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Triple Helical Structure and Stabilization of Collagen-like Molecules with
4(R)-Hydroxyproline in the Xaa Position

Randall J. Radmer and Teri E. Klein
Department of Genetics, School of Medicine, Stanford University, Stanford, California 94305

ABSTRACT In this study, we examine the relationships between the structure and stability of five related collagen-like
molecules that have hydroxyproline residues occupying positions not observed in vertebrate collagen. Two of the molecules
contain valine or threonine and form stable triple helices in water. Three of the molecules contain allo-threonine (an enantiomer
of threonine), serine, or alanine, and are not stable. Using molecular dynamics simulation methods, we examine possible
explanations for the stability difference, including considering the possibility that differences in solvent shielding of the essential
interchain hydrogen bonds may result in differences in stability. By comparing the structures of threonine- and allo-threonine-
containing molecules in six polar and nonpolar solvation conditions, we find that solvent shielding is not an adequate
explanation for the stability difference. A closer examination of the peptides shows that the structures of the unstable molecules
are looser, having weaker intermolecular hydrogen bonds. The weakened hydrogen bonds result from extended Yaa residue
P-angles that prevent optimal geometry. The ®—W¥-maps of the relevant residues suggest that each residue’s most favorable
VP-angle determines the corresponding collagen-like molecule’s stability. Additionally, we propose that these molecules
illustrate a more general feature of triple-helical structures: interchain hydrogen bonds are always longer and weaker than ideal,
so they are sensitive to relatively small changes in molecular structure. This sensitivity to small changes may explain why large

stability differences often result from seemingly small changes in residue sequence.

INTRODUCTION

Collagen is the most abundant protein in humans and other
vertebrates, accounting for ~% of our total protein mass.
Fibrillar collagen molecules, the most commonly occurring
type of collagen, adopt long, rope-like structures consisting
of three peptide chains twisted around each other to form
triple-helical molecules. The total size of the triple-helix var-
ies, but typically contains ~3000 residues. Collagen molecules
assemble to form the basic structural matrices upon which
bones, tendons, and extracellular matrices are built (1,2).
As aresult of collagen’s essential role in the physiology of
higher animals, there is considerable interest in learning
more about its structure and stability. Because it is physically
large, performing atomic level studies of native collagen mol-
ecule is difficult. Thus, many studies use model collagen-like
peptides that consist of ~30 residues per chain. For example,
Bachinger (3,4), Brodsky (5-7), and Raines (8—10) have
examined collagen stability and how it is affected by var-
iations in the residue sequence. Our own studies (11-15)
have used molecular dynamics methods to examine atomic
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level structural and dynamic details of collagen-like peptides
that are unavailable to experimentalists.

In our most recent study (15), we showed that the average
strength of interchain hydrogen bonds (as measured by
length) stabilizing the triple helix (for a schematic represen-
tation of interchain collagen hydrogen bonds, see Fig. 1)
varies based on the residue sequence. Here, we further ex-
amine how residue sequence affects the structure and stability
of collagen-like molecules by focusing on five related pep-
tides that form triple helices and have been experimentally
examined by Mizuno et al. (3). The peptides are structurally
very similar but differ greatly in stability (see Table 1). Each
is capped with neutral end groups and consists of a series of
repeating residue triples, (Gly-Hyp-Yanr)n, where the Hyp
residues are 4(R)-hydroxyproline and the Yaa residues are
valine and threonine for peptides that form stable molecules
in water and allo-threonine, serine, and alanine for the remain-
ing peptides (for example, [Ace-(Gly-Hyp-Thr),o-NMe]s is
stable in water, and [Ace-(Gly-Hyp-allo-Thr);o-NMe]; is
not). In the first part of this study we focus on the threonine-
and allo-threonine-containing triple-helices because of the
similarities in their structure. These two structures differ only
in the chirality of the Yaa residue’s 3-carbon, which is solvent-
exposed and not well positioned to interact with other parts
of the molecule (see scheme 1).

Short test simulations and visual inspection give no clear
indication of what causes the stability difference between the
two molecules. The structures look the same, and the residue
side chains do not form intramolecular hydrogen bonds. Our
earlier work suggested that the strength of the interchain
backbone-backbone hydrogen bonds varies depending on
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local sequence, and so we looked more closely at these
hydrogen bonds as well as other features of the triple-helical

structure.

METHODS

Molecular dynamics simulations were performed using the Sander module
of the AMBER 7 (16) molecular simulation package and the Cornell et al.
force field (17). Parameters for the hydroxyproline residue were derived by
Mooney et al. (14), and allo-threonine parameters are identical to threonine
parameters. The peptides were capped with acetyl and N-methylamine end
groups. The initial structures were generated using Gencollagen (18). The
SHAKE algorithm was used to fix the lengths of all covalent bonds involv-
ing hydrogen atoms to their equilibrium distances. A 2.0 fs time step was
used in all simulations, where each simulation was 5 ns in length. Elec-
trostatic and van der Waals interactions were truncated at 12 A (particle-mesh
Ewald methods were not used). Molecular coordinates were saved peri-
odically, and all structural calculations were based on these coordinate sets.

Explicit solvent calculations were performed using periodic boundary
conditions with a box size of ~55 X 55 X 125 A. For the water simulations,
~10,000 TIP3P water molecules were used (19). For the methanol
simulations, ~4000 methanol molecules with parameters developed by
Caldwell and Kollman (17) were used. For the chloroform simulations,
~3400 chloroform molecules were used. The Berendsen temperature and
pressure coupling methods (20) were used to maintain constant tempera-
ture and pressure. Coordinate sets were saved every 20 ps. All simulations
were done on an SGI Origin 3800 class supercomputer. The total CPU
time for the data collection portion of the simulations was ~3500, 3000,
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TABLE 1 Experimental stability for five collagen-like molecules
Melting temp1l (°C)
Molecule* Water 1,2-Propanediol 1,3-Propanediol
[(GOV)0l3 ~ 18F 34.9 47
[(GOT);l5 18* 482 56
[(GOaT)ol5" <4 37.6 43
[(GOS)10l3 <4 26.4 Nys!
[(GOA)yol3 <4 Nys! 44

Experimental data from Mizuno et al. (3).

*The letter O indicates a hydroxyproline residue.
tMizuno et al. (3).

*From Fig. 1 B, Mizuno et al. (3).

SBann et al. (24).

YThe letters aT indicate an allo-threonine residue.
INot soluble.

and 1300 processor hours for the water, methanol, and chloroform mole-
cules, respectively.

Implicit solvent calculations were performed using the generalized Born
solvation model developed by Onufriev et al. (21,22). For water, an ion
concentration of 0.2 M was used. For the low dielectric implicit solvent,
a dialectic constant of 1.0 was used with zero ion concentration. To maintain
a constant temperature, velocities of each atom were randomly reassigned
from a Maxwellian distribution every 5 ps. Coordinate sets were saved every
2 ps. The total CPU time for the data collection portion of each of these
simulations was ~480 processor-hours on an SGI Origin 3800 class super-
computer. The in vacuo calculations were performed in a similar manner.
We did not attempt to model solvent here; therefore a distance-dependent
dielectric was not used.

Simulations of the 20 host-guest peptides (6) were performed using
implicit solvent, in the same manner as described above. Each molecule was
of the form [Ace-(Gly-Pro-Hyp);-(Gly-Pro-Yaa)-(Gly-Pro-Hyp),-Gly-Gly-
NH,]3, where Yaa represents the naturally occurring amino acids including
hydroxyproline, but excluding proline.

The ®—V¥-maps for the five individual residues were determined
from 10 ns simulations of each residue capped with neutral acetyl and
N-methylamine end groups using the implicit water model described above.
To maximize the efficiency of the calculations, the ®—W-angles were
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Chain A —N-~ ¢ — C— N— c—
H H K
'l '! ‘l
3 0 i2 = 0 in - Q isa .
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i . ,H gen-bonding patterns. Hydrogen bonds between
N l ' 4 the three chains are shown (chain A is shown twice
. o) o/ o) 1 0 4 to capture the cyclic nature of the hydrogen-bonding
Chain C b ) ﬁ i L ‘t‘l'] 3 L "_‘i? pattern). Shown are the z axis offset (AZyo),
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TABLE 2 Backbone-backbone (Gly-to-Xaa) hydrogen-bond strength for threonine- and allo-threonine-containing molecules

H-bond energy (kcal/mol)

H-bond frequency Average H-bond length (A)

Simulation type [(GOT) 05 [(GOaT)ypl; A Value [(GOT)0l5 [(GOaT),0l; A Value [(GOT) 03 [(GOaT)y0l5 A Value
Explicit water —2.25 —1.68 —0.57 0.82 0.58 0.23 2.05 2.19 —0.14
Explicit methanol —2.39 —-1.77 —0.62 0.90 0.62 0.27 1.99 2.19 —0.20
Explicit chloroform —2.37 —1.60 -0.77 0.91 0.33 0.58 2.00 2.71 —0.71
Implicit water —-1.71 —1.31 —0.40 0.50 0.27 0.23 2.27 2.45 —0.18
Implicit LDS —1.69 —1.13 —0.56 0.54 0.31 0.24 2.21 2.42 —0.21
In vacuo —1.60 —1.15 —0.45 0.54 0.31 0.23 2.23 2.41 —0.18
Average —2.00 —1.44 —0.56 0.70 0.40 0.30 2.13 2.40 —0.27

Hydrogen-bond strength for the two molecules in six solvents is given using three metrics: The first is an estimate of the average hydrogen-bond energy
calculated using the DSSP program and protocol developed by Kabsch and Sander (23). The second is the average fraction of time that the hydrogen-bond
lengths are <2.2 A. The third is the average hydrogen-bond length (H to O distance) for all interchain hydrogen-bonding pairs in all saved coordinate sets.
The A-value columns give the difference between the two molecules. The low dielectric solvent label is abbreviated LDS.

constrained to the relevant region of —100° = ® = —20° and 0° = ¥ =
180°, using harmonic constraints outside this region. (Note: no constraints
were used for any conformation within the plot region; thus, the constraints
do not affect these results.) Atomic coordinates were saved every 20 fs (for
a total of 500,000 saved conformations per simulation) and used to calculate
the maps.

The structural properties were calculated using a suite of programs
written by the authors. Hydrogen-bond energies were calculated using the
method described by Kabsch and Sander (23). Since the terminal residues
are often disordered, hydrogen bonds involving the two glycines nearest

a H-Bond Energy Distribution -- Implicit Solvent

each end of each peptide were excluded from the calculations. The plots
were done using MATLAB (The MathWorks, Natick, MA) and Microsoft
Excel.

RESULTS

Mizuno et al. proposed that the differences in stability
between the subject molecules may result from differences in
the ability of the residue’s side chains to shield the essential
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FIGURE 2 Hydrogen-bond energy for [(GOT),l3
and [(GOaT),]; simulations. Probability density func-
tions for hydrogen-bond energies for simulations using
implicit solvent models (¢) and simulations using ex-
plicit solvent models (b). Threonine and allo-Threonine
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data are shown as solid and broken lines, respectively.
The low dielectric solvent label is abbreviated LDS.
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TABLE 3 Backbone-backbone (Gly-to-Xaa) hydrogen-bond statistics for all molecules in water

Energy (kcal/mol) Frequency Length A) z axis offset (A)
Molecule Implicit Explicit Implicit Explicit Implicit Explicit Implicit Explicit
[(GOV)i0l3 —1.82 -2.19 53% 83% 222 2.05 0.68 0.62
[(GOT) 103 -1.71 —2.25 50% 82% 2.27 2.05 0.73 0.64
[(GOaT);ols —1.31 —1.68 27% 58% 2.45 2.19 1.01 0.89
[(GOS)10l3 —1.34 —1.90 32% 68% 2.58 2.13 1.18 0.81
[(GOA);0l3 —1.37 —1.75 29% 58% 2.45 2.19 1.04 091

Hydrogen-bond strength for the five molecules using both water models is given using four metrics: The first three are the same as described in Table 2. The

fourth, the z axis offset, is a measure of the nonlinearity of the interchain hydrogen bond and is shown in Fig. 1 (AZy().

interchain hydrogen bonds from solvent (3). Their results are
summarized in Table 1. We began our study to test this theory
by examining differences in the threonine and allo-threonine
structures and hydrogen-bond strength for the molecules in
various solvents. For each of these molecules, 5 ns simu-
lations were performed using a total of six different solvation
conditions: explicit water, explicit methanol, explicit chlo-
roform, implicit water (using the Born solvation model),
implicit low-dielectric solvent (abbreviated LDS, using the
Born solvation model with ¢ = 1.0), and no solvent (in vacuo
calculation). All structures showed the typical triple-helical

a H-Bond Energy Distribution -- Implicit Water

hydrogen-bonding pattern (see Fig. 1). For each molecule,
the structural features were relatively constant over the course
of the simulation. No side-chain groups were seen forming
stable interchain hydrogen bonds in any of the simulations.
The hydrogen-bonding statistics for these simulations are
summarized in Table 2.

Table 2 shows average hydrogen-bond strength using
three metrics. The first metric is average hydrogen-bond
energy, calculated for each of the saved structures using the
DSSP program and protocol developed by Kabsch and Sander
(23). The second metric is average frequency of interchain

—a— Valine
—+— Threonine
- - & - - allo-Threonine
= - - Serine
Alanine

-4 -3.5 -3 -2.5 -2 -1.5

FIGURE 3 Hydrogen-bond energy for [(GOX),]5 sim-

ulations. Probability density functions for hydrogen-
Energy (kcalimol) bond energies for simulations of five molecules shown
o o in Table 1, using the implicit water model (@) and ex-
b H-Bond Energy Distribution -- Explicit Water plicit water model (). Stable molecule data are shown
—a— Valine as solid lines, and unstable molecule data are shown as
—s+— Threonine .
- -a- - allo-Threonine broken lines.
- - e - - Serine
Alanine
-4 -3.5 -3 -2.5 -2 -1.5 -1 0.5 0

Energy (kcal/mol)
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TABLE 4 Host-guest hydrogen-bonding energy versus
melting temperature

Energy (kcal/mol)

Melting
Guest Residue  Temp (°C) Chain A to B Chain B to C Chain C to A
Hyp 473 —1.49 —1.49 —1.51
Arg 47.2 —1.96 —2.13 —2.06
Met 42.6 —-1.79 —1.87 —1.81
Tle 41.5 —1.90 —1.98 —-1.92
Gln 41.3 —1.53 —1.63 -1.70
Ala 40.9 —1.44 —1.54 —1.51
Val 40.0 -1.50 —1.54 —1.60
Glu 39.7 —1.46 —1.65 —-1.75
Thr 39.7 —1.87 —1.88 —1.82
Cys 37.7 —1.46 —1.45 —1.49
Lys 36.8 —1.87 —1.95 —1.80
His 35.7 —1.41 —1.43 —1.46
Ser 35.0 —1.56 —1.57 —1.54
Asp 34.0 —1.42 —1.56 —1.41
Gly 32.7 —1.28 —1.35 —1.34
Leu 31.7 —1.60 —1.93 —1.61
Asn 30.3 —1.38 —1.43 —1.44
Tyr 30.2 —1.36 —1.46 —1.49
Phe 28.3 —1.35 —1.50 —1.48
Trp 26.1 —1.35 —1.44 —1.54
R (all residues) —0.59 —0.48 —0.60
R (excluding Hyp) —0.68 —0.60 —0.72

Time average energies for three of the hydrogen bonds in each of the host-
guest molecules described by Persikov (6), where the guest residues occupy
the Yaa position. Each molecule was of the form [Ace-(Gly-Pro-Hyp)s-
(Gly-Pro-Yaa)-(Gly-Pro-Hyp)4-Gly-Gly-NH,]; where Yaa represents the
naturally occurring amino acids (including hydroxyproline, but excluding
proline). The three sets of energies correspond to the hydrogen bonds
involving the glycine immediately after the guest residue (Yaa), and exist
between each pair of the three peptide chains. The correlation coefficients
were calculated in two ways: using all residues and using all residues except
hydroxyproline. Since hydroxyproline’s contribution to stability is pri-
marily entropic, its hydrogen-bond strength is smaller then predicted based
on melting temperatures (for more discussion of this point, see Radmer and
Klein (15)).

hydrogen bonds, which is calculated by determining the
average fraction of time that putative hydrogen bonds are 2.2
A in length or shorter. The third metric is average interchain
hydrogen-bond length defined as the distance from the hy-
drogen atom to the oxygen atom. Fig. 2, a and b, details the
hydrogen-bonding energies by showing their distribution for
each of the molecules in each solvent.

For all features in Table 2, there are clear differences
between the molecules regardless of the solvent used. In all
cases, the threonine-containing molecule shows stronger hy-
drogen bonds than does the allo-threonine-containing mole-
cule. The same trend is evident in Fig. 2, a and b, which
shows stronger hydrogen bonds for the threonine-containing
molecules (the three solid lines centered near —2.5 kcal/mol
in Fig. 2 a and near —3.0 kcal/mol in Fig. 2 b) and weaker
hydrogen bonds for the allo-threonine molecules. Since this
difference exists for both polar and nonpolar solvent models
(including the model with no solvent), solvent shielding does
not explain the hydrogen-bond weakening.

Biophysical Journal 90(2) 578-588
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To better understand the stability differences, we per-
formed simulations of all five molecules listed in Table 1.
This was done using both implicit and explicit water models.
The two models lead to the same conclusion for the ques-
tions posed in this study, although we find quantitative
differences between the two water models. The major short-
coming of the implicit water model can be seen by com-
paring the two models in Table 2 and Fig. 2, a and b, where
weaker hydrogen bonds are observed in the simulations that
use the implicit solvent models. This difference seems to be
a shortcoming of the implicit solvent models and might be
aresult of the absence of a cage of explicit solvent molecules
that dampen fluctuations in the triple-helical structures. The
primary advantage of using the implicit water models is a
significant reduction in computer time (by almost an order of
magnitude per time step) and greater ability to sample con-
formation space because of the absence of the conforma-
tional constraints imposed by the slowly relaxing solvent
structure. To validate our results, we use both water models
in this study.

Hydrogen-bonding statistics for each of the five molecules
are shown in Table 3, where the first three metrics are the
same as shown in Table 2. The additional metric is z axis
offset, which indicates the nonlinearity of the interchain hy-
drogen bonds and is shown in Fig. 1 (labeled AZyo). Note
that by all measures, the more stable molecules have stronger
hydrogen bonds. Fig. 3, a and b, gives the distribution of
hydrogen-bond energies for each molecule, where stable
molecules are shown using solid lines and unstable mole-
cules are shown using broken lines.

To further examine the relationship between hydrogen-
bonding energies and stability, additional simulations were
performed on collagen-like molecules described by Persikov
et al. (6). The results are given in Table 4 and Fig. 4, which
show results from simulations of 20 host-guest peptides,
where the guest occupies the Yaa position and is one of the
20 naturally occurring residues (including hydroxyproline,
but excluding proline). These simulations were performed
using the implicit water model. The three energies shown
correspond to the time-average hydrogen-bonding energies
for the three hydrogen bonds originating with the glycines
immediately after the three guest residues (where the ener-
gies are calculated using the method of Kabsch and Sander
(23)). Also shown are the correlation coefficients for all
residues and for all residues excluding hydroxyproline.

Table 5 shows average ® and W-angles for all triplet posi-
tions in each molecule shown in Table 1. Note that the angles
are typically smaller for the stable molecules. This is partic-
ularly apparent for the Yaa residue W-angles. Fig. 5 is a set of
®—W¥-maps for the Yaa residues of each molecule. In each
map, the average ®—W-angles for the threonine-containing
molecule is indicated with the lower asterisk and the average
®—VP-angles for the allo-threonine-containing molecule is
indicated with a upper asterisk. In all cases, the contour sur-
faces for the stable molecules are centered on the lower
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FIGURE 4 Hydrogen-bonding energies versus melt-
ing temperature of 20 host-guest peptides. Plots of data
shown in Table 4. The trendlines show best file linear
regression line for each hydrogen-bonding position.
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asterisks, and the surfaces for the unstable molecules are
centered on the upper asterisks.

Fig. 6 is similar to Fig. 5, but the lower contour lines show
®—VP-angles when the adjacent glycine is involved in a short
(strong) hydrogen bond (=2.0 A) and the upper contour lines
show angles when the adjacent glycine is involved in a long
(strong) hydrogen bond (>2.7 A). Note that for all mole-
cules, conformations with short hydrogen bonds have ®—W-
maps that are similar to those of stable molecules, and
conformations with long hydrogen-bonds have ®—W-maps
that are more similar to those of unstable molecules.

Table 6 gives the probability that each y-atom will occupy
the y = 180° conformation. For example, the most common
conformations of the valine- and threonine-containing mole-
cules have a carbon atom in this position (91% and 80%
in implicit water). The most common conformations for
the remaining molecules place a hydrogen atom in this
position.

Fig. 7, a and b, shows the distribution of hydrogen-bond
energies for all y conformations that occur >2% of the time.
(Plots of the remaining conformations are too noisy to be
useful, so are not shown.) As can been seen, the three plots
with the strongest hydrogen bonds (shown with solid lines)
all correspond to a structure with a methyl group at y = 180°.
The remaining plots (dotted lines) all correspond to struc-
tures that have a hydrogen atom at y = 180°.

TABLE 5 Dihedral angles for all molecules

Fig. 8 shows ®—W-maps for valine, threonine, allo-
threonine, serine, and alanine residues when they are not part
of large peptides. These are calculated by doing simulations
of each residue capped with neutral Ace and NMe groups.
For each simulation, the y-angle is constrained to the most
frequent conformation seen in the triple-helical simulations
(from Table 6). Also shown are the average Yaa residue
®—VP-angles from the simulations of the threonine- (lower
asterisk) and allo-threonine- (upper asterisk) containing
molecules, as described for Figs. 4 and 5.

The upper image in Fig. 9 shows a representative structure
taken from the threonine-containing peptide simulation. The
W-angle (centered on the yellow bond) is 141°, and hydrogen-
bond length is given in the figure; both are typical of this
simulation. The lower image shows the same structure with
the W-angle increased to a value of 153°, which is more
typical of the allo-threonine simulations (not shown are
corresponding changes in the subsequent glycine ®—W-
angles). Note that this action has shifted the subsequent
backbone nitrogen toward the C-terminal end of the mole-
cule, increasing the interchain hydrogen-bond length.

DISCUSSION

The purpose of this study is to characterize and explain the struc-
ture and stability differences seen for the five collagen-like

Gly Hyp Yaa
O] N4 O] v [ v
Molecule Implicit ~ Explicit ~ Implicit ~ Explicit ~ Implicit — Explicit ~ Implicit = Explicit  Implicit  Explicit  Implicit  Explicit
[(GOV)0l5 -70 —69 169 170 —70 —70 158 158 —60 -59 142 142
[(GOT)y0l3 -70 —69 171 172 -70 —68 160 158 —60 -59 141 141
[(GOaT);ols -79 -76 176 178 -71 —69 166 164 —60 —60 154 152
[(GOS)10l3 —77 —74 175 177 —71 -70 164 163 —63 -59 152 147
[(GOA)10l5 -79 —77 176 179 —71 —71 164 164 —63 —61 154 151

Average angles resulting from all simulations (calculated from the arctangent of the ratio of the averages of the sine and cosine of the dihedral angles).

Biophysical Journal 90(2) 578-588
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FIGURE 5 ®—W-maps for Yaa residues from
the [(GOX),]3 simulations. Contour maps of ®—V¥-
angles for each of the five molecules shown in
Table 1. The lower asterisk shows average ®—V-

angles for the threonine-containing molecule, and
the upper asterisk shows average ®—W-angles for
the allo-threonine-containing molecule.
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180 180
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-106 -75 -45 -15 -105 -75 -45 -15
allo-Threonine Serine Alanine
180 180 /‘ 180
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D (] ]

molecules listed in Table 1. We first considered the
possibility, proposed by Mizuno et al. (3), that the y-methyl
groups on the Yaa residues in the stable molecules (con-
taining threonine and valine) stabilize the triple-helical
structure by shielding the interchain hydrogen bonds from
solvent and that the equivalent methyl groups on the Yaa
residues in the unstable molecules (containing allo-threo-
nine, serine, and alanine) are unable to because they occupy
positions farther from the hydrogen bonds or are nonexistent.

To some extent our results and Mizuno’s hypothesis are
consistent since we do find that the threonine and valine’s
methyl groups are well positioned to shield these hydrogen
bonds (they occupy the y = 180° conformation; see Table 6)
and the allo-threonine’s methyl group is not, as it rarely
occupies this position, and serine and alanine obviously have
no methyl group to shield anything. However, the simula-
tions of threonine and allo-threonine using various solvent

models (including an absence of solvent) consistently showed
significant differences between the hydrogen-bonding prop-
erties for the two molecules (see Table 2 and Fig. 2).

If solvent shielding were to explain the observed stability
difference in water, then we would expect the stability dif-
ferences to exist only for polar solvents. We consistently see
structural differences for both polar and nonpolar solvents;
thus, it is clear that the type of solvent is not the primary
cause of the observed structural differences. This by itself
does not necessarily mean that solvent shielding is an inad-
equate explanation for the observed stability difference since
we are not considering the unfolded (fully solvated) state.
Nonetheless, the constant structural differences between the
stable and unstable molecules suggest that this is the major
determining factor in the observed stability differences.

Our explanation for the stability difference is slightly dif-
ferent than Mizuno’s. We do find that the position of the Yaa

FIGURE 6 Short and long hydrogen-bond
$—W-maps for Yaa residues from the [(GOX),]5
simulations. Contour maps of ®—W-angles for
each of the five molecules shown in Table 1, split
into short hydrogen-bond and long hydrogen-bond
sets. The lower contour surface shows conforma-

tion where the adjacent glycine has a short hydro-
gen bond (=2.0 A), and upper contour surface
shows conformations where the adjacent glycine
has long hydrogen bond (>2.7 A). See Fig. 5 for
description of the asterisks.
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180 180
150 150
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120 120
90 90
-105 -75 45 -15 -105 -75 45 -15
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180 180 180
150 150 150
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TABLE 6 Probability of observing each atom type at y = 180°
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Atom 1 Atom 2 Atom 3
Frequenc Frequenc
Atom q Y Atom q Y Atom
Molecule Type Implicit Explicit Type Implicit Explicit Type Implicit Explicit
[(GOV) 105 C 7% 21% C 91% 79% H 2% 1%
[(GOT)0l3 o 0% 4% H 20% 16% C 80% 80%
[(GOaT);ol3 (6] 1% 2% C 1% 0% H 98% 98%
[(GOS);0l3 O 1% 2% H 14% 6% H 85% 92%
[(GOA) 05 H 31% 32% H 38% 31% H 31% 37%

The fraction of time each atom spends in the y = 180° conformation is shown. Atom number (Atom 1, Atom 2, and Atom 3) is somewhat arbitrary, but in all
cases their sequence corresponds to the clockwise order around the Ca-CB bond, viewed from the Ca atom. An essential point is that the most frequent
conformation for [(GOV)10]; and [(GOT)10]; has a carbon atom at y = 180° (Atom 2, 79%, and Atom 3, 80%, for the explicit water model) and the most
frequent conformation for [(GOaT)10]; and [(GOS)10]; has a hydrogen atom at y = 180° (Atom 3, 98%, and Atom 3, 92%, for the explicit water model).

residue’s y-methyl group correlates with molecular stability,
as suggested by Mizuno et al. However, we believe that this
methyl group affects the preferred molecular structure and
indirectly the molecule’s stability.

A key point from Tables 3—6 and Figs. 3-7 is that mol-
ecular stability, hydrogen-bond strength, and Yaa residue
W-and y-angles are all correlated with each other. Perhaps
the most important correlation is the one observed between
molecular stability and average hydrogen-bond strength
(Table 3 and Fig. 3). For every measure of hydrogen-bond

strength that we examined, stable molecules have stronger
hydrogen bonds. Since strong hydrogen bonds increase the
enthalpy of formation and molecular stability, this suggests
that a structural explanation for the observed difference in
hydrogen-bond strength might give an explanation for the
relative stabilities of the molecules.

Since we are not considering the unfolded states of the
molecules, we are effectively assuming that differences be-
tween the unfolded states do not greatly affect the relative
stability of the molecules. Since little is known about the

a H-Bond Energy Distribution By Sidechain Angle - Implicit Water

—a— Valine (Xc=60 Xc=180)

=— Valine (Xc=180 Xc=300)
- -m - - Valine (Xc=300 Xc=60)
- -# - « Threonine (Xo=60 Xc=300)
—#— Threonine (Xo=300 Xc=180)
- -® - - Senne (Xo=60)
- -@ - - Serine (Xo=300)

FIGURE 7 Hydrogen-bond length displayed by

L
1 ’ : . : i x-angle, for [(GOX),]s simulations. Probability den-
-4 -35 -3 25 -2 15 1 0.5 o sity functions for hydrogen-bond energies for simu-
Energy (kcal/mol) lations of five molecules shown in Table 1, split into
sets based on y-angle (results using the implicit water
b H-Bond Energy Distribution By Sidechain Angle - Explicit Water model are shown in a, and results using the explicit

—a— Valine (Xc=60 Xc=180)
—a— Valine (Xe=180 Xc=300)

- -# - + Threonine (Xo=60 Xc=300)
—— Threonine (Xo=300 Xc=180)
. - -® - - Serine (Xo=60)
ol Sefine (X0=300)

-4 -3.5 -3 -25 -2 -1.5 -1 -0.
Energy (kcal/mol)

model are shown in b). Conformations present <2% of
the time resulted in plots that were too noisy to be use-
ful, and are not shown.
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unfolded states (unlike the folded state, where crystal
structures are available), this assertion is difficult to prove.
However, the correlations shown here suggest that this is
a reasonable approximation for this set of molecules (and
possibly collagen-like molecules in general).

The observed correlation between hydrogen-bond strength
and molecular stability for these molecules raises the ques-
tion of how strong the correlation is for a more divergent set
of molecules. This was tested by examining the 20 Persikov
host-guest peptides shown in Table 4. A plot of the average
hydrogen-bond energies for three hydrogen bonds (chosen to
be adjacent to the guest residue) versus experimental melting
temperature does show a clear correlation (Fig. 4). The cor-
relation coefficients are in the range of from —0.60 to —0.72
(excluding the hydroxyproline, whose primary contribution
to stability is entropic) and show that a real correlation does
exist. This was surprising to us considering the structural and
chemical diversity of the residues. These results support the
idea that the correlation between hydrogen-bond strength
and stability seen for the molecules listed in Table 1 is real.

Two interesting correlations involving a structural feature
for the molecule from Table 1 can be seen in Table 5 and
Figs. 4 and 5. The first is between molecular stabilities and
the average Yaa residue W-angles, which shows that stable
molecules have smaller average angles (forming tighter he-
lices). The second correlation shows that for individual con-
formations of any molecule, smaller W-angles correlate with
shorter hydrogen bonds. These correlations suggest that
differences between the Yaa residues might result in differ-
ent preferred W-angles, which could affect the hydrogen-
bond strength to the adjacent glycine.

An explanation for the observed correlation between
extended W-angles and longer hydrogen bonds can be seen
in the molecular structures shown in Fig. 9, where the up-
per image shows a structure with W-angle and hydrogen-
bond lengths that are typical of the threonine- and valine-
containing peptide simulations and the lower image shows

Biophysical Journal 90(2) 578-588

the same structure with the W-angle increased such that it is
more consistent with the allo-threonine, serine, and alanine
simulations. This action shifts the subsequent backbone ni-
trogen toward the C-terminal end of the molecule, increasing
the interchain hydrogen-bond length in the lower image,
presumably decreasing the peptide’s stability. As can be seen
in the schematic representation of the interchain hydrogen

FIGURE 9 Hydrogen bond for threonine with two different W-angles.
Structures taken from a threonine-containing simulation (implicit water).
The molecules’ long axis (z axis) is horizontal and in the plane of the figure,
with the N-terminal end at the left and the C-terminal at the right. Glycine
a-carbons are shown in green, and Yaa residue a-carbons are shown in
magenta. The upper residues in each image are threonine (in the Yaa posi-
tion) and glycine, with the Yaa residue W-angle indicated by a yellow bond.
An extended section of the lower chain is shown to provide perspective. The
upper image shows the hydrogen bond for a threonine W-angle of 141°. The
lower image shows the same hydrogen bond after this angle is increased
to 153°. Note the increase in hydrogen-bond length and the shift of the
glycine nitrogen and hydrogen atoms toward the C-terminal end of the
molecule.
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bonding shown in Fig. 1, the backbone nitrogen atom is
typically displaced toward the C-terminal end of the mol-
ecule, so any additional displacement in this direction will
increase the hydrogen-bond length, decreasing its strength.
Table 3 shows that smaller z axis offsets also correlate with
stronger hydrogen bonds and with more stable molecules.

The preceding discussion suggests that changes in the Yaa
residue result in different preferred W-angles, which in turn
result in changes in hydrogen-bond strength and molecular
stability. Lacking is an explanation for how the type of Yaa
residue affects the W-angle. To make these connections, we
explored the possibility that the intrinsic W-angle prefer-
ences of the isolated residues determine the preferred
W-angles observed in the peptide simulations, and that this
in turn affects hydrogen-bond strength and the molecular
stability. To do this, we calculated ®—V¥-maps for each
residue (Fig. 8). Since the triple helical simulations show that
conformations with the Yaa residue hydroxyl at the y = 300°
position are preferred (apparently because electrostatic sta-
bilization is provided by interaction with the nearby hy-
droxyl group of the hydroxyproline on the subsequent
chain), we constrained the side chains to this conformation.

Fig. 8 shows that three residues (allo-threonine, serine,
and alanine) have preferred W-angles that are larger than the
values typically seen in any of the peptide simulations. The
two other residues (threonine and valine) have smaller pre-
ferred W-angles that are close to the value seen in the stable
triple helical molecules, where threonine shows a W-angle
that is smaller than any of the peptides simulations and
valine’s preferred W-angle is centered on the midpoint
between the two asterisks. A simple explanation for this is
that a methyl group at the y = 180° position experiences
steric clashes with the subsequent main-chain nitrogen, forc-
ing the W-angle to adopt smaller values. A hydrogen atom at
this position allows the W-angle to adopt a more extended
conformation. This suggests that the maps generated from the
peptide simulations (Fig. 5) can be explained, in part, by the
presence or absence of a methyl group in the y = 180°
position, which would sterically clash with the subsequent
main-chain nitrogen atom and shift the ®—W-map down-
ward.

In summary, we believe that when Yaa methyl groups are
in the y = 180° conformation, they experience steric clashes
with the subsequent backbone nitrogen atoms, forcing the
residue’s W-angle to a smaller value that is more consistent
with stronger interchain hydrogen bonds and a better en-
thalpy of formation (see Figs. 4-8). In short, the observed
stability differences seem to be an indirect consequence of
each residue’s preference ®—W-angles.

Generalizing these results suggests that any amino acids
with methyl or methylene groups that occupy the y = 180°
position will have ®—V¥-maps centered on smaller values of
V¥ and would result in stable triple helices. For example,
adding an additional methyl group to the 3-carbon of valine
or allo-threonine (or equivalently, the threonine) should also
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result in a peptide that forms stable triple helices since it
would always have a methyl group at the y = 180° position.

With respect to the use of implicit and explicit water, we
find that the two models give quantitatively different results.
Most obviously, hydrogen bonds are generally shorter and
stronger in explicit water simulations. However, the two
models invariably lead to the same conclusion when we ex-
amine structure differences between the molecules. Hydro-
gen bonds are always longer and weaker in the unstable
molecules than in the stable molecules regardless of which
water model we focus on.

The ability to understand and predict the stability of
collagen-like molecules may result in better bioengineered
materials and could help predict the severity of inherited
collagen diseases. We are particularly interested in applying
lessons learned here to understanding and predicting the
clinical severity of Osteogenesis Imperfecta, an inherited
disease resulting from mutations in type I collagen.
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