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ABSTRACT: Stereoselectivity is a hallmark of biomolec-
ular processes from catalysis to self-assembly, which
predominantly occur between homochiral species. How-
ever, both homochiral and heterochiral complexes of
synthetic polypeptides have been observed where stereo-
selectivity hinges on details of intermolecular interactions.
This raises the question whether general rules governing
stereoselectivity exist. A geometric ridges-in-grooves model
of interacting helices indicates that heterochiral associa-
tions should generally be favored in this class of structures.
We tested this principle using a simplified molecular screw,
a collagen peptide triple-helix composed of either L- or p-
proline with a cyclic aliphatic side chain. Calculated
stabilities of like- and opposite-handed triple-helical
pairings indicated a preference for heterospecific associa-
tions. Mixing left- and right-handed helices drastically
lowered solubility, resulting in micrometer-scale sheet-like
assemblies that were one peptide-length thick as
characterized with atomic force microscopy. X-ray
scattering measurements of interhelical spacing in these
sheets support a tight ridges-in-grooves packing of left- and
right-handed triple helices.

In Through the Looking Glass, a fictional account of a mirror-
image world, Lewis Carroll presaged our current under-
standing of biomolecular stereoselectivity suggesting, “Perhaps
looking glass milk isn’t good to drink ..”. Mirror-image
stereoisomers of proteins, sugars, and other chiral biomolecules
would be useless and possibly poisonous to us, due to the
inability of our stereoselective enzymes to metabolize these
compounds. The inability of endogenous proteases to degrade
non-natural stereoisomers can also be used to our advantage,
such as increasing the in vivo half-life of therapeutic peptides by
judicious incorporation of p-amino acids.

Although natural proteins tend to prefer self or homochiral
molecular recognition, this is not an absolute rule. Synthetic
polypeptides exhibit no consistency in stereoselectivity (Table
1). This lack of consensus suggests that in many cases, detailed
aspects of interactions govern recognition.

Despite this, general rules that relate shape complementarity
to association would be useful in guiding molecular design. One
such rule describes interactions between like- vs opposite-handed
helical objects. A geometric analysis of the packing of coiled coils
predicted that columnar associations between opposite-handed
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Table 1. Preferred Homo- And Heterochiral Associations in
Mixtures of Protein Sequence Enantiomers

system structure preference
poly L + p-lysine a-helix opposite®
self-replicating peptides a-helix like”
membrane peptides a-helix both®
hydrophobic dipeptides P-sheet like®
ambidextrous peptides a-helix opposite'”
enzyme + substrate a/p-fold like!
racemic crystals various both'?

supercoils would allow for an overall tighter packing density and
a greater number of intermolecular contacts than like-handed
associations." Optimal packing of like-handed threaded rods
requires rotation of principle axes of adjacent rods, preventing
tight columnar packing;” this same phenomenon determines
helix packing in proteins.> Molecular simulations of opposite-
and like-handed poly alanine a-helices demonstrate a preference
for left-right helical dimers.* All of these studies support a general
rule that supramolecular interactions of opposite-handed helices
will be favored over like-handed assemblies. However, it is
challenging to develop an appropriate experimental system that
evaluates shape complementarity without being strongly
influenced by the details of intermolecular interactions. Ridges-
in-grooves interactions have been demonstrated on a macro-
scopic scale between left- and right-handed bolts.> At the
molecular scale, a ‘chemically nude’ system is needed where the
shape is a primary factor promoting close packing.

The collagen mimetic peptide (PPG);, (P = proline, G =
glycine) is a promising minimal system for evaluating the role of
helix handedness on intermolecular association. Collagen is
composed of three chains that are supercoiled to form a triple
helix. Except for glycine, all naturally occurring amino acids are
levorotatory (L) stereoisomers. Using dextrorotatory (p) stereo-
isomers results in a mirror-image, opposite-handed triple-helix
(Figure 1a). In the collagen mimetic peptide, (PPG),,, proline
side chains form the ridges and grooves of the triple-helix. Due to
the cyclic aliphatic side chain, one might expect reduced
contributions from side chain flexibility, charge-pair interactions,
or hydrogen bonding that could influence molecular packing
specificity. This leaves the complementary shape of the binding
interface as the primary determinant for effective packing.
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Figure 1. Mirror-image triple helices. (a) Structural models of
[(LPLPG)yo]; and [(pPpPG)ol; triple helices. The [((PLPG)yo];
model was obtained from a high-resolution (1.30 A) X-ray crystal
structure (PDB: 1K6F) 19. (b) CD spectra at 4 °C. [({P.PG);o]; and
[(pPpPG) o) refer to triple helices comprised of 3 chains with 10
repeating units of PPG.

Supramolecular assembly of collagen is also of interest due to
its favorable properties as a biomaterial. Due to pathological and
immunological issues with natural collagen," bottom-up design
of synthetic collagen biomaterials has drawn much attention.
Current design strategies utilize noncovalent driving forces such
as electrostatics,"*"® h drophobic interactions,lé’1 and metal-
chelating interactions'® to induce supramolecular assembly of
short synthetic collagen mimetic peptides. In this work, the
additional contributions of stereochemistry and shape com-
plementarity are explored.

Computational models. (;P;PG),, and its sequence stereo-
isomer, (bPpPG),,, both form triple helices with the identical
solubility and thermal stability but opposite helical handedness as
detected with circular dichroism (Figures 1, S2). The (\P,PG),,
peptide forms a right-handed supercoil as shown by its X-ray
crystal structure.'” However, when three chains associate, proline
side chains form a continuous, left-handed ridge. We therefore
use the convention in this study where [ (; P; PG),,]; forms a left-
handed helix and [ (,PpPG) ;)5 forms a right-handed one. Mixed
heterotrimers of (;P;PG),, and (pPpPG);, could not readily
form as this would require proline residues to adopt highly
hindered backbone conformations.

Short-range van der Waals interactions between two like- or
opposite-handed triple helices were calculated for a series of
structures specified by sam};ling rigid-body translational and
rotational degrees of freedom O (for details of the calculations see
Supporting Information and Figure S1). Parallel (€ = 0°) or
antiparallel (© = 180°) orientations of the molecular principle
axes had optimal contact interfaces as manifested by the lowest
interaction scores (Figure 2a). In parallel and antiparallel states,
left/right packing was more favorable than left/left packing.
Thus, the model predicts that triple helical grooves of opposite-
handed molecules interdigitate and interact more tightly and
have a shorter optimal interhelical distance than like-handed
ones (Figure 2b,c and Table S1). Ridges of two left-handed triple
helices were predicted to align by forming edge-to-edge packing,
consistent with the lattice lpacking in X-ray crystal structures of
related collagen peptides.”

Association stoichiometry. Previous studies of collagen
peptide aggregation'® showed that (;P;PG),, was soluble at
very high concentrations (14 mg/mL or 5.5 mM). We observed
the same behavior, with similar concentrations of both
(LPLPG),o and (pPpPG);, remaining in solution for several
weeks. Mixing the two sequence stereoisomers induced rapid
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Figure 2. Computational models of opposite (L X D) and like (L X L)
packing of collagen triple helices. (a) For each crossing angle, Q, the
packing conformation was optimized and the lowest interaction energy
was plotted against Q. (b,c) Optimal packing conformations of the L X b
and L X L.

aggregation over the course of a few hours (Figure 3). This
indicates that supramolecular assembly was facilitated by the
presence of opposite-handed species.

L:D

Figure 3. Solubilities of like- and opposite-handed collagen mixtures. L =
5.5mM ((P,PG) 0 D = 5.5 mM (,PpPG), L:D = 2.75 mM (;P,PG) ;0 +
2.75 mM (pPpPG) . Samples prepared in 10 mM phosphate buffer at
pH7.

To establish whether aggregates were composed of both
enantiomers or whether one catalyzed condensation of the other,
rates and extents of assembly were measured at a series of
concentrations of the D-enantiomer, while keeping the L-
enantiomer concentration fixed. A 1:1 mixture rapidly assembled
with significant precipitation exceeding the detection limit of
static/dynamic light scattering (SLS/DLS) after ~8 h (Figure 4).
Reduction of the relative concentration of the (,P,PG);, species
prolonged nucleation times and decreased total scattering
intensity indicating less aggregate was made, consistent with a
precipitate phase that incorporates both enantiomers.

Morphology of the supramolecular assemblies was observed
by transmission electron microscopy (TEM) for various mixing
ratios of (P;PG);¢:(pPpPG);o- The equimolar mixture formed
well-ordered micrometer-scale sheets (Figures Sa, S3). Atomic
force microscopy (AFM) measurements of these sheets had an
average single layer thickness of ~10 nm (Figure Sb), which is
consistent with the length of a 30-residue triple helix.'"” These
heterochiral triple helices may align to form the sheet-like
structure (Figure Sc), although higher-resolution data would be
needed to confirm this model. This is similar to macroscale
assemblies observed in mixtures of millimeter-sized bolts with
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Figure 4. Depleting the p-enantiomer slows aggregation and reduces the
total amount formed. (a) Total scattering intensity of a fixed
concentration, 1 mM ( P;PG),,, combined with 1, 0.2, and 0.1 mM
(bPpPG),q at 4 °C was monitored over time by SLS. (b—d) DLS
measurement of dominant particle sizes in the mixtures (defined as the
size of a particle with the volume percentage >85%).
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Figure 5. Sheet morphology. (a) TEM and (b) AFM of a 1:1 L to D
mixture. Contour heights varied by integer multiples of 10 nm. (c) A
proposed model of assembly where triple helices align into a 10 nm thick
layer, which further stack. Samples were incubated at 4 °C for ~4 weeks
prior to imaging.

opposite-handed threads.® Several sheets were observed to stack
in multilayered structures. Small ~100 nm particles were found
in mixtures where the D-proline enantiomer was depleted (Figure
$4).

Requirement of triple helices. The melting temperatures of
(LPLPG), and (p,PpPG),, are ~25 °C (Figure S2). Assembly at
temperatures below, at, and above the melting temperature was
characterized to test the contribution of triple-helix unfolding.
Turbidity was observed after incubation at 4, 25, and 40 °C for 3
days (Figures 6, 7a). At this time point, the 25 °C structures were
micrometer-sized sheets. Assembly of 4 °C structures was slower,
with uniform ~100 nm particles observed after 3 days. It took
over a month for micrometer-scale sheets to form at 4 °C (Figure
5). Aggregation was also observed at high temperature (40 °C).
However, the assembly at 40 °C showed different features such as
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Figure 6. Influence of temperature on sheet morphology. (a) Particle
size distribution in 1:1 mM of (;P,PG),, and (,PpPG),, mixture
detected with DLS at 0 and 3 days incubation at 4, 25, and 40 °C,
respectively. (b—d) TEM samples prepared under the same condition as
in DLS.
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Figure 7. Folding of the triple-helix required for assembly. Photographs
of (a) L:p = 1 mM ({P;PG),s: 1 mM (pPpPG),,. (b) D:Mut = 1 mM
(pPpPG);p:1 mM mutant-L. The samples were incubated at 4, 25, and 40
°C, respectively, for 3 days.

less turbidity, more irregular morphology, and much smaller sizes
in a majority of the particles detected with DLS (Figures 6, 7a).
This assembly may be caused by nonspecific interactions in the
unfolded state although it is interesting to note that similar
aggregates were not observed for L or D peptides alone.

To further clarify the importance of a folded triple-helix in
driving supramolecular assembly, we designed a mutant L-
peptide, (1P PG)4 P P(;P,PG);, by removing a conserved
glycine in the fifth triplet. This type of mutation has been
shown to prevent triple helical formation.”* No triple helix was
observed in the mutant peptide as evidenced by a lack of positive
ellipticity at 225 nm in the circular dichroism spectrum (Figure
S5). Mixtures of the mutant L-peptide and (pPpPG);, remained
transparent and soluble regardless of the incubation temperature
(Figure 7b). Disrupting triple-helix folding of one of the
components was sufficient to prevent sheet formation.

Interhelical distances. Computational simulations predict
close packing of left-/right-handed triple-helix pairs. The
crystalline sheets formed during self-assembly suggest a uniform
supramolecular structure. Wide-angle X-ray scattering (WAXS)
was used to characterize peptide organization.'>*** WAXS
profiles confirmed the existence of triple helices and allowed us
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to compare interhelical distances between homo- and hetero-
chiral associations.

The diffraction patterns of the heterochiral sample showed
three peaks: two overlapping peaks at ~13 A and a third peak at
~11 A. Such peak locations are typical of triple-helix equatorial
peaks (13.7, 13.3, and 12.6 A) found in natural collagen (also
see Table S2 and references therein). The absence of the 2.86 A
meridional reflection,®® which is a strong indication for a triple
helix, is due to the anisotropic nature of the sample.

Clear differences in interhelical distances of (PPG),, were
observed between homochiral vs heterochiral assemblies. Since
we were unable to induce the homochiral association under the
same concentration as the heterochiral mixture (2 mM), an
oversaturated (; P; PG),, suspension (~80 mM) was prepared to
promote homochiral packing. The water content of the
homochiral suspension was lower or similar to the heterochiral
mixture. Even though drying of the samples may decrease their
interhelical distances (Table S2 and references therein), the
heterochiral mixture with higher water content still showed
tighter packing than the homochiral one. The two interhelical
distances of (P, PG),, were both slightly larger than those of the
(LPLPG);¢:(pPpPG), mixture. These experimental differences
in the interhelical distances were consistent with the computa-
tionally predicted ones (Table S1).

The mutant L-peptide showed a diffraction pattern lacking any
peak characteristic of triple-helix formation within the 10—13 A
region (Figure 8), consistent with circular dichroism (Figure SS).
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Figure 8. D-spacing measured with WAXS of mixture 1 mM
(1PPG)p:1 mM (pPpPG),, (upper) compared to oversaturated
(LP.PG),, suspension (middle) and oversaturated mutant L-peptide
suspension (bottom). The d-spacing differences are shown in the inset.

The numerous sharp peaks between 2 and 7 A in the mutant
sample were observed instead of an intense broad peak at 4.5 A
that is typical of native collagen.” This suggests that the mutant
L-peptide is highly crystalline but does not fold into triple helices.

In conclusion, using (PPG),, sequence enantiomers as
minimal helical exemplars, the geometric prediction of preferred
left-/right-handed helical pairings appears to hold true. However,
even this system is complicated by chemical detail. In a series of
experiments pairing (,PpPG);o with other right-handed triple-
helical peptides such as (POG);, no interactions were observed.
Hydroxylation of the proline side chain may sterically prevent
close association of left- and right-handed species, increase the
desolvation barrier required to allow tight ridges-in-grooves
packing, or even modify the degree of supercoiling of the triple-
helix such that different pitch of left- and right-handed species
could preclude a coherent, columnar interaction. Ironically, this
general rule of helix—helix association may best apply in special
cases where complete mirror symmetry exists.
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