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We report that assemblies formed by eight oligopeptides at
phospholipid-decorated interfaces of thermotropic liquid crystals
(LCs) trigger changes in ordering of the LCs that are dependent on
the secondary structures of the oligopeptides (as characterized in
situ using infrared-visible sum-frequency spectroscopy).

The functional properties of oligopeptides and proteins at
interfaces depend strongly on their secondary structures and
higher level organization.1 This coupling of structure and
function is particularly evident at biological interfaces such as
cell membranes, and is increasingly important in the design of
synthetic materials that are programmed to direct or sense a
biological response.z’3

This Communication describes the finding that the
secondary structures assumed by oligopeptides at
phospholipid-decorated interfaces of thermotropic liquid
crystals (LCs; fluid phases within which the constituent

molecules exhibit long-range orientational order) can trigger
distinct ordering patterns in the LCs. It builds broadly from the
observation that interfacial molecular assemblies formed at
aqueous—LC interfaces can generate changes in ordering that
propagate deep into the LCs, and thus can be transduced
optically, with micrometer-scale resolution, by using polarized
light (PL) microscopy.4 More specifically, in past studies of
assemblies formed by proteins and phospholipids at aqueous
interfaces of thermotropic LCs, we observed protein—protein
interactions to give rise to a range of interfacial assemblies
that possessed distinct micrometer-scale morphologies.‘“”5
While such biomolecular assemblies have been observed by us
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. ¢ Jittle is understood about the factors that

and others,
control their formation or coupling to the LC.

Herein we explore the question of whether the secondary
structures of oligopeptides adsorbed at interfaces between
thermotropic LCs and aqueous phases, including phospholipid-
decorated interfaces that recapitulate some characteristics of
biological membranes (e.g., lateral mobility), influence the
ordering of LCs. In these studies, we used eight antimicrobial
oligopeptides because past investigations document their
secondary structures in bulk solutions and within lipid
bilayers.7 Infrared-visible sum-frequency generation (SFG)
vibrational spectroscopy is used to characterize the secondary
structures of the oligopeptides at the LC interfaces.

The initial experiments reported below employed L-a-
dilaurylphophatidylcholine (DLPC)-decorated interfaces of
micrometer-thick films of nematic 4-cyano-4’-pentylbiphenyl
(5CB). The films were submerged in aqueous phosphate
buffered saline (PBS), as shown in Fig. 1A (see ESIt for details).
Initially, we measured the LC films to exhibit a uniformly dark
optical appearance, consistent with homeotropic
(perpendicular) anchoring of nematic 5CB at the DLPC-laden
aqueous interface of the LC (see Fig. S1, ESIT). Past studies
have established that steric interactions between the acyl tails
of lipids and mesogens cause LCs to adopt homeotropic
orientations.*® Next, we incubated the LCs against PBS
containing either Cecropin P1
(SWLSKTAKKLENSAKKRISEGIAIAIQGGRRC) or Lactoferricin B
(FKCRRWQWRMKKLGAPSITCVRRAF). As noted above, these
oligopeptides were selected because they have been reported
previously to adopt distinct secondary structures in bulk
aqueous solutions - Cecropin P1 is largely random coil”® and
Lactoferricin B adopts a structure rich in B-sheets and B-turns.
7e Fig. 1B-G shows the dynamic optical response of the LC to
adsorption of Cecropin P1. Ten minutes after the addition of
the oligopeptide, micrometer-sized domains with an ellipsoidal
shape and a bright optical appearance (corresponding to
regions of LCs with a tilted alignment) nucleated at the
interface. The domains were laterally mobile, and over the
subsequent 40 mins (Fig. 1D-G), they grew and coalesced,
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Table 1. Summary of secondary structure of oligopeptides

aqueous—LC interface

oligopeptide bulk solution lipid bilayer (wavenumber, cm™)
Cecropin P1 RC®7 QH 27 aH(1658)
Lactoferricin B BS+BT 7 BS+RT 7 BS(1635) + BT(1663)
MSI-594 RC®7¢ oH aH(1658)
MSI-78 RC&7® oH %79 aH(1658)
Tachyplesin | BS+BT ™7 BS+RT "7 not conclusive
Protegrin 1 BS+RT7 BS+BT X 7 no signal
Alamethicin aH " aH+3H ™™™ 310H(1642) + aH(1658)
CecropinA- Bs 7" aH o™ aH(1655) + BT(1663)
Melittin

aH: a-helix; RC: random coil; 310H: 3i¢-helix; BS: B-sheet; BT: B-turn. By
nuclear magnetic resonance (NMR) and circular dichroism (CD) in 30% propanol
aqueous solution. ? By attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy. ¢ By NMR in 90% H20/10% D20. ¢ By ATR-FTIR. ¢ By
CD in Tris buffer. / By CD and NMR. ¢ By NMR. h By NMR in trifluoroacetic acid
buffer aqueous solution. By SFG./ By NMR in phosphate buffer solution. k By
NMR. ' By NMR. ™ By SFG. " By CD in phosphate buffer solution. ° By CD.
resulting in ellipsoidal domains with lateral sizes of tens of
micrometers. After approximately 1 hour, the rate of change
of appearance of the LC slowed substantially. At this point, the
bright domains were “pear-shaped”. In contrast, within 10-20
mins of addition of the Lactoferricin B to the aqueous phase,
LC domains with a dendritic shape formed across the LC
interface (Fig. 11). Over the subsequent 40 mins (Fig. 1J-M), the
domains grew and coalesced in a highly anisotropic fashion,
with growth being fastest along the long axis of the domains.
We emphasize that the addition of oligopeptides did not
initiate domain growth when the 5CB was heated into the
isotropic phase, revealing that the supramolecular (nematic)
ordering of the LC plays a key role in driving the formation and
growth of the interfacial domains of oligopeptides (see below
and Fig. S6 and S7 in ESIt).

The results shown in Fig. 1 are consistent with changes in
ordering of the LCs that are triggered by the adsorption,
penetration and assembly of oligopeptides at the DLPC-
decorated LC interfaces (Fig. 1A). In contrast to phospholipids,
which cause homeotropic anchoring of LCs,* oligopeptides or
proteins cause tilted anchoring.‘m’5 Therefore, we assign the
bright optical domains in Fig. 1 to be oligopeptide-rich regions
whereas the dark regions are interpreted to be rich in DLPC.
This assignment was confirmed by fluorescence microscopy
using Cecropin P1/Texas Red-labelled lipids (see ESIT).*”> Here
we emphasize that the response of the LC to the adsorption of
the oligopeptides involves lateral reorganization of the lipids at
the LC interface (Fig. 1A and Fig. S5B in ESIt). Because the two
oligopeptides used in the experiments shown in Fig. 1 possess
distinct secondary structures in bulk solutions, these results
lead us to speculate that the shapes of the oligopeptide-rich
domains may be influenced by the secondary structure of the
oligopeptides adsorbed at the LC interfaces.

To test further this hypothesis, performed
measurements with six additional oligopeptides, as shown in
Fig. 2 and Table 1. We observed four broad behaviours. First,
ellipsoidal domains similar to those formed with Cecropin P1

we
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Fig. 1 (A) Schematic illustration of adsorption of oligopeptides at DLPC-
laden aqueous—LC interface. Optical micrographs (crossed polarizers) of
the dynamic response of the LC to the adsorption of (B-G) Cecropin P1 or
(H-M) Lactoferricin B at a DLPC-laden aqueous—5CB interface. An enlarged
region of (M) is shown in the inset. The times at which the micrographs
were obtained following injection of oligopeptides into the aqueous
solution are indicated. The final concentration of oligopeptides was 2 pM.
Scale bars: 100 um. Corresponding movies are available in the ESIt.

were observed upon adsorption of MSI-594 (GIGKFLKKAKKGI-
GAVLKVLTTGL) or MSI-78 (GIGKFLKKAKKFGKAFVKILKK), as
shown in Fig. 2A-D. Past studies have reported MSI-594 and
MSI-78 to be predominantly random coils in bulk solutions,’®
similar to Cecropin P1l. Second, a network of elongated
domains similar to Lactoferricin B was observed with
Tachyplesin | (KWCFRVCYRGICYRRCR) or Protegrin 1
(RGGRLCYCRRRFCVCVGR), as shown in Fig. 2E-H. Previous
studies have reported Tachyplesin | and Protegrin 1 to form -
sheets and B-turns in bulk solutions,mj similar to Lactoferricin

B.”* Third, Alamethicin (APAAAAQAVAGLAPVAAEQF), which
adopts an a-helical conformation in bulk solution,w generated
compact but irregular-shaped (non-ellipsoidal) domains, as
shown in Fig. 21 and J. Fourth, Cecropin A-Melittin hybrid
peptide (KWKLFKKIGIGAVLKVLTTGLPALIS), which forms pB-
sheets in bulk solutions,”” generated elongated and dendritic
interface, as shown in Fig. 2K and L.
Here we comment that the LC domain shapes generated by

domains across the LC
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Alamethicin and Cecropin A-Melittin have features that are
distinct from those generated by other peptides reported in
this Communication (Fig. 2A-2H or Fig. 1), a point that we
return to below.

MSI-594
SO B

XI[oy-D

x1py-O'¢ + xipoy-n

Fig. 2 PL micrographs (crossed polarizers) of the optical response of the LCs to the
adsorption of oligopeptides having different secondary structures at the DLPC-
laden aqueous—LC interfaces: (A, B) MSI-594; (C, D) MSI-78; (E, F) Tachyplesin I;
(G, H) Protegrin 1; (I, J) Alamethicin; (K, L) Cecropin A-Melittin hybrid peptide.
Enlarged regions of (F), (H) and (L) are shown in the insets. All the images are
captured at 1 hour after addition of oligopeptides. The secondary structures
measured by SFG are listed to the right of the micrographs except for Protegrin |,
the secondary structure of which is based on Ref 7k. The final concentration of
each oligopeptide was 2 uM. Scale bars: 100 pm.

Next, we sought to characterize the secondary structures of
the oligopeptides at the LC interfaces to rigorously test the
hypothesis that the shape of the LC domain is dependent on
the oligopeptide secondary structure. As detailed in the ESIT, a
polymer network-stabilized LC film was used for these SFG
measurements (see ESIT for details of both SFG and sample
preparation). We obtained SFG spectra of oligopeptides at
both DLPC-free and DLPC-decorated LC interfaces to explore
the effect of interfacial environments on the conformational
states of the oligopeptides, and in particular, the extent to
which the LC provides an interfacial environment that is similar
to a lipid monolayer. Spectroscopic characterization of
aqueous—LC interfaces has not been reported previously, but
past studies using SFG have established that the position of
the amide | band (which arises mainly from C=0 stretching
vibration) changes with the conformational state of
peptides/proteins.8 The SFG spectra of oligopeptides adsorbed
at aqueous—LC interfaces are shown in Fig. 3 (see Table 1 for
assignments of the peak positions). Unless otherwise stated,
the amide | positions measured for the oligopeptides adsorbed
at the DLPC-decorated LCs were identical to those shown in
Fig. 3 and Table 1 (see ESIT).

First, for Cecropin P1, we measured an amide | peak at ~
1658 cm™ (Fig. 3A), which is consistent with an a-helical
secondary structure. A similar signal was observed for MSI-
594 and MSI-78 (Fig. 3B and C), which reveals the secondary
structures of these LC-adsorbed oligopeptides to be similar to
those found in lipid bilayers.7b’f'g These results lead us to
propose that oligopeptides rich in a-helical content at LC

This journal is © The Royal Society of Chemistry 20xx

interfaces generate ellipsoidal domains in the LCs, as shown in
Fig. 1G and 2A-D. We comment here that the peak at ~1610
em™tin Fig. 3C, D and F is due to the polymer network used to
stabilize the LC film (see ESIT for details).
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Fig. 3 SFG spectra collected from aqueous—LC interfaces with adsorbed
oligopeptides: (A) Cecropin P1; (B) MSI-594; (C) MSI-78; (D) Lactoferricin B; (E)
Alamethicin; (F) Cecropin A-Melittin hybrid peptide. Dots: experimental data;
Lines: fit to a Lorentzian line-shape model. See ESIt+ for additional information
regarding fitting of the spectra.

1710

Second, previous studies have shown that Lactoferricin B,
Tachyplesin | and Protegrin 1, which triggered formation of
elongated domains at aqueous—LC interfaces (Fig. 1M and Fig.
2E-H), adopt B-sheet and B-turn secondary structures in bulk
solutions and lipid bilayers.k'd’h'k Although the SFG signals
were weak (see below for additional comments on this point),
for Lactoferricin B, we observed amide | peaks at ~ 1635 cm™
and ~ 1663 cm™, corresponding to B-sheet/B-turn content,
respectively (Fig. 3D; see ESIt for discussion of line-shape
fitting to the experimental data). For Protegrin 1, no SFG signal
was obtained from 10 independent measurements.
Tachyplesin I, a weak signal was measured. Interestingly,
although the Tachyplesin | signal was noisy, by using
parameters obtained for the fit of Lactoferricin B, we were
able to describe the Tachyplesin data in a manner consistent
with B-sheet/B-turn content (see ESIT for details). Overall,
these results provide evidence that oligopeptides that
generate elongated LC domains contain B-sheet/B-turn
content. In addition, the weak SFG signal indicates that either
these oligopeptides were adsorbed with a distribution of

For

orientations that generate a weak signal or the
hyperpolarizability of the B-sheet structure is low.
Third, as noted above, the LC domains induced by

Alamethicin (compact and irregular-shaped orientational
domains; Fig. 21 and J) or Cecropin A-Melittin hybrid peptides
(dendritic domains; Fig. 2K and L) were different from those
induced by oligopeptides with either a-helix or B-sheet/B-turn
structures.””" Therefore, we used SFG to determine if

Alamethicin and Cecropin A-Melittin hybrid peptides adopted
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secondary structures at the LC interface that were not, in fact,
a-helix or B-sheet/B-turn, as suggested by the ordering of the
LC. Significantly, in SFG spectra, we observed amide | peaks at
~1642 cm™ and ~1658 cm™ for Alamethicin (Fig. 3E) and peaks
at ~1655 cm™ and 1663 cm™ for Cecropin A-Melittin hybrid
peptide (Fig. 3F), corresponding to 3;p-helix/a-helix content
(for Alamethicin7m) and a-helix/B-turn content (for Cecropin A-
Melittin hybrid peptide), respectively. This correspondence
between the SFG signal and orientational ordering of the LC,
thus provides further support for the hypothesis that the
shapes of the optical domains at the LC interface are
dependent on the secondary structures of the oligopeptides.
We note here also that the secondary structure of the
Cecropin A-Melittin hybrid peptide at the LC interface is
distinct from that found previously either in bulk solution or in
a lipid bilayer.””

%
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=
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Fig. 4 Influence of oligopeptide secondary structure on the fractal dimensions of
optical domains formed by various oligopeptides at aqueous—LC interfaces.
Past studies of the aggregation of oligopeptides in bulk
aqueous solution have not found a correlation between
secondary structure and aggregate morphology.” We
emphasize, however, that our study is conducted at the
aqueous—LC interface, and that our results establish that the
ordering of the LC influences the oligopeptide domain
formation. To quantify the shapes of the oligopeptides
assemblies, we calculated the fractal dimension (D) of the
domains (see ESIT for details). The fractal dimensions shown in
Fig. 4 correlate strongly with oligopeptide secondary structure.
This result hints that measurements of D might provide a facile
way to infer the secondary structure of interfacial
oligopeptides (a-helix versus B-sheet/B-turn). Our results also
lead to a number of other interesting insights. Specifically, our
results reveal that the supramolecular ordering of the LC
drives the oligopeptide-rich domain formation — in the
absence of nematic ordering of the LC, domain formation is
not observed (see Fig. S6 and S7 and associated ESIt text). In
addition, we note that the above-described formation of
oligopeptide-rich domains leads to the lateral reorganization
of phospholipids on the LC interface, which in turn triggers a
change in the ordering and optical appearance of the LC.
More broadly, these results hint at new interfacial designs of
LC materials that can report changes in the interfacial
states of oligopeptides without requiring
complex or expensive equipment (e.g., ATR—FTIR,10 CD,10

conformational

4| J. Name., 2012, 00, 1-3

NMR,10 Raman spectroscopy,10 and SFGs). Finally, our results
suggest that LC interfaces might offer the basis of mimics of
biological membranes from which biophysical insights may be
gained in future studies (e.g., interfacial organization of
antimicrobial peptides).
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