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The structural protein, collagen, recently reviewexnsists of 4
triple helical peptides whose structure was proposed by Rich and \ -t 2
Crick.2 in which each of three peptide strands contains the repeating Tl # ‘,0‘/)
amino acid triad XaaYaaGly, where Xaa and Yaa can be any amino 9 ﬁ
acid residues. In this structure, each peptide strand H-bonds to one A ’_! 4
of the other two using its Gly NH'’s as donors, and to the third, )~ 3 y
using G=0's on other amino acid residues as acceptors. These triple @ ﬂ‘ f&J
helices are rich in proline and ®R)-hydroxyproline (Hyp), which . | /
constitute about 20% of the amino acid content, while the most
common repeating unit is Pro-Hyp-Glyarious diseases, such as  Figure 1. Optimized ProProGly single strand.
osteogenesis imperfecta, EhleBanlos syndrome, Alport syn-
drome, Schmid metaphyseal chondrodysplasia, and dystrophic
epidermolysis bullosa, result from amino acid residue mutations
in collagens, mostly mutations of GH. These lead to misfolding &
of the collagen, which can be modeled with short synthetic peptide 4 2
chains® hyy

To probe the effect of Gly mutations, we present DFT and
ONIOM8calculations using B3LYP/D95(d,p) and AM1 as the high -
(peptide backbone) and low (all side chains) layers on completely
geometrically optimized structures of several triple helices. These
structures all contain 18 amino acid residues, which qualify them
as among the largest peptide structures, as well as the first triple
helical peptides that have been fully optimized by this or other DFT Figure 2. The ProProGly triple helix with onBAla (indicated by green
methods. All calculations used the GAUSSIAN 03 suite of arrow). Each of the three strands is rendered differently (ball and stick,

. . . tube, and wire frame).
program&using a procedure fully described elsewh¥r&he triple
helical structures were corrected for basis set superposition errorindicate that the substitution of a Pro for an Ala in Ac(A&H,
using the a posteri counterpoise correction (CP). We initially destabilizes the peptide by about 7.5 kcal/mol (there are 12 P's in
considered the triple helix made from the repeating unit ProProGly. the combined three strands).
The triple helical structure contains two repeats of the ProProGly  The H-bonding interaction in the triple helix s20.8 kcal/mol
triad in each strand. One strand had its sequence dislocated by oneafter counterpoise (CP) but no vibrational correction, while the
amino acid from the other two so that six H-bonds could form average ®-N distance across the six H-bonds is 2.961 A compared
(ProGlyPro instead of ProProGly). The triple helices reported here to 3.012, 2.960, 2.971, and 2.968 A for protein data bank structures
are formed from strands that are capped with acetyl and dimethyl 1A3l, 1A3J, 1G9W, and 1ITT, respectively. We note that our
amido groups to prevent the formation of H-bonds involving the calculations were optimized before CP correction, thus they provide
COOH'’s and NH's of the peptide strands. We use the simple triad a lower limit for both the H-bonding stabilizations and the
(i.e., ProProGly) to designate the strand containing two repeats andH-bonding distances for this level of calculation. On the other hand,
the capping groups or the triple helix of three strands in the the experimental H-bond distances come from much longer chains,
following discussion. We compare the energies of the triple helices so they are less influenced by end effects (where the H-bonds are
with those of (a) separated individual peptide strands; (b) the longer).
component amino acids (by considering the appropriate condensa- From inspection of Figures 1 and 2, one can easily see that the
tion reactions: (CH),NCOCH; + N amino acids— peptide+ N requirement for Gly as every third amino acid in collagen and
waters); and (c) the energies of the individual strands frozen in collage-like triple helices derives from its enantiomorphic property,
their triple helical geometries to illustrate the effect of the reference unique among naturally occurring amino acids. Hadamino acid
states. been substituted for Gly, the side chain would sit in the center of

The structure of the extended single strand of ProProGly is quite the triple helix, causing considerable strain and weakening the
tortured (Figure 1). Consequently, the formation of the three structure. However, if &amino acid were substituted for Gly, its
ProProGly strands from the component amino acids is calculated side chain would extend peripherally from the helix, seemingly
to be energetically unfavorable by 53.0 kcal/mol. The value is avoiding this steric problem. To test this hypothesis, we considered
consistent with other calculations from our laboratory, which ProProGly triple helices, where a single Gly near the

+
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Energetics Relative to Amino Acids
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Figure 3. Energies of the (combined) three optimized strands, strands
distorted to their triple helical geometries, and optimized triple helices
(including CP correction). PPG represent ProProGly.
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Figure 4. Structure of the triple helix containing oR&er in place of Gly.
The additional H-bond is indicated.

center of the structure was mutated either fafa or PAla. The
mutated triple helices had H-bonding interactions—#4.2 and
—21.6 kcal/mol for- andPAla, respectively. Thus;Ala reduces
the H-bonding stabilization by 6.6 kcal/mol while increasing the
average N-O distance to 3.039 A, an®Ala increasesthe
stabilization by 0.8 kcal/mol but slightly increases the average
N---O distance (to 2.999 A).

The increased H-bonding in the structure with the GhyPAla
mutation encouraged us to evaluate the effect of a-GlySer
mutation. Ser is simply Ala with one methyl H transformed to an
OH, which would be near enough to the=O of a neighboring
strand to form an additional H-bond, thus increasing the triple
helical stability. In fact, this triple helix had the most stabilizing
H-bonding energy of all—28.5 kcal/mol 7.7 more than Pro-
ProGly) with respect to the optimized single peptide strands with
an average N-O of 3.029 A (see Figure 4).

When considering the interaction energies upon going from the
single strands to the triple helix, one must realize that there is a

bias inherent in the choice of the optimized single strands as a
reference point, and that the interaction energy calculated in this
manner can be conceived of as a combination of both a distortion
energy from the optimized strand to the conformation it assumes
in the triple helix and the interactions of the three distorted strands
into the helix. When approached this way, it becomes immediately
clear that the closer the geometry of an optimized strand is to that
of its distorted geometry, the greater the stabilization upon forming
the triple helix (assuming the stabilizations from the distorted strands
to the helix remain the same). Further reflection suggests that the
energies of the strands might be different with respect to the
component amino acids. The capped (single) strand PrePro
AlaProProGly is 4.1 kcal/mol more stable than PréPdaProPro-
Gly, its diastereomer, as is reflected in the total energies of the
three optimized strands that differ by the configuration of the Ala.
However, when comparing nonisomeric peptides, we can use the
polycondensation reaction to evaluate their energies relative to the
component amino acids. As seen from Figure 3, the energies of
the three states considered (optimized and distorted strands and triple
helices) assume a different order. This provides an extraordinary
example of the importance of the choices of reference state. Thus,
the ProProGly triple helix is the most stable with reference to the
amino acids, but the triple helix with thiéSer is the most stable
with reference to the optimized strands.

We note that the energy of triple helix containiRgla has a
significantly smaller (4.7 kcal/mol) CP than that containk#ga
(due to the greater effect of the orbitals of the methyl buried in the
middle of the-Ala strand compared to those of the exterior methyl
in the PAla strand), and that this contributes significantly to the
difference in interaction energies.

In summary, the enantiomorphic Gly plays the role &aaino
acid in the repeating triad XYG. Thu2amino acids can potentially
replace it to energetic advantage.
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