, respectively),
which consist of polar (amide N, carbonyl O, and hydroxyl
O) and nonpolar (aliphatic C and carbonyl C) components
(ASApol,t, ASApol,s, ASAnpol,t, and ASAnpol,s, respectively),
were calculated using MSRoll (39), with the probe radius
of water (equal to 1.4 Å). These values are expressed per
tripeptide HypR-HypR-Gly unit.

RESULTS

OVerall Structure.The full-length structure of (HypR-HypR-
Gly)10 was determined and refined at 1.5 Å resolution. In
an asymmetric unit, the triple helix of (HypR-HypR-Gly)10

had a rodlike structure about 90 Å long with a diameter of
10 Å, and each strand was staggered by one residue (Figure
1, A, B, and C denote three chains distinguished for

convenience). All of the residues were well defined on the
electron density map with the exception of the N-terminal
4(R)-hydroxyproline (HypR 1, chain C) and the C-terminal
glycine (Gly 30, chain B). In the triple helix, the Rich and
Crick II hydrogen bonds between the N-H groups of glycine
and the CdO groups of HypR residues at the X positions of
the adjacent chains were observed with the averaged length
of 2.89 Å, which is within the range commonly found in
other collagen model peptides as shown in Table 2. The
averaged values of the unit height and unit twist of (HypR-
HypR-Gly)10 were 8.4 Å and 51.4°, respectively, as shown
in Table 3. These values are close to those of other collagen
model peptides with 7/2 symmetry (40-45).

Table 1: Crystallographic Parameters and Refinement Statisticsa

space group P21

unit cell
a, b, c/Å 18.41, 19.11, 90.96
R, â, γ/deg 90, 94.26, 90

resolution range/Å 10.0-1.5 (1.538-1.500)
no. of reflections 9772
completeness/% 98.22 (98.60)
no. of atoms 767
no. of water molecules 177
rmsd from ideal values

bond distances/Å 0.005
bond angles/deg 2.8

overallB factor/Å2 8.31
Rfactor (including test reflections) 0.172
Rwork 0.170 (0.175)
Rfree 0.200 (0.202)
a Values in parentheses are for the highest resolution shell.

(∂F
∂c)m,p

) 1 - VjF0 (1)

FIGURE 1: Stereoview of the crystal structure of (HypR-HypR-Gly)10
in the asymmetric unit (chain A, red; chain B, orange; chain C,
black). Water molecules are also shown and colored in blue. This
figure was generated by PyMOL (46).

Table 2: Rich and Crick II Interchain Hydrogen Bond Parameters
of (HypR-HypR-Gly)10 along with Those of Glyf Ala and
(Pro-Pro-Gly)10

this work Glyf Alaa (Pro-Pro-Gly)10
b

distance/Å 2.89 (0.05)c 2.94 (0.08) 2.97 (0.06)
angle/deg 167 (2) 163 (5) 167 (2)

a Reference9. b Reference31. c Standard deviations are given in
parentheses.

Table 3: Helical Parameters of (HypR-HypR-Gly)10 along with
Those of Glyf Ala and (Pro-Pro-Gly)10

this work Glyf Ala (Pro-Pro-Gly)10

helical height/Å 8.4 8.4 8.5
unit twist/deg 51.4 51.4 51.5

15814 Biochemistry, Vol. 44, No. 48, 2005 Kawahara et al.



The main-chain dihedral anglesφ, ψ, and ω were
determined and averaged over a molecule in an asymmetric
unit as listed in Table 4.

Side-Chain Conformation and Pyrrolidine Ring Puckering.
In the crystal structure of (HypR-HypR-Gly)10, we obtained
electron density maps that clearly identify pyrrolidine ring
puckering in each HypR residue (Figure 2). In Figure 3, the
relationships between dihedral anglesφ and ø1 and those
between ψ and ø1 of (HypR-HypR-Gly)10 were plotted.
Because of the conformational disorder resulting from the
manner of chain alignment where each strand was not in
register, the averaged temperature factor of the terminal
residues is significantly higher than that of all the other
residues of (HypR-HypR-Gly)10 as reported in other collagen
model peptides, (Pro-Pro-Gly)10 and Gly f Ala (10, 31).
Therefore, nine terminal HypR residues (chain A, 1, 2, 29;
chain B, 1, 2, 29; chain C, 1, 2, 29) were omitted from the
plots. Figure 3 showed that 48 out of 51 HypR residues in
the (HypR-HypR-Gly)10 model adopt up (negativeø1) pucker,
whereas the remaining three HypR residues adopt down
(positive ø1) pucker. The conformations of HypR residues
which take up pucker are separated into two groups with
different average angles ofφ and ψ depending on their
positions such that HypR at the X position takes-64.9° and
155.3° and HypR at the Y position takes-55.1° and 148.2°.
Note that there are distinct differences between conformations

of HypR residues depending on their positions despite the
fact that the up pucker is found in common. The exceptional
three residues which take down pucker are A10, B16, and
C25, and all are located at the X position.

Molecular Packing and Direct Interactions among Triple
Helices.Similar to crystals of (Pro-Pro-Gly)10 and Gly f
Ala model peptides, the triple helices of (HypR-HypR-Gly)10

are antiparallel to each other and packed axially in the
manner of head to tail, probably enabling the charge-charge
interaction between N- and C-terminal residues (9, 31). The
packing of (HypR-HypR-Gly)10 is pseudotetragonal (Figure
4a). As schematically illustrated in Figure 4a, one triple helix
is directly connected by six hydrogen bonds with the
averaged distance of 2.76 Å between the hydroxyl groups
of HypR residues at the X position belonging to two adjacent
helices. At each contacting surface between any of two triple
helices, there arise three pairs of HypR residues at A10-
B22, B16-A16, and C25-C10. As shown in Figure 4b,
these hydrogen bonds are stacked respectively in a line
parallel with the major axis of each triple helix. It is worth
noting that A10, B16, and C25 involved in the in-line
hydrogen bond formation correspond to the three residues
themselves which take exceptionally down pucker. The
counterparts of the hydrogen bond formation in the neigh-
boring triple helix are hydroxyl groups of HypR residues with
up pucker. Triple helices in the crystal of (HypR-HypR-Gly)10

Table 4: Averaged Values of Backbone Dihedral Anglesφ, ψ, and
ω of (HypR-HypR-Gly)10 along with Those of Glyf Ala and
(Pro-Pro-Gly)10

a

this work Glyf Ala (Pro-Pro-Gly)10

φ X position/deg -64.9 (4.1) -72.6 (7.6) -74.5 (2.9)
ψ X position/deg 155.3 (4.2) 163.8 (8.8) 164.3 (4.1)
ω X position/deg 170.2 (2.7) 179.9 (1.8) 176.0 (2.5)
φ Y position/deg -55.1 (3.1) -59.6 (7.3) -60.1 (3.6)
ψ Y position/deg 148.2 (1.8) 149.8 (8.8) 152.4 (2.6)
ω Y position/deg 177.6 (2.2) 178.5 (1.5) 175.4 (3.4)
φ Gly/deg -69.1 (3.4) -71.9 (9.6) -71.7 (3.7)
ψ Gly/deg 172.4 (3.3) 174.1 (11.9) 175.9 (3.1)
ω Gly/deg 177.1 (1.6) 177.3 (3.1) 179.7 (2.0)

a Standard deviations are given in parentheses. Because the averaged
temperature factor of the terminal residues (chain A, 1, 2, 29, 30; chain
B, 1, 2, 29, 30; chain C, 1, 2, 29, 30) is significantly higher than that
of all the other residues of (HypR-HypR-Gly)10, these terminal residues
were omitted from the calculation of average.

FIGURE 2: Electron density maps (omit map) of the crystal structure
of (HypR-HypR-Gly)10.

FIGURE 3: Plots ofφ versusø1 (A) and ψ versusø1 (B) for HypR

rings in the X (red circles) and Y (blue squares) positions of (HypR-
HypR-Gly)10.

Stabilizing Mechanism of [4(R)-Hyp-4(R)-Hyp-Gly]10 Biochemistry, Vol. 44, No. 48, 200515815



interact with each other through these hydrogen bonds in a
zigzag form at about 90°.

Hydration.An asymmetric unit of the crystal of the triple
helix of (HypR-HypR-Gly)10 contains 177 water molecules.
Water molecules were considered to be involved in hydrogen
bonds within a 3.25 Å cutoff distance from the polar groups
or other water molecules. Almost all water molecules
observed in the crystal are not isolated so as to be hydrogen-
bonded to the peptide chains to form a layer of framework
coating its surface or bonded to at least one neighboring
water molecule. They are involved in water bridges stabiliz-
ing the peptide conformation as in the cases of other collagen
model peptides (9, 10, 44, 45). Four types of water bridges
which have been found by Berman and co-workers in the
Gly f Ala peptide are classified toR [intrachain bridge
between the HypR(Y) CdO group and the Gly CdO group],
â [interchain bridge between the HypR(Y) CdO group and
the Gly CdO group],γ [intrachain bridge between the HypR-
(Y) OH group and the Gly CdO group], andδ [interchain
bridge between the HypR(Y) OH group and the HypR(Y) Cd
O group] (10). In (HypR-HypR-Gly)10, the following three
types of water bridges were newly observed as displayed in
Figure 5. We denote these asκ [interchain bridge between
the HypR(X) OH group and the Gly CdO group], λ
[intrachain bridge between the HypR(X) OH group and the
HypR(Y) OH group], andµ [interchain bridge between the
HypR(X) OH group and the HypR(Y) OH group]. Various
numbers of water molecules are involved in each water
bridge. For example, two or three water molecules are
utilized in interchainκ bridges which are namedκ2 bridge
andκ3 bridge, respectively. (The same shall apply hereafter.)
One to three water molecules are involved in intrachainλ

bridges and two or three in interchainµ bridges. The
frequencies of occurrence of each type of water bridge in
the crystal of (HypR-HypR-Gly)10 are summarized by the
number of cases in Table 5.

CD Measurements.The CD spectra of (HypR-HypR-Gly)10

at 40-160 °C are shown in Figure 6A. The melting profile
of (HypR-HypR-Gly)10 is shown in Figure 6B. At 40°C, the
spectrum has a positive peak around 225 nm, which is the
characteristic of a collagen triple helix. As temperature
increases, the intensity of the positive peak decreases. At
high temperature, it is indicated that the model peptide does
not take any ordered structure because the spectrum has a
negative absorption at 225 nm.

ObserVed and Calculated Molar Volume.It was hard to
carry out the density measurement of peptide solution at
higher than 80°C because of the instrumental limit of the
densitometry. However, the melting profile of (HypR-HypR-
Gly)10 obtained by CD measurement in Figure 6B showed
that the conformational transition of (HypR-HypR-Gly)10 has
almost completed (less than 1%) at this temperature. Thus,
we could assume that (HypR-HypR-Gly)10 exists dominantly
in the single-coil state at 80°C. The densities of (HypR-
HypR-Gly)10 measured at that temperature showed a linear
dependency on the concentration as shown in Figure S1 in
the Supporting Information. According to eq 1, the slope of
the line provided the partial specific volume of (HypR-HypR-
Gly)10 in the single-coil state to be 0.6204 cm3 g-1. The value
of (HypR-HypR-Gly)10 in the triple-helix state was obtained
to be 0.6024 cm3 g-1 as previously reported (26). These
values are listed in Table 6 with calculated values of intrinsic
volume and ASA.

FIGURE 4: (a) Lateral packing of the triple helices of (HypR-HypR-Gly)10 and illustration of direct interactions among triple helices. The
reference molecule (red) forms direct hydrogen bonds with two out of four neighboring helices (purple). Two other neighbors (blue) interact
with the reference molecule through a few water molecules. HypR residues marked by a yellow background adopt down pucker. Dotted
lines (sky blue) designate the hydrogen bonds. (b) Direct hydrogen bond interactions of two adjacent helices. Among the HypR residues
involving direct hydrogen bond interactions of two adjacent helices, the ones with up pucker are in green and the ones with down pucker
are in red.

15816 Biochemistry, Vol. 44, No. 48, 2005 Kawahara et al.



It is widely accepted that the observed partial molar
volume (Vhobs) is the sum of intrinsic volume (Vint), hydration
volume (Vhyd), and thermal motion volume (Vtherm), which is
proportional to total ASA. Here, presuming the thermal
motion volume of a peptide in the triple-helix state (Vtherm,t)
equals to 0.040 ASAtotal,t as reported in ref13, we obtained

the Vtherm,t value of 22.8 cm3 mol-1 for (HypR-HypR-Gly)10.
Using this value andVhobs,t with Vint,t values of (HypR-HypR-
Gly)10 listed in Table 6,Vhyd,t for (HypR-HypR-Gly)10 was
deduced to be-19.0 cm3 mol-1.

We estimated the degree of hydration of the single-coil
state in the same way as we did for the triple helix. The
details of calculation are described in the Supporting
Information. The hydration volumes of a peptide in the
single-coil state (Vhyd,s) for (Pro-Pro-Gly)10, (Pro-HypR-Gly)10,
and (HypR-HypR-Gly)10 were estimated to be-2.6, -4.0,
and-7.3 cm3 mol-1, respectively. In Table 6, related data
in our previous paper for (Pro-Pro-Gly)10 and (Pro-HypR-
Gly)10 are also listed for reference (13).

DISCUSSION

In the previous report, we suggested that the stability of
the collagen-like triple helix is largely influenced by the
interaction with the solvent molecules (13). The present
X-ray analysis could provide the previous thermodynamic
study with the complementary information by giving the
precise structural data of not only the peptide but also the
solvent molecules. The most distinguished structural feature
of (HypR-HypR-Gly)10 in the crystal is that almost all
consecutive HypR residues take up-up pucker in contrast
to their putative down (X position)-up (Y position) pucker-
ing propensities, although the overall structure of (HypR-
HypR-Gly)10 appears to be similar to those of the other
polytripeptides with 7/2 helix symmetry. If the high thermal
stability of (HypR-HypR-Gly)10 could be associated with such
a unique up-up pucker, a new stabilization mechanism
should be elaborated on the basis of the detailed comparison
of structural features between (HypR-HypR-Gly)10 and the
other collagen model peptides. In this context, we first
compared (HypR-HypR-Gly)10 with those of other collagen-
like model peptides such as Glyf Ala and (Pro-Pro-Gly)10

in (1) backbone dihedral angles,φ, ψ, andω, and (2) the
Rich and Crick II hydrogen bond parameters.

Comparison of Structural Parameters of (HypR-HypR-
Gly)10 with Those of the Other Collagen Model Peptides.It
is obvious that theω values of all positions in these model
peptides, (HypR-HypR-Gly)10, Gly f Ala, and (Pro-Pro-
Gly)10, are almost the same, as listed in Table 4. However,
when the variations of dihedral angles (φ, ψ) at each position
were displayed in theφ-ψ plane, as shown in Figure 7A,
there are appreciable deviations in the distributions of the
values of (φ, ψ) at the X position among the three peptides.
The center of distribution of values of (HypR-HypR-Gly)10,
except for three values, deviates from those of Glyf Ala
and (Pro-Pro-Gly)10 by shifting toward down and right in
the φ-ψ plane. On the other hand, the deviations of those
values at the Y position are rather small in Figure 7B, and
there is no deviation for those at the Gly position in Figure
7C. The results of a statistical survey on the pyrrolidine rings
of proline residues in protein structures reveal that the
averagedφ value is about-60° in Pro with up pucker and
about-70° in Pro with down pucker (17). The fact that the
φ values at the X position of (HypR-HypR-Gly)10 distributed
around-60° rather than-70° whereas those of Glyf Ala
and (Pro-Pro-Gly)10 are around-70° reinforces that (HypR-
HypR-Gly)10 has up-up conformation.

As for the three exceptional HypR residues in Figure 7A,
they correspond to the above-mentioned residues involved

FIGURE 5: An example of various types of water bridges. (A)
Interchainκ2 bridge between the HypR(X) OH group and the Gly
CdO group. (B) Intrachainλ1 bridge between the HypR(X) OH
group and the HypR(Y) CdO group. (C) Interchainµ2 bridge
between the HypR(X) OH group and the HypR(Y) OH group. Dotted
lines (yellow) designate the hydrogen bonds. Water molecules (blue)
which are involved in the water bridge are labeled by W.

Table 5: Number of Water Bridges in the Crystal Structure of
(HypR-HypR-Gly)10

bridge connectivity type no. of cases

R bridge intrachain R1 2
R2 8
R3 10

â bridge interchain â3 4
γ bridge intrachain γ2 25
δ bridge interchain δ2 19

δ3 1
κ bridge interchain κ2 14

κ3 5
λ bridge intrachain λ1 15

λ2 9
λ3 2

µ bridge interchain µ2 15
µ3 5
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in the interhelix hydrogen bonds at the X position. Because
their average values (φ, ψ) correspond to the values for down
pucker as those of Pro residues at the X position of Glyf
Ala and (Pro-Pro-Gly)10, it is confirmed that these residues
of (HypR-HypR-Gly)10 exceptionally take down pucker at the
X position.

It is quite interesting that, despite this unique conformation,
(HypR-HypR-Gly)10 takes a triple-helical structure sharing the
characteristic features of collagen-like structure as helical
parameters of the 7/2 model and interstrand Rich and Crick
II hydrogen bonds with Glyf Ala and (Pro-Pro-Gly)10.

As listed in Table 4, the average values of (φ, ψ) at the X
position were (-64.9°, 155.3°) for (HypR-HypR-Gly)10

[if omitting the exceptional three residues of down pucker
with the average values of (-73.9°, 163.4°), the averages
are (-63.7°, 154.4°)], (-72.6°, 163.8°) for Gly f Ala, and
(-74.5°, 164.3°) for (Pro-Pro-Gly)10. Those at the Y position
were (-55.1°, 148.2°) for (HypR-HypR-Gly)10, (-59.6°,
149.8°) for Gly f Ala, and (-60.1°, 152.4°) for (Pro-Pro-
Gly)10. The standard values of (φ, ψ) for HypR have been
calculated to be (-63.1°, 146.3°) for up pucker and (-70.5°,
167.7°) for down pucker as the minimum energy geometry
in a dipeptide analogue of HypR by the quantum mechanical
study of Improta et al. (22). These values of side-chain
dihedral anglesø1, ø2, ø3, andø4 of HypR pyrrolidine rings
are also given and listed in Table S1 in the Supporting
Information.

Even though HypR residues at both of the X and Y
positions adopt up pucker and their side-chain dihedral angles
ø1, ø2, ø3, andø4 were very close to those of the standard
values of HypR with up pucker, there is an obvious difference
between main-chain dihedral angles of HypR residues at each
position and those of standard values of HypR with up pucker.

The standard values of dihedral angles (-63.1°, 146.3°)
are very close to theφ value of HypR at the X position
(-63.7°) and theψ value of HypR at the Y position (148.2°),
respectively. In contrast, theφ value of HypR at the Y
position (-55.1°) and theψ value of HypR at the X position
(154.1°) in (HypR-HypR-Gly)10 have deviated from these
values.

There is no clear explanation so far for the fact that, while
the values of dihedral angles at the Y position are almost
the same among these three peptides, those of (HypR-HypR-
Gly)10 at the X position are unique but itsφ value is very
close to the standard value. If we build up a hypothetical
structure assuming the dihedral values at the X position of
(HypR-HypR-Gly)10 to be the standard values of HypR, the
interstrand Rich and Crick II hydrogen bonds could not exist
(see Figure S2 in the Supporting Information).

We now consider that this minor adjustment on the
dihedral angles does not impose enough strain to alter the
up pucker of HypR residues at the X position, thus preserving
the triple-helical structure of (HypR-HypR-Gly)10. The result-
ing strain could be compensated at least partly by the
hydration involving the hydroxyl group of HypR at the X
position of the triple helix as stated below. It is therefore
necessary to explain why the unique up-up pucker could
provide (HypR-HypR-Gly)10 with an additional or comparable
stability to those of Glyf Ala and (Pro-Pro-Gly)10, both of
which adopt the down-up pucker. Another possible factor
to be considered responsible for stabilizing the triple helix
is the interaction with water molecules, especially when they
are involved in the hydrogen bond network around the triple
helix.

While we were preparing this report, Ba¨chinger and co-
workers published the crystal structure of (Gly-HypR-HypR)9

FIGURE 6: (A) Temperature dependencies of CD spectra of (HypR-HypR-Gly)10. (B) Melting profile of (HypR-HypR-Gly)10 obtained by CD
measurement.

Table 6: Observed Partial Specific (vjobs), Observed Partial Molar (Vh obs), and Intrinsic Molecular (Vint) Volumes and the Difference between
Vh obs andVint (Vh obs - Vint), Hydration Volume (Vhyd), and ASAs of (HypR-HypR-Gly)10 along with Those of (Pro-Pro-Gly)10 and
(Pro-HypR-Gly)10 in the Single-Coil State (s) and Triple-Helix State (t)

peptide state Vjobs/cm3 g-1 Vhobs/cm3 mol-1 d
Vint/

cm3 mol-1 d
Vhobs- Vint/
cm3 mol-1 d

Vhyd/
cm3 mol-1 d

ASAtotal/
Å2 d

ASApol/
Å2 d

ASAnpol/
Å2 d

(HypR-HypR-Gly)10 sa 0.6204 (0.00398)g 176.9 (1.13) 150.0 26.9 (1.1) -7.3 (1.1) 1033.5 489.7 543.8
tc 0.6024e(0.00574) 171.7 (1.64) 169.0 2.7 (1.6) -19.0 (1.6) 569.9 285.8 284.1

(Pro-Pro-Gly)10 sb 0.7008 (0.00126) 177.4 (0.319) 147.0 30.4 (0.32)-2.6 (0.32) 997.7 237.7 760.0
tc 0.6692f (0.00055) 169.4f (0.139) 157.4f 12.0f (0.14) -9.6f (0.14) 539.8f 79.6f 460.2f

(Pro-HypR-Gly)10 sa 0.6624 (0.00477) 178.2 (1.28) 148.5 29.7 (1.3) -4.0 (1.3) 1015.6 363.7 651.9
tc 0.6120f (0.00287) 164.7f (0.772) 161.5f 3.2f (0.77) -18.6f (0.77) 543.7f 154.6f 389.1f

a Observed at 80°C. b Observed at 70°C. c Observed at 10°C. d Expressed per tripeptide unit.e From ref26. f From ref13. g Standard errors are
given in parentheses.
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(27). Although both crystal structures indeed exhibit 7/2
helical symmetry and have up-up pucker in almost all HypR-
HypR units, there are recognizable differences such that the
crystal of (Gly-HypR-HypR)9 has a pseudohexagonal packing
and contains two triple-helical molecules unlike the structure
of (HypR-HypR-Gly)10 shown in Figure 4a. At the level of
molecular conformation, there are some differences as well
in φ and ψ angles of HypR at the X and Y positions. The
comparisons of averaged values of backbone dihedral angles
φ, ψ, andω demonstrated that the absolute values ofφ and
ψ of HypR at the X and Y positions of (Gly-HypR-HypR)9

are appreciably larger than those of (HypR-HypR-Gly)10 (see
Table S2 in the Supporting Information). These structural
distinctions might result from the differences of the crystal-
lization conditions such as a peptide concentration, pH, and
precipitating agent. Although it is not clear whether these
conformational differences are retained in solution state, they

speculated the polyproline II conformation might be retained
in (Gly-HypR-HypR)9 at its single-stranded state because they
observed CD spectra indicating the existence of such a
secondary structure for Ac-(Gly-HypR-HypR)10-NH2 at 95°C.
Unfortunately, the CD spectra of (Gly-HypR-HypR)9 itself
have not been reported so far. If their speculation is correct,
this could be the most distinguished difference of structural
property between our (HypR-HypR-Gly)10 and their (Gly-
HypR-HypR)9. Obviously, in the CD spectra of (HypR-HypR-
Gly)10, any ordered structure was not detected at higher
temperature.

The Factor Stabilizing the Triple-Helical Structure for
(HypR-HypR-Gly)10. In the crystal structure of (HypR-HypR-
Gly)10, the majority of water molecules could be located with
the precision that allowed us to identify peptide-solvent
interactions. Because, at some parts of the triple helix of
both peptides, water bridges are missing, the positions of
water molecules forming the bridges are superimposed to
demonstrate the preferential hydration pattern in Figure 8.
Comparing the crystallographic data of (HypR-HypR-Gly)10

and Gly f Ala with respect to the spatial distribution of
water molecules, it is obvious that the difference of the
distribution of water molecules is localized surrounding
HypR(X) OH of (HypR-HypR-Gly)10. The ranges where waters
distribute are classified into 10 areas as in Figure 8. They
are located in almost the same manner except for areas 2
and 3. The typical profile of networks of water bridges
observed in (HypR-HypR-Gly)10 is demonstrated using water
molecules such as W1, W2, ... picked up from areas 1, 2,
..., respectively, along with that of Glyf Ala in Figure 8.
Three networks are commonly observed in the both peptides.
They are (1) the intrachain network connecting Gly CdO
and HypR(Y) OH through W9 and W10, (2) the other
intrachain network connecting HypR(Y) CdO and Gly
CdO through W5 and W7 (occasionally via W6), and (3)
the interchain network connecting HypR(Y) OH and HypR-
(Y) CdO in the adjacent chain through W8 and W4. [Water
bridges in each case are namedγ for (1), R for (2), andδ
for (3), respectively.]

In Glyf Ala, which is devoid of the hydroxyl group at
the X position, there is a long interchain water bridge
composed of four waters, W1, W2, W3, and W4, which
connect Gly CdO and HypR(Y) CdO in the adjacent chain.
(This is named theâ water bridge.) On the contrary, there
are two water bridges in (HypR-HypR-Gly)10 different from
the one observed in Glyf Ala. One of them is an interchain
water bridge composed of W1 and W3 (occasionally via W2)
which connects Gly CdO and HypR(X) OH in the adjacent
chain, and the other is an intrachain water bridge composed
of W4 which connects HypR(X) OH and HypR(Y) CdO.
(These two are namedκ andλ water bridges, respectively,
and furthermore, the water bridge composed of W4 and W8
connecting HypR(X) OH and HypR(Y) OH is namedµ.)
Consequently, the interchain interaction between Gly CdO
and HypR(Y) CdO is strengthened by fixing the two water
bridges,κ and λ, on the pivot of HypR(X) OH in (HypR-
HypR-Gly)10, whereas the water bridgeâ connects them via
an intervening water molecule in Glyf Ala. The presence
of these two water bridges results from the conformation of
the hydroxyl group of the HypR residue taking the up pucker.
Therefore, this up pucker is considered as the favorable
conformation of HypR in (HypR-HypR-Gly)10 at the X

FIGURE 7: Plots ofφ versusψ of (HypR-HypR-Gly)10 (blue circles),
Gly f Ala (black circles), and (Pro-Pro-Gly)10 (open circles). (A)
Pro or HypR residues at the X position. Three HypR residues with
down pucker at the X position of (HypR-HypR-Gly)10 are displayed
in red circles. (B) Pro or HypR residues at the Y position. (C) Gly
residues.
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position. The exceptional down pucker found in the three
HypR residues, A10, B16, and C25 (all at the X position),
could be the consequence of a strong structural requirement
for the packing of the triple helices in the crystal structure
(Figure 4a).

As mentioned above, in the crystals of (HypR-HypR-Gly)10,
we recognized that the addition of water bridgesκ, µ, andλ
to water bridges ofR, â, γ, andδ found in Glyf Ala (10)
might imply an increase in the number of water molecules
involved in the hydration. However, the existence of the
water molecules participating simultaneously in two or three
water bridges seems to make this implication invalid. As
shown in Figure 8, the W4 is involved simultaneously in
three kinds of water bridges,δ, λ, andµ, and W8 is involved
in µ andδ water bridges.

On the basis of these crystallographic data, we correlate,
as reported in our recent study (13), the location and number
of water molecules with the effect of hydration which is
deduced from the measurement of partial specific volume
and the calculations of molecular volume and ASA. Compar-
ing the hydration volumes (Vhyd,t) listed in Table 6, we note
that the value of-19.0 cm3 mol-1 determined for (HypR-
HypR-Gly)10 is about twice that of-9.6 cm3 mol-1 for (Pro-
Pro-Gly)10 and is very close to-18.6 cm3 mol-1 for (Pro-
HypR-Gly)10 (13). From these data, we can assume that the
triple helices of (HypR-HypR-Gly)10 and (Pro-HypR-Gly)10 are
hydrated with about the same number of water molecules,
whereas the additional hydroxyl group of HypR in (HypR-

HypR-Gly)10 is available for further hydration. Therefore, the
increase in the number of types of water bridges does not
necessarily lead to the increase in the number of hydrated
waters.

It has been shown in the previous paper that comparing
to (HypR-HypR-Gly)10 and (Pro-HypR-Gly)10, both ∆H and
∆S of the former are obviously smaller than those of the
latter (26). This is incompatible with the fact that there is
no significant difference in degrees of hydration between
them in the triple-helix state. Thus, we wonder if the
additional HypR residues cause the additional hydration on
the peptides in their single-stranded state. If so, we would
be able to explain the characteristic thermodynamic param-
eters where the enthalpy and entropy changes of (HypR-HypR-
Gly)10 are notably smaller than those of (Pro-HypR-Gly)10

(26).
The Vhyd,s values for (Pro-Pro-Gly)10, (Pro-HypR-Gly)10,

and (HypR-HypR-Gly)10 were determined to be-2.6, -4.0,
and -7.3 cm3 mol-1, respectively, as listed in Table 6,
indicating that the degrees of hydration of (Pro-Pro-Gly)10

and (Pro-HypR-Gly)10 in the single-coil state are almost the
same whereas that of (HypR-HypR-Gly)10 is obviously larger.

Taking account of the fact that hydration contributes to
decrease enthalpy, we concluded that the enthalpy of (HypR-
HypR-Gly)10 in the triple-helix state does not differ from that
of (Pro-HypR-Gly)10 and is smaller than that of (Pro-Pro-
Gly)10. On the other hand, the enthalpy of (HypR-HypR-Gly)10

in the single-coil state is smaller than those of (Pro-Pro-

FIGURE 8: Distribution of water molecules which participate in the water bridge observed in (HypR-HypR-Gly)10 (A) and Gly f Ala (B).
(A) The triple-helical structure of (HypR-HypR-Gly)10 is projected on its cross section. The two peptide segments, Gly-HypR(X)-HypR(Y)-
Gly and HypR(Y)-Gly-HypR(X), which interact with each other to form the triple helix, are illustrated by superposition of 30 peptide units
with the positions of waters involved in the water bridge network. (B) The two peptide fragments, Gly-Pro(X)-HypR(Y)-Gly and HypR-
(Y)-Gly-Pro(X), of Gly f Ala are illustrated by superposition of 21 peptide units. The peptide fragments including Ala residues are omitted.
An example of a water molecule which participates in the network is colored in blue. Dotted lines (yellow) designate the hydrogen bonds.

FIGURE 9: Enthalpy (A) and entropy (B) diagrams in triple-helix and single-coil states for (a) (Pro-Pro-Gly)10, (b) (Pro-HypR-Gly)10, and
(c) (HypR-HypR-Gly)10.
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Gly)10 and (Pro-HypR-Gly)10, which are similar. To sum-
marize, an enthalpy diagram for these model peptides is
shown in Figure 9A.

In the discussion of the thermal stability of triple-helical
structure, enthalpy is often overemphasized. As the Gibbs
free energy change (∆G) associated with the transition from
the triple-helix to single-coil composes enthalpy (∆H) and
entropy (∆S) changes, the comparison of∆Sas well as∆H
among these three model peptides is indispensable for
clarifying the stabilizing mechanism of (HypR-HypR-Gly)10.
Hydration reduces the entropy because of the restriction of
motional freedom of the water molecules surrounding the
peptide molecule. Therefore, the entropy of (HypR-HypR-
Gly)10 in the triple-helix state does not significantly differ
from that of (Pro-HypR-Gly)10 and is smaller than that of
(Pro-Pro-Gly)10. On the other hand, CD measurements
showed that neither of these model peptides in the single-
coil state seems to take any ordered secondary structure like
polyproline II (Figure 6A; also Figures 3A,B in ref13). This
suggests that the conformational entropies of these model
peptides in the single-coil state are essentially the same.2

From volumetric experiments, the hydration entropy of
(HypR-HypR-Gly)10 in the single-coil state is smaller than
those of (Pro-Pro-Gly)10 and (Pro-HypR-Gly)10, which are
considered to be almost the same. Therefore, the total entropy
of (HypR-HypR-Gly)10 in the single-coil state is smaller than
those of (Pro-Pro-Gly)10 and (Pro-HypR-Gly)10. The smaller
∆H and ∆S of (HypR-HypR-Gly)10 than those of (Pro-Pro-
Gly)10 and (Pro-HypR-Gly)10 are ascribed to the high degree
of hydration of (HypR-HypR-Gly)10 in the single-coil state.
An entropy diagram is given in Figure 9B as well.

CONCLUSION

As the main factor that stabilizes its triple-helical structure,
we deduced that a high degree of hydration of (HypR-HypR-
Gly)10 in the single-coil state plays a key role in the thermal
stability of this peptide. The hydroxyl group of HypR at the
X position of (HypR-HypR-Gly)10 allows the additional
hydration in the single-coil state, resulting in a smaller
enthalpy change than those of (Pro-HypR-Gly)10 and (Pro-
Pro-Gly)10. The smaller entropy change of (HypR-HypR-
Gly)10 is, in contrast, caused more significantly by the
possible extensive hydration that restricts the mobility of
water molecules. This demonstrates that investigation of the
collagen model peptide in the single-coil state as well as in
the triple-helix state is crucial in obtaining a comprehensive

explanation for the stabilizing mechanism of the collagen
triple helix.
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