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The crystal structure of a triple helical peptide (Pro-Hyp-Gly)io has been determined at 1.9
A resolution. Single crystals grown by the hanging drop method, diffracted to a resolution
of 1.8 A. The polymer-like structure of the triple helical repeat Pro-Hyp-Gly was in
accordance with the 7/2 model proposed for collagen and very similar to the previously
determined structure with a Pro-Pro-Gly sequence repeat. The solvent structure was also
very similar to that previously observed, showing similar hydration patterns, but different
crystal packing. The presence of hydroxyproline did not have any effect on the molecular
structure or the hydration structure. This is in accordance with the recent finding that the
inductive effect of the hydroxyl group attached to the C atom of hydroxyproline enhances
collagen stability rather than the extensive water network.
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The triple helix is a unique structural motif found in
fibril-forming collagen, a series of host defense proteins,
and certain membrane proteins (1). The triple helix is also
the functional element in certain receptors (2). The triple
helical domains present in Clq and macrophage scavenger
receptors act as the sites for binding interactions {3-5).
The collagen molecule is a triple-helical coiled-coil formed
by the super coiling of three polypeptide chains. Each
strand is in a left-handed, extended polyproline II helical
conformation. Three such strands coil about a common axis
in a right-handed helical fashion. Each strand is staggered
by one residue from its adjacent chain and the three strands
are held together by inter-chain hydrogen bonding. The
general amino acid sequence repeat of these polypeptide
chains is of the form (Gly-X-Y),,, in which X and Y can be
any amino acid. The strict sequence constraint of Gly at
every third position is required for the close packing of the
three strands. The X and Y positions are frequently
occupied by proline and hydroxyproline, respectively,
comprising about 20% of all the residues in collagen. The
high content of imino acids imposes a high degree of steric
restriction which helps to stabilize the extended nature of
the chains. Hydroxyproline results from the post-trans-
lational modification of proline by the enzyme prolyl
hydroxylase, which adds a hydroxyl group to the C atom of
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proline. Hydroxyproline plays a very important role in the
stability of the triple helix, as compared with proline (6, 7).
This can be clearly observed by melting studies on (Pro-
Pro-Gly) 10 and (Pro-Hyp-Gly) 10 (7); while the Tm for (Pro-
Hyp-Gly) i0 is about 58°C in aqueous 10% acetic acid
solution, the Tm for (Pro-Pro-Gly),0 is only 24'C. Collagen
lacking hydroxyproline is unstable (8), while the presence
of Hyp at the Y-position has been found to enhance the
stability of the assembly of collagen into microfibrils (9).

Initial models of collagen were proposed based on the
fiber diffraction pattern of collagen and the diffraction
pattern of synthetic polymers such as poly-Gly-II, poly
L-Pro-H, etc. (10, 11). Rich and Crick (1961) proposed a
model for collagen based on the high angle X-ray diffraction
pattern of rat tail tendon (12). Later, in 1969, the fiber
diffraction pattern of poly (Pro-Pro-Gly) was observed (13)
to be very similar to the patterns obtained for native
collagen, and detailed conformational analysis showed a
similar type of structure as the Rich and Crick model. This
model was further confirmed by fiber diffraction analysis on
kangaroo tail tendon (14).

Meanwhile, synthetic oligopeptides such as (Pro-Pro-
Gly)10, (Pro-Hyp-Gly) 10, etc., synthesized by solid-phase
synthesis were found to be homologous and of defined
molecular weight (7,15). Single crystals of (Pro-Pro-Gly) ,<,
were grown by the dialysis method (16). Okuyama et al.
(17, 18) reported the crystal structure of (Pro-Pro-Gly)i0

determined based on data collected from a single crystal
and solved by the linked-atom least-squares method
(LALS) (29). This structure shows fairly large differences
in the helical parameters, leading to a new model for the
triple helix (20). This model (Okuyama model) has a 7/1
helical symmetry with a 60 A helical pitch for each strand
of the triple helix, and the overall triple helix has a
left-handed 7/2-helical symmetry. The observed result
differs from the Rich and Crick model which has a 10/
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1-helical symmetry with a helical pitch of 86 A for each
strand of the triple helix, and an overall structure with a
left-handed 10/3-helical symmetry. The new 7/2 model
could also explain the fiber diffraction pattern of native
collagen {20).

Crystal structure analysis of a synthetic triple helical
peptide, (Pro-Hyp-Gly)4-(Pro-Hyp-Ala)-(Pro-Hyp-Gly)5)

hereafter called Gly-»Ala peptide, revealed the structure
to be in accordance with the Okuyama model except for
regions around Ala (21). Recently, two crystal structure
analyses (one by our group, hereafter called PPG-1, and the
other by Kramer et al., which contained two separate
structural studies, hereafter referred to as PPG-2 and
PPG-3) for the subcell structure of (Pro-Pro-Gly)io were
solved (22, 23), which in both cases indicated structures
similar to the model proposed by Okuyama et al. (18). The
lowest energy models based on theoretical studies on poly
(Pro-Pro-Gly) also agreed well with the experimental data
of the Okuyama model (24, 25).

Single crystals of the collagen-model peptide (Pro-Hyp-
Gly) i0 were obtained. The cylindrical Patterson map
deduced from the data collected from these single crystals
showed a main chain conformation very similar to that of
the homologous peptide (Pro-Pro-Gly) i0, further confirm-
ing the Okuyama model for collagen (26). For a better
understanding of collagen structure, we are currently
studying the crystal structure of collagen model peptides.
In this report the structure of the triple helix forming
peptide (Pro-Hyp-Gly)i0 is described.

MATERIALS AND METHODS

Crystallization—The peptide (Pro-Hyp-Gly)i0 was ob-
tained from Peptide Institute, Osaka, and used for the
crystallization experiments without further purification.
Crystals suitable for crystallographic analyses were grown
by the hanging drop method at 10"C. Peptide solutions
consisted of (Pro-Hyp-Gly)i0 at a concentration of 4 to 5
mg/ml in 10% acetic acid. About 1 ml of 22% PEG 200 was

used as the reservoir solute. A mixture of 3 //I of peptide
solution and 3 //I of reservoir solution was used as the drop
hanging over the reservoir. Crystals were obtained with
two different morphologies, triangular and rectangular, in
the same drop (Fig. 1). Triangular crystals grew to a size of
0.3x0.2x0.2 mm3 while rectangular crystals grew to
0.4x0.3x0.2 mm3. These crystals were used for prelimi-
nary analyses and data collection.

Data Collection—The crystals were sealed in a glass
capillary along with the mother liquor and data were
collected using a 4-circle diffractometer (AFC5R, CuKa
radiation, generated by a Rigaku RU 200 rotating anode at
40 kV and 150 mA). Data collection was performed at 5"C
due to the rapid decay of the crystal at room temperature.
Both crystal types belonged to the monoclinic system in the
space group P2X with ceD parameters of a= 14.06(1), b =
26.67(1), c = 20.06(l) A, /? = 107.08(5)'. The crystals
diffracted to a resolution of 1.8 A. A total of 1,434 reflec-
tions were collected up to a resolution of 1.82 A of which

TABLE I. Crystal data and data collection parameters of (Pro-
Hyp-Gly),..
Data collection device
Overall completeness(%)
Space group
Cell dimensions

Volume
Crystal dimensions
Scan mode
Scan speed
Scan width
No. of standard reflections
No. of reflections measured
No. of unique reflections
Range of h, k, I
2#nai
Data collection temp.
High resolution limit

AFCSR-Rigaku 4-circle diffractometer
100
P2,
0=14.06(1), 6 = 26.67(1),

c=20.06(l)A, a = y = 90\
P = 107.08(5)"

V = 7192(11)A'
0.4x0.3x0.2 mm1

Omega
8'/min
(Aw) = (1.10 + 0.3 tan 6)'

3
1,434
1,302
0< /i<
50"
5"
1.824 A

Fig. 1. Two types of (Pro-Hyp-Gly),,, single crystals found in
the same drop. The triangle shaped crystals grew to a size of 0.3 x
0.2x0.2 mm' and the rectangular shaped crystals grew to a size of
0.4x0.3x0.2 mm*.

20 A

100A

Fig. 2. Okl precession photograph of (Pro-Hyp-Gly),,), /t = 15'.
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1,302 reflections were found to be unique. Intensities were
corrected for Lorentz-polarization and absorption effects
with the teXsan software (27) from Molecular Structure.
Decay corrections were also applied because 5% decay was
observed at the end of the data collection process. The data
collection parameters are shown in Table I.

Earlier, precession photographs were taken using a
Rigaku ultra X18 rotating anode generator (40 kV, 200
mA) with CuKa' radiation, pt = 15° (Fig. 2). Very bright
spots corresponding to a spacing of 20 A can be seen clearly
and in addition to these spots, one or two spots (satellite
spots) can also be seen on either side of the bright spots.
The separation between the bright spots and the satellite
spots was found to be around 100 A. Similar satellite spots
were also observed in the precession photograph of the
homologous peptide (Pro-Pro-Gly)i0. Data were collected
for this unit cell with c' = 100.3 A and identical values for
the a and b axes and angle /3. Four different crystals were
used for data collection (due to the rapid decay of the
crystals) up a resolution of 1.8 A at 5°C. Those diffraction
spots corresponding to the cell with a 20 A repeat (subcell)
are the l = 5n reflections, the intensities of which are quite
large compared to those of the Z = 5n+ i reflections (where
i= 1, 2, 3, 4). With fewer than 50% of these 5n+ i reflec-
tions being observed [(Fo> GF0)~\ it was not possible to
position the molecule along the c direction unambiguously
[similar to the case of (Pro-Pro-Gly)10 (22, 23)]. In (Pro-
Pro-Gly)i0 and (Pro-Hyp-Gly)10 crystals, the triple helical
molecules may have a disordered alignment along the c-
axis the details to be discussed elsewhere. For this paper,
the average crystal structure corresponding to a subcell of
c = 20.06 A with an asymmetric unit consisting of 21 amino
acids was solved and refined.

Structure Determination and Refinement—The probe
model used for molecular replacement search, was based on
the Okuyama model for collagen, and consisted of three
strands, each strand consisting of 7 amino acid residues and
containing as a whole 7 tripeptide units in a repeating
period of 20 A. With a space group of P2,, the translational
variable v becomes arbitrary. Since the helix axis can be
aligned with the crystallographic c axis, orientation and
translation searches had to be performed only for the
azimuthal angle n and variables u and w. All three vari-
ables were searched with reflections in the range 8 to 3.5 A.
The software package X-PLOR (28) was used for this
molecular replacement (MR) search. A unique solution was

TABLE II. Final refinement statistics for the 20 A model of
(Pro-Hyp-Gly),0.

Resolution range
Number of reflections used

(F>2oF)
R factor
Free R factor
R&i, factor
Root mean square deviations

zjbonds
Jangles

Average temperature factors (A')
All atoms
Peptide atoms
Solvent

8.0-1.9 A
945

19.7%
27.6%
19.9%

0.018 A
3.72-

12.85
12.22
18.22

R factor was based on 866 reflections. Free if factor was based on 79
reflections. R.,, factor was based on all 945 reflections.

obtained with the lowest E-factor and used for further
refinement. The parameters for hydroxyproline were
obtained from the "X-PLOR topology and parameter
library for Hetero compounds"—a web site maintained by
Uppsala Universitet (29).

Structure refinement was done using SHELX-97 (30). In
all, 945 reflections with (F0>2crF0) were used in the
refinement process, of which 866 reflections were used for
refinement while 79 reflections were used to monitor free
R. Constraints for bond length and bond angles, as neces-
sitated in refinements using SHELX-97, were applied, but
no torsion angle restraints were applied. The parameters
for Hyp (bond length and bond angle constraints) were
calculated from the parameters obtained from the web site
of Uppsala Universitet (29). Covalent bonding constraints
were applied between the (translation) symmetry related
molecules along the helix axis in order to hold the infinite
triple helix. The model was refined for several cycles and
corrections to the model were carried out based on the
2F0 — Fc electron density map with the molecular graphics
program Xfit, part of the software package XtalView (31).
The water molecules were then identified manually based
on the Fo — Fc electron density map. During the refinement
cycles, both R and free R were monitored. Only 17 reason-
able water molecules could be identified by this procedure.
The final R factor converged to a value of 0.197 for the 866
reflections used in the refinement procedure, while free R
was at 0.276 for 79 reflections. The R factor for the above
model was checked using all 945 reflections and was found
to be 0.199. The final refinement statistics are shown in
Table II. The final structure has 21 amino acids and 17
water molecules and fits well with the 2FO — FC electron
density map. The final structure, including the water
molecules, was investigated by the omit map using the
following procedure. The occupancy factors of one residue
or five water molecules was set to zero, and the (F0—Fc)
electron density map was calculated after 10 cycles of
positional refinement. Electron density for the omitted
region reappears showing that the omitted residue is
correct. This procedure was repeated for all the 21 residues
and water molecules in the asymmetric unit. This was done
in order to avoid model bias.

RESULTS AND DISCUSSION

The sub-cell structure of the collagen model peptide (Pro-
Hyp-Gly)i0 along with 17 water molecules is shown in Fig.
3. The asymmetric unit consists of 21 residues arranged in
three strands of equal length with 7 amino acids in each
strand. Each strand has a left-handed polyproline II helical
conformation. Three such strands align in parallel and wrap
around a common helical axis in order to form the triple
helix. Each strand is staggered by one amino acid residue
along the helical axis with the average staggering being 2.86
A. The triple helix has a right-handed helical-conformation
following the Okuyama model, similar to that observed in
the case of (Pro-Pro-Gly)io-

The helical parameters (h, 6) for each tripeptide show a
broad distribution from one tripeptide unit to another. The
helical parameters were derived from the bond lengths,
bond angles, and torsional angles by the method of Sugeta
and Miyazawa (32). The average unit height (h) of a
tripeptide unit is about 8.45 A, and the average twist (6)
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307

30:

313

Fig. 3. Stereo view of the sub-
cell structure of the triple
strand along with the 17 water
molecu les . The inter-chain N - 0
hydrogen bonds are indicated by
dotted lines.

TABLE HI. Helical parameters obtained for various collagen-model peptides based on single crystal analysis in comparison with
two models for collagen.

Present study PPG-1" PPG-2" PPG-3C (Gly-Ala) peptide' 7/2 model" 10/3 model"

Unit height, h (A)
Unit twist, 6C)

8.45
46.5

8.79
50.7

8.65
51.4

8.75
51.4

8.4
60

8.61
51.4

8.58
36

"Nagarajan et al. (1998); bKramer et al. (1998) structure at 2.0 A resolution; cKramer et al. (1998) structure at 1.7 A resolution; dOkuyama
et al. (1981); "Fraser et al. (1979); 'Bella et aL (1994), values include the alanine substitution zone as well as the Pro-Hyp-Gly regions of the
structure.

TABLE IV. Average values of the main chain dihedral angles. The values are compared with those of PPG-1, PPG-2, PPG-3, Gly-
peptide, and the 7/2 and 10/3 models for collagen.

•Ala

Torsion angle
<t> P r o
f Pro
co Pro
* ( Y )
iMY)
a(Y)
tf Gly
TfrGly
a> Gly

Present study
-72.7(3.5)
161.1(5.1)
179.6(2.1)

-58.4(4.8)
152.0(6.4)
178.5(2.1)

-74.8(5.6)
172.8(3.0)
179.2(1.7)

PPG-1*
-77.1(7.5)
163.8(4.7)
179.1(1.3)

-62.4(7.9)
154.0(8.8)
177.6(3.9)

-76.7(6.6)
176.6(7.1)
179.0(1.8)

PPG-2b

-73.1(8.8)
159.7(3.7)
178.6(0.6)

-58.7(8.1)
161.0(12.4)
179.1(1.2)

-83.7(11.2)
179.8(5.8)
179.6(0.5)

P P G ^
-75.0(2.7)
161.4(3.1)
177.8(0.7)

-61.2(1.1)
153.3(2.2)
176.7(2.1)

-75.8(2.0)
179.5(3.5)

-179.9(0.2)

7/2 model"
- 7 5 . 5
152.0

- 1 7 6 . 8
- 6 2 . 6
147.2

-172 .8
- 7 0 . 2
175.4
178.2

10/3 model"
- 7 2 . 1
164.3
180.0

- 7 5 . 0
155.8
180.0

- 6 7 . 6
151.4
180.0

(Gly—Ala) peptide'
-72.6(7.6)
163.8(8.8)
179.9(1.8)

-59.6(7.3)
149.8(8.8)
178.5(1.5)

-71.9(9.6)
174.1(11.9)
177.3(3.1)

= prolineinthecaseof PPG-1, PPG-2, PPG-3, and 7/2 model while Hyp in the case of POG-1, 10/3 model, and Gly—Ala. "Nagarajan et al.
(1998); "Kramer et al. (1998) structure at 2.0 A resolution; cKramer et aL (1998) structure at 1.7 A resolution; "Okuyama et aL (1981); 6Fraser
et al. (1979); 'Bella et al. (1994).

per tripeptide unit is 46.5'. These values are closer to those
of the 7/2 model than the 10/3 model for collagen (Table
HI).

Chain Conformation—The average <j>, ft, and a> torsion
angles obtained for the Pro, Hyp, and Gly have been
compared with those reported in previous studies (Table
IV). It can be clearly seen that the average values obtained
in the present study and those obtained in other model
peptides are closer to the 7/2 model than to the 10/3 model.

The geometric values for the upward and downward
puckering for the imino acids was given by Momany et al.
(33). A general pattern of down puckering for the Pro at the
X position and up puckering for the Hyp at the Y position

has been reported for collagen (14) and in a two-dimen-
sional NMR investigation of the solution structure of
(Pro-Hyp-Gly)io (34). In the present study, the Pro at the
X-position shows a downward puckering and Hyp at the
Y-position shows an upward puckering, which complies
well with the general rule. The puckering statistics for the
proline and hydroxyproline residues are given in Table V.

Inter-Chain Hydrogen Bonding—All the Gly amide and
Pro carbonyl groups take part in inter-chain (N-H---O=C)
hydrogen bonds (Fig. 3) that run in the direction of strand
1 to strand 2 to strand 3 to strand 1, following the pattern
of model II of Rich and Crick (12). In addition to this, the
Pro carbonyl group is also at hydrogen bonding distance

Vol. 125, No. 2, 1999
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TABLE V. Puckering statistics for the proline and hydroxy-
proline residues at the X- and Y-positions.

Proline at X-position
Residue No. Deviation of C7 atom"
104
107
204
207
301
304
307

( + )0.4497
( + )0.3404
( + )0.4546
( + )0.4409
( + )0.5060
( + )0.4493
( + )0.5119

Hydroxyproline at Y-position
Residue No. Deviation of C atom*
105
108
202
205
208
302
305

(-)0.5004
(-)0.4775
(-)0.5706
(-)0.4349
(-)0.4713
(-)0.5576
(-)0.3484

'( + ) indicates down conformation, ( —) indicates up conformation.

from the C of Hyp ( C - H - 0 = C ) running in the same
direction as in the case of N-H---OC. This type of hydro-
gen bonding has been reported in the case of globular
proteins (35, 36) as well as in the case of collagen model
peptides (22, 23, 37). The hydrogen bonding parameters
are tabulated in Table VI. The hydrogen atoms are fixed
geometrically for the amide group of Gly and the C atom
of Hyp, riding over the parent atom. These hydrogen atoms
were not part of the refinement procedure.

Crystal Packing—The molecules are packed in a pseudo
hexagonal manner as shown in Fig. 4a. This packing is
slightly different from that of the pseudohexagonal but
parallel packing {38) observed in the case of the semi-
crystalline rat tail tendon. The lateral spacing between the
triple helices was found to be around 14 A.

Role of Water Molecules—Only 17 reasonable water
molecules could be included in the average structure of
(Pro-Hyp-Gly)io, while free R was taken into considera-
tion. The hydrogen bonding interactions involving the
triple helical carbonyl oxygens and water molecules are
tabulated in Table VII. Of the 14 carbonyl oxygens (7 each
in hydroxyproline and glycine) that can take part in
hydrogen bonding interactions, only 8 (4 each in hydroxy-
proline and glycine) take part in hydrogen bonding interac-
tions with water molecules. In addition to the carbonyl
oxygens, the hydroxyl group of the Hyp are also in a
position to form hydrogen bonding interactions with water
molecules. Of the 7 hydroxyl groups, only 3 form hydrogen
bonding interactions with water molecules. These water
molecules form the first cylinder of hydration around the
triple helix. These water molecules are also involved in
hydrogen bonding interactions with other water molecules
forming the second cylinder of hydration around the triple
helix. There are 13 such interactions involving water
molecules and these interactions are tabulated in Table VQ.
The water molecules form a network that gives rise to
certain kinds of intra-chain and inter-chain water bridges.
These water molecules mediate the interaction between the
triple helices, since a direct interaction between the triple
helices is not possible owing to the distance between them.
The hydrogen bonding network, the intra-chain and inter-
chain interactions mediated by the water molecules (water

TABLE VI. Inter-strand hydrogen bonding parameters ob-
served in the triple helix.

N - H - 0 hydrogen bonds involving N of Gly

Hydrogen bonds N-O* H-O* <N-H-0"
N(203)-
N(303)-
N(106)-
N(206)-
N(306)-
N(109)-

•0(301)
-0(104)
•0(204)
•0(304)
•0(107)
•0(207)

2.94
2.92
2.84
2.89
2.78
2.83

2.17
2.18
2.05
2.10
1.98
2.02

149.7
144.6
152.7
152.9
153.9
157.8

C - H - 0 hydrogen bonds involving C° of Hyp
Hydrogen bonds C'-O* H-O* <C'-H-Ob

C(202)"O(301)
C(302)-O(104)
C(106)-O(204)
C(205)-O(304)
O(305)-O(107)
C'(108)-O(207)

3.48
3.28
3.44
3.22
3.14
3.17

2.66
2.44
2.62
2.37
2.34
2.36

142.2
142.9
141.3
144.7
138.1
140.1

"Distances in (A). ""Angles in (*).

bridges), and the interaction between the triple helices are
shown in Fig. 5.

A separate refinement of the structure without taking
free R into consideration was attempted against all 945
reflections in the resolution range 8.0 to 1.9 A. In all, 33
reasonable water molecules were identified and the R factor
converged to a value of 0.163. The features of the triple
helical peptide molecule remained the same, but there was
a large variation in the number of water molecules and their
positions. In this case, all the carbonyl oxygens were
hydrogen bonded to water molecules, as is generally
expected in the case of biological molecules. The water
molecules also formed an extensive water bridge network,
forming different kinds of intra-chain and inter-chain water
bridges. Even though the hydrogen bonding network and
the positions of the water molecules were in accordance
with those of similar structures, the structure was not
considered reasonable because of the method of structure
refinement. When all 33 water molecules obtained by this
method were assigned and refined while monitoring free R,
there was a considerable decrease in the R factor, but free
R increased to a very large value. This implies that the
excess number of water molecules assigned only increased
the number of parameters to fill the electron density,
thereby decreasing the credibility of the structure
refinement.

The smaller number of water molecules and water
bridges reported in this structure may be against the
prevailing general idea that the interaction of hydroxy-
proline with water molecules increases the stability of the
triple helix (22, 24, 39). But recently it has been reported
(40) that water bridges do not contribute significantly to
collagen stability, but rather that collagen stability relies
more on inductive effects. A highly electronegative ele-
ment, fluorine, was introduced in place of the hydroxyl
group of hydroxyproline forming 4(i?)-fluoroproline (Flp).
Flp was chosen because fluorine is the most electronegative
element but it does not form hydrogen bonds (40). Thermal
stability tests showed that the Tm values of the three triple
helical peptides are in the order (Pro-Flp-Gly)i0>(Pro-
Hyp-Gly)io>(Pro-Pro-Gly)i0, and also that the thermal
stability of (Pro-Flp-Gly)io far exceeds that of any known
collagen model peptide of similar size. Since, there can be
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Structure of a Peptide with (Pro-Hyp-Gly) Sequence Repeat 315

Fig. 4. (a) Hexagonal packing of the
(Pro-Hyp-Gly) sequence repeat view-
ed along the helical axis, (b) The
packing of PPG-1, the packing can be
considered to have two general re-
gions, one triangular and the other
square. The triple helices shown by
filled bonds are directed upward from
the paper, while the open bonded triple
helices are directed downward from the
paper.

no water bridges, it can be concluded that the large induc-
tive effect of the fluorine attached to the C position
enhances the collagen stability by favoring the trans
conformation of the prolyl peptide bond. Based on this
result, it was concluded that the inductive effects of the
electronegative group attached to the C7 atom of the proline
rather than the water bridges enhance the stability of
collagen. Therefore, it can be concluded that the triple helix
is highly stable even in the absence of large number of
water molecules attached to hydroxyproline, which is

consistent with the observation about the water molecules
around Hyp.

Comparison with Other Structural Studies on Collagen
Model Peptides—The structures of the collagen model
peptides, PPG-1, PPG-2, PPG-3 and the (Gly->Ala) pep-
tide, reveal that three identical chains in the polyproline II
conformation align in parallel and wrap around a common
helical axis with a stagger of one residue between adjacent
chains. The three chains are held together by hydrogen
bonding interactions between the N-H groups of glycine

Vol. 125, No. 2, 1999
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and the C=0 groups of the proline residues in the X position
of the neighbouring chain. Also, the <f> and yjr values
reported for these collagen model peptides (Table TV) are
closer to the 7/2 model than to the 10/3 model for collagen.

The overall structures of all these collagen model pep-
tides are very similar to one another, but there are small
differences in some structural details. Table HI gives the
values of the helical parameters obtained in different cases.
It can be seen that these values, even though closer to the
7/2 model, vary to a certain extent. The value of 60* for the
unit twist obtained in the case of the (Gly—»Ala) peptide
includes the alanine substituted zone as well as the Pro-

TABLE VII. Hydrogen
Hydrogen bonds
Hyp-105O---W(7)
Gly.109 O-W(15)
Gly_203O-W(8)
Hyp.206 O-W(l)
Gly_206O-W(2)
Hyp_208 O-W(12)
Hyp.302 0—W(3)
Gly_303O-W(5)
Hyp_202 OD1-W(14)
Hyp.208ODl-W(4)
Hyp-302 OD1-W(6)
W(6)-W(9)
W(9)-W(7)
W(9)-W(10)
W(3)-W(14)
W(3)---W(ll)
W(ll)-W(16)
W(16)-W(13)
W(13)-W(14)
W(13)-W(17)
W(5)—W(ll)
W(9)-W(ll)#l»
W(12)-W(14)#l"
W(13)-W(15)#l«

bonds involving
0-Wat/A

2.54
2.58
2.71
2.85
2.89
3.02
3.33
2.89
2.75
3.11
2.93
2.59
3.11
2.72
2.96
2.84
2.90
3.24
2.64
2.97
3.38
2.54
3.26
2.74

water molecules.
<C-0-Wat/-

132.7
155.9
148.7
150.1
135.9
135.9
138.7
115.9
106.4
118.7
122.8

•Symmetry related water molecule.

Hyp-Gly regions of the structure, and hence the large
difference in the value compared to the 7/2 model.

A general pattern of Pro-down puckering (X-position)
and Hyp-up puckering (Y-position) is reported for collagen
{14). In the present study, PPG-3 and the (Gly—Ala)
peptide the proline and hydroxyprolines comply with this
generalization. In the case of PPG-1, the proline at the X
position shows a greater tendency to down puckering, but
the proline at the Y position shows no clear pattern of up
puckering. In the case of PPG-2, the prolines at the X
position show down puckering, while in the case of Y-posi-
tion prolines, one shows a down conformation while all the
others show an up conformation. From this observation, it
can be stated that with Pro at the X-position and Hyp at the
Y position, the puckering of the imino acids are in the down
and up conformations, respectively. But with Pro at both
the X-position and Y-position, there is considerable flexi-
bility in the puckering of the proline rings at the Y-position.

The purging structure observed in the present study and
in the (Gly-»Ala) peptide are very similar to each other.
Both structures show a pseudo hexagonal packing with
similar lateral spacing of around 14 A. This packing struc-
ture and the value of the lateral spacing are similar to those
observed in the case of native collagen (38). The packing
structure observed in the present study is entirely different
from those found in the crystal structures of peptides with
the (Pro-Pro-Gly) sequence, in which every triple helix is
five coordinated and two different kinds of clusters, square
and triangular cluster, appeared (Fig. 4b). A layer struc-
ture, with a layer thickness of around 86 A, is observed in
the (Gly->Ala) peptide, while no such layer structure was
observed in the present study.

The number of water molecules assigned in the present
study and in PPG-1 are nearly the same and fewer compar-
ed to the extensive water network seen in the case of
PPG-2, PPG-3, and the (Gly-»Ala) peptide. This is mainly
due to the difference in the refinement procedure, monitor-
ing free it is a common procedure in the structure analysis
of macromolecules, and this method was used in the case of

Fig. 5. Stereo view of the hydrogen
bonding network. The open bonded
part of the figure represents an asym-
metric unit of the sub-cell structure,
similar to that shown in Fig. 3. Two
symmetry related triple helices and
their hydrogen bonding interactions
(dotted lines) are shown.

J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Structure of a Peptide with (Pro-Hyp-Gly) Sequence Repeat 317

PPG-1 and the present study. However, free R was not
monitored in the structure analyses of PPG-2, PPG-3, or
the (Gly->-Ala) peptide. Even in the present analysis we
have seen that a similar kind of extensive network for
water is observed when free R is not taken into account.
Due to the differences in the refinement procedures, one
must be careful when comparing the -R factor of these
analyses, the number of water molecules, and the hydrogen
bonding schemes involving water molecules.

Comparing the present study with PPG-1, we find that
nearly equal numbers of water molecules have been as-
signed (Ref. 17 in the present study and Ref. 15 in PPG-1).
With the proline residue at the Y position being replaced by
hydroxyproline, one expects a large number of water
molecules to interact with the hydroxyl groups of the
hydroxyprolines, thereby forming an extensive water
bridge network. But as we have seen, only 3 out of the 7
hydroxyl groups take part in hydrogen bonding with water
molecules. This result indicates that water molecules play
a similar kind of role in sequences both with and without
hydroxyproline, and it can be stated that the extra stability
of the hydroxyproline-containing triple helices is due to
inductive effects of hydroxyl group attached to the C atom
in hydroxyproline, rather than the water bridges.

Conclusions—The high resolution structure of a collagen
model peptide with the sequence (Pro-Hyp-Gly) is de-
scribed in detail. Since the molecules in the crystal form a
polymer-like organization, the structure is a high resolution
averaged model of the triple helical structure with a
Pro-Hyp-Gly sequence.

The peptide structure is very similar to that obtained in
a previous study involving the sequence (Pro-Pro-Gly),
having a structure close to the 7/2 model for collagen
(Okuyama model). The three chains are held together by
hydrogen bonding interactions between the amide group of
Gly and the carbonyl group of Pro. The puckering of the
proline rings shows a clear pattern with the Pro-down and
Hyp-up conformation, complying well with the general
pattern for collagen. The packing of the triple helices in the
crystal is pseudo-hexagonal and antiparallel, similar to that
observed in the case of the (Gly-* Ala) peptide, but entirely
different from the packing observed in the case of PPG-1.
The close similarity in the molecular structures of PPG-1
and the present structure confirms that the presence of
hydroxyproline does not directly affect the molecular
structure in an imino-acid rich region. Also, the nearly
equal numbers of water molecules in structures with and
without hydroxyproline clearly indicate that the extra-
stability associated with sequences containing hydroxy-
proline is not due to the extensive water bridges, but may
be due to inductive effects.
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