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a b s t r a c t

Collagen is the most abundant protein in higher vertebrates. Despite collagen repetitive sequence, several
aspects of its structure and stability are controversial. Here we performed molecular dynamics simula-
tions to analyze triple helix hydration in regions characterized by different imino/aminoacid contents.
Data emerged from MD simulations show that (a) MD simulations can reliably reproduce the hydration
sites identified experimentally, (b) water molecules bound to regions with a different amino/iminoacid
content exhibit diversified residence times, and (c) in the aminoacid-rich region the binding of water
molecules is strongly influenced by the local sequence of the peptide. MD results also suggest that, in
aminoacid-rich regions, the stabilizing effects of Arg and Hyp residues on collagen triple helix also
depend on water-mediated interactions. On this basis, we propose that the mechanism of triple helix sta-
bilization is sequence-dependent.

� 2008 Elsevier Inc. All rights reserved.
Collagen is the most abundant protein in higher vertebrates [1].
Collagen sequences are characterized by the repetition of triplets of
the type Gly-X-Y. Although all types of aminoacids may be located
at positions X and Y of the triplets, they are frequently occupied by
iminoacids (Pro and 4R-Hydroxy-2S-proline (Hyp)).

The complexity of collagen molecule and its fibrous nature
prevent detailed investigations on the full-length protein. Due
to the repetitive nature of collagen sequence/structure, the use
of peptide models embedding specific motifs has been quite suc-
cessful [1,2]. Nevertheless, the structural bases of collagen stabil-
ity are still highly disputed [3–7]. The initially proposed model,
based on the role of water [5], has progressively declined as
hypotheses relying on stereoelectronic effect [4] and/or intrinsic
iminoacid propensities have been proposed [3]. However, the
great majority of these studies have been conducted using pep-
tides with an over-represented iminoacid content. Indeed, the
percentage of triplets with iminoacids in both X and Y is only
13% in real collagen.

Here we report a molecular dynamics investigation aimed at
defining the role of solvent in the stabilization of collagen triple
helix regions with a varied content of iminoacids. These studies
were conducted on the peptide model T3-785, which contains
three aminoacid triplets capped by Gly-Pro-Hyp triplets on both
sides [8,9].
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Materials and methods

System and simulation procedure. All simulations were con-
ducted using the X-ray structure of the peptide T3-785 (PDB code
1BKV) as a starting model [8,9]. This peptide consists of three ami-
noacids triples (Ile-Thr-Gly-Ala-Arg-Gly-Leu-Ala-Gly) capped by
the iminoacid-rich (Pro-Hyp-Gly)3 and (Pro-Hyp-Gly)4 fragments
at the N- and C-termini, respectively. Crystallographic water mol-
ecules were not included in the starting model in order to avoid
any bias on the MD hydration sites. MD simulations were per-
formed with the GROMACS software 3.3 [10]. To reproduce a high
preference of Hyp residues for the so-called ‘‘up state”, the v1 side
chain dihedral angles of Hyp residues were restrained to an aver-
age value of �25� (Figure S1). In all MD simulations the
model was immersed in a rectangular box (68.4 � 57.5 � 59.9 Å3)
filled with 7274 water molecules. The GROMOS43a1 force field
and the SPCE water model were used in the simulations. The sim-
ulations were run with periodic boundary conditions. The electro-
static interactions were calculated using Part Mesh Ewald
algorithm with a cutoff of 14 Å. Lennard–Jones interactions were
calculated with a 14 Å twin-range cutoff. A dielectric constant of
1 and a time step of 2 fs were used. Systems were simulated in
NPT ensemble by keeping constant temperature (300 K) and pres-
sure (1 atm).

The original numbering scheme of peptide residues has
been retained in the MD analyses. The hydration analysis is based
on the solvent density map whose maxima represent hydration
sites associated with the MD sampling [11,12]. The hydration
sites bridging the main chain atoms on adjacent peptide chains
have been labeled as Wi as reported in Figure S2.
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Results

The diversified motifs, in terms of imino/aminoacid content,
present in T3-785 allow analyses of triple helix hydration patterns
that occur in real collagen. The standard unrestrained MD simula-
tion (UN_MD) of the peptide was preceded by simulations carried
out by applying restraints on the peptide coordinates. For a proper
comparison of triple helix hydration to that observed in the crystal
state, the initial MD simulation was conducted by restraining
atomic positions to the crystallographic coordinates (FR_MD).
The impact of side chain mobility on the water occupancy/resi-
dence time was investigated by running an MD simulation with
only peptide backbone Ca atoms restrained to their initial positions
(CA_MD).

Restrained (FR_MD and CA_MD) simulations

The analysis of the solvent distribution in the FR_MD reveals
the presence of several peaks located in the proximity of the pep-
tide chain (Fig. 1), in line with the experimental reports on T3-785
[9].

The dual nature of T3-785 with an aminoacid-rich region
embedded in two iminoacid-rich fragments reflects into distinct
hydration patterns [9]. The presence of an amino acid at the X po-
sition in the central region makes an extra main chain nitrogen
atom available for hydrogen bonding interactions. This favors the
insertion of a water molecule that bridges the main chain oxygen
atom of Gly to the nitrogen atom of the amino acid located in
the X position of an adjacent chain [8,13] (f water-bridge according
to [5]). This bridge may involve polar side chains (Thr, Hyp) located
in the Y position (Figure S2). By contrast, the hydration sites of the
iminoacid-rich region are essentially external since they bind Hyp
side chains and exposed carbonyl groups.
Fig. 1. (A) Water density of sites in the FR_MD simulation. Highest peaks in the map
(7r) are colored in blue. Peaks in cyan are countered at 4r. (B) A comparison bet-
ween the location of the highest water density peaks (red) and crystallographic
sites (cyan). The arrow indicates the site W6, which is not occupied by a water
molecule in the crystal structure. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this paper.)
From the hydration analysis in the FR_MD simulation emerges
that highest peaks in the water density map correspond to the
main chain bridging water sites (Fig. 1A). The location of these sites
is in close agreement with those observed crystallographically (Fig.
1B) [9]. Also the location of the hydration sites of the iminoacid re-
gion closely resembles that found experimentally [5,14] since
peaks are located in proximity of exposed carbonyl and Hyp hydro-
xyl groups (Figure S3). The simulation is also able to identify
water–water-bridges, evidenced experimentally [5].

The analysis of water occupancy (Figures S4A-B) indicates that,
when a sufficiently large size for the box is used (radius 1.4 Å) to
detect the presence of the water molecule, both external and f
bridge sites are highly occupied. The lower intensity in the water
maps of the peaks corresponding the external waters is due to
the fact they are spread on a larger volume, as indicated by their
lower occupancy when a smaller box is used (Figure S5). This is ex-
pected since the position of these sites is restrained by a single H-
bond interaction with the peptide.

The analysis of the residence time evidences lower residence
time for external water molecules, compared to f bridge waters
(Figures S4C–D). Indeed, while an average residence time of the
external water is 50 ps, all f bridge waters have residence time lar-
ger than 100 ps. The low residence time of external sites combined
with their high occupancy observed in the present analysis is in
line with the proposed hopping model for the hydration of imino-
acid-rich peptides [15].

A deeper analysis (Figures S4C–D) also suggests that f bridge
waters exhibit a diversified spectrum of residence times, whereas
residence time distribution is approximately normal for the exter-
nal sites. Our data indicate that the local environment of these
sites (Figure S2) have a significant impact of the residence time
(Fig. 2). The proximity of a polar/charged side chain significantly
increases the residence time of the water site, with the lowest
residence times observed for sites (W5, W6, and W7) in which
no extra polar/H-bond interactions are formed by the water with
the peptide. Although Thr70 is close to W4, its side chain is not
properly oriented for H-bond formation in the starting crystal
structure. Accordingly, the residence time of this site is similar
to that observed for the sites W5–W7. Higher residence times
are displayed by sites (W1, W2, and W3) in which the water mol-
ecules are further stabilized by H-bond interactions with the side
chain of the residue located at the Y position. High residence
times were also observed for f sites whose overall architecture in-
volves the guanidinium moiety of Arg side chains (W8, and W9)
(Fig. 2). While W9 site exhibits a residence time comparable to
that of W1–W3, the W8 site is particularly suited for the binding
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Fig. 2. Residence time in FR_MD (gray), CA_MD (white), and UN_MD (black) sim-
ulations for all f bridge water sites. Water sites have been numbered according to
their locations along the peptide sequence.
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of a water molecule. Indeed, the water molecules bound to W8
barely exchanges during the FR_MD dynamics. Obviously, the
restrictions applied to Arg13 side chain strongly contribute to this
effect.

Data emerged from FR_MD indicate that the procedure applied
provides a reliable description of solvent distribution around a
collagen-like peptide. To measure the effects of side chain mobil-
ity, the simulation was repeated by restraining only the coordi-
nates of the Ca atoms to their initial positions (CA_MD). The
restriction applied helped the system, whose central region was
expected to be rather flexible, to keep the canonical triple helix
structure. In CA_MD all major water sites retained very high
occupancies (data not shown). The mobility of the side chains
of the central region did not change the general picture obtained
from the FR_MD simulation, since the highest residence times
were displayed by f bridge waters. However, an impact of the
mobility of side chains is observed on the residence time of water
Fig. 3. Evolution of the peptide along the trajectory. (A) RMSD of the trajectory structure
Evolution of total main chain–main chain hydrogen bonds. Representative models of lin
peaks in the central region. In particular, residence times of water
sites which form interactions with residues in the Y position of an
adjacent chain are affected by the mobility of these side chains
(Fig. 2). In the case of water sites interacting with Hyp in Y
(W1), there is no substantial variation of water residence time,
consistent with the rigidity of this residue. These findings suggest
that this type of water-bridge may contribute to the triple helix
stability. On this basis it is also possible to rationalize the exper-
imental finding that the N-methylation of Ala in the X position
(Gly-Ala-Hyp triplets) leads to more pronounced destabilization
effects (Tm decrease of 8.6 �C), compared to those observed upon
N-methylation of Ala in the Y position (Gly-Pro-Ala triplets) (Tm
decrease of 3.3 �C) [16]. Indeed, N-methylation of the X aminoacid
likely hampers the binding of W1 type water molecule. Residence
times of sites bound to Thr in Y (W2–W3) decrease significantly
in the CA_MD (Fig. 2). The inspection of water densities confirms
these observations (Figure S6).
s versus the X-ray model; (B) Triple helix bending angle of trajectory structures. (C)
ear and bent peptide structures are shown.
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Fig. 4. Correlation between triple helix regularity and number of bridge waters. The
numbers refer to the central aminoacid-rich zone of the peptide. The bars represent
standard deviations.
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CA_MD simulation also provides information on Arg side chain
mobility within a triple helix scaffold. As shown in Figure S7, a
number of discrete rotameric states are observed for the Arg resi-
dues. Among these, one of the most populated, also detected in the
crystal state, is characterized by direct H-bond interactions of the
guanidinium group with the carbonyl moiety of an adjacent chain.
The increased mobility of Arg side chains detected in the simula-
tion is not surprising since these residues are involved in packing
interactions in the crystalline structure [9]. Despite their relative
flexibility, Arg side chains play a major role in the stabilization of
the water sites W8 and W9. This is clear from the comparison
(Fig. 2) of residence times of these water sites (�700 ps) with those
of sites W4–W7 (�100 ps), which are only stabilized by main chain
interactions.

Unrestrained (UN) dynamics

Several structural parameters were used as diagnostics to mon-
itor the structural features of the structures in the trajectory of the
unrestrained simulation (Fig. 3). The analysis of RMSDs between
the starting X-ray model and the trajectory structures shows that
the system rapidly evolves toward states which display RMSD val-
ues of about 0.4 nm (Fig. 3A). However, the fluctuations of the
RMSD values suggest some structural variability of the system.
Possible overall motions of the peptide centered on the amino-
acid-rich region of the peptide were evaluated by defining a bend-
ing angle formed by center of mass of the N-terminal, the
aminoacid-rich and C-terminal regions. As shown in Fig. 3B, this
angle oscillates between 150� and 180�, and occasionally decreases
to 140�.

The analyses of local variations occurring during the simulation
clearly indicate that MD structures are stabilized by a smaller
number of backbone–backbone H-bonds, which canonically stabi-
lize triple helical motifs, when compared to the starting X-ray
structure (Fig. 3C and Figure S8). Indeed, trajectory structures pres-
ent an average number of native hydrogen bonds (close to 20) con-
siderably lower than those present in the starting structure (27).
This can be attributed both to unfolding effects at the N- and C-ter-
mini of the triple helix and to a large conformational freedom of
the central aminoacid-rich region.

To quantify the dynamical behavior of the specific peptide re-
gions, the simulation was analyzed by splitting the molecule in
three zones, which correspond to the two iminoacid-rich regions
(zones 1 and 3) and the central aminoacid-rich region (zone 2).
As shown in Figure S9, RMSD values for the three zones are rela-
tively low, compared to overall RMSD values (Fig. 3A). The compar-
ison of RMSD values of the three zones shows that, as expected,
zone 2 exhibits the largest deviations from the starting X-ray
model.

The observed structural fluctuations of the central region
clearly indicate that the f type water-bridges are not able to keep
this part of the molecule in a rigid state. Typically, investigations
on these structural motifs through model peptides usually require
additional constraints to keep the triple helix stable. Despite the
flexibility observed for the central region of the triple helix, the
trends of water residence times emerged from the UN_MD simula-
tion resemble those observed for FR_MD and CA_MD (Fig. 2 and
Figure S10). As shown in Figure S10 residence times of the UN_MD
well correlate with those found in the CA_MD (linear correlation
coefficient of 0.91) for eight out of nine sites. The only significant
exception to this trend is displayed by W8 whose residence time
declines in the UN_MD simulation as a result of the more pro-
nounced mobility of the local region embedding the site (Figure
S8). The distortions of the local structure often lead to the forma-
tion of a direct hydrogen bond between the main chain nitrogen
of Leu45 and the carbonyl oxygen of Gly14, whose interaction is
mediated by the W8 water in the crystal structure (Figure S2).
The formation of an additional direct backbone–backbone interac-
tion, also observed in a previous MD analysis carried out using a
different force field [17], is responsible for the decrease of the res-
idence time of this water in the UN_MD simulation. The high
mobility of the local structure of the peptide also reduces the res-
idence time for the site W9, although to a minor extent.

The distortion of triple helix structure of the peptide in the cen-
tral region provides an opportunity to investigate the correlation
between triple helix regularity and presence of f type waters.
The criterion used for the assessment of triple helix regularity
was the presence and the number of backbone–backbone H-bonds
that canonically stabilize this motif. The number of native main
chain H-bonds increases with the number of f water-bridges pres-
ent in the structures along the trajectory (Fig. 4). Although the
associated standard deviations are rather high, the observed trend
suggests that these bridges can occasionally stabilize the local
structure of the peptide.

Discussion

Complexity is one of the intrinsic features of the collagen mol-
ecule. Reductionistic approaches, through the use of peptide mod-
els, have been widely applied. However, the necessity to mimic
collagen triple helix with smaller compounds has been met by
enriching these models with iminoacids [1,2,18]. Although this
approach has been extremely helpful, it should be pointed out
that the extension of the ensuing results to real collagen may
be limited. The structural characterization of the peptide T3-785
[8] has been instructive in this sense since it has shown that
triple helix symmetry is sequence dependent and that the amino-
acid-rich region possesses a specific hydration network
(f bridges).

Most of the computational studies on collagen-like peptides
have been focused on iminoacid-rich sequences [19–21]. To ex-
tend our knowledge of the water role for biologically relevant col-
lagen sequences, we carried out MD analyses on the peptide T3-
785. The overall validity of the approach was initially checked
through a fully restrained MD simulation, which was expected
to mimic the behavior of the peptide in the crystal state. The
analysis of the hydration of the trajectory structures is in close
agreement with that provided by the crystallographic analysis
of the peptide. We then gradually increased the freedom of the
peptide atoms in the simulation to analyze the role of these ef-
fects on collagen triple helix solvation. We carried out an MD
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simulation by restraining the position of the Ca atoms (CA_MD)
to evaluate the role of the f bridges within a stable triple helix
scaffold. The analysis of the water residence time suggests that
some stabilization to the triple helix is provided by a polar and
rigid side chain (Hyp) through water-mediated H-bonds. It is
interesting to note that this interaction may only be formed when
Hyp is located in Y. Together with other factors [3], this may con-
tribute to the observed preference of Hyp residues for the Y posi-
tion. On the other hand, mobile polar side chains (e.g. Thr)
provide little contribution to the stabilization of the site. Thr-dri-
ven stabilizing effects likely arise from post-translational modifi-
cations of these residues (i.e. glycosylation) [22].

Interestingly, charged Arg side chains produce the strongest
effects on these hydration sites. This suggests that the observed
stabilization effects of this residue when located in the Y are not
limited to their H-bond interactions of the guanidinium group
with the carbonyl moiety of adjacent chains in the triple helix
scaffold [9,23]. Since side chains of Arg residues located in Y sta-
bilize the water sites which are H-bonded to the nitrogen main
chain atom of the aminoacid present in the X+1 position (Figure
S2), we analyzed collagen sequences to check the occurrences of
amino or iminoacid in position X+1 when an Arg residue is lo-
cated in Y. We selected for these investigation sequences of
the homotrimeric type III collagen. While sequences of the type
Gly-Pro represent 28% of the total Gly-X sequences (95 out of
340) in human type III collagen, sequences Arg-Gly-Pro only rep-
resent 15% of the total number of Arg-Gly-X (6 out of 40). The
enrichment in aminoacids at position X+1 when an Arg is pres-
ent at Y is also observed in other mammalian type III collagens.
This finding may be correlated to the ability of Arg in Y to stabi-
lize the water site bound to the nitrogen of the aminoacid in
X+1.

As observed earlier [17], these water-bridges are not sufficient
to maintain the structure of the aminoacid-rich in a rigid state.
These findings may suggest that the flexibility of the region is
important for the cleavage of this site by metallo-proteases [17].

Despite the observed flexibility of the peptide and the transient
nature of the bridge hydration sites, the hydration pattern identi-
fied in the UN_MD simulation is similar to that detected in the
CA_MD simulations. The correlation between the number of f
bridge waters and the number of native triple helix H-bonds ob-
served in the UN_MD suggests a role for these bridges in the stabil-
ization of the triple helix. Although, these effects are not sufficient
to hold an iminoacid free region in a triple helix, they may be effec-
tive in regions with a mixed aminoacid/iminoacid composition. In-
deed, consecutive triplets constituted solely by aminoacids are
rather rare in real collagen. The local rigidity of the triple helix in
real collagen is likely in between those exhibited by models of
the simulations CA_MD and UN_MD.

In conclusion, our findings highlight the complexity of collagen
triple helix. We suggest that the role of water in collagen stabiliza-
tion may strongly depend on the local sequence. While the Hyp-in-
duced stabilization in iminoacid-rich regions is likely dictated by
its intrinsic conformational preferences [3], the stabilizing effect
of this unique residue is also mediated by water molecules in re-
gions with a mixed aminoacid/iminoacid content. Our data also
suggest that water-mediated stabilizations also hold for charged
residues. Taking into account the very low tendency of fluorine
to form H-bonds, we predict that the over-stabilization of 4RFluo-
roproline (Flp) versus Hyp [4] may be reduced in peptides contain-
ing aminoacids in the X position.
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