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Abstract

Biological polymers hybridized with single-walled carbon nanotubes (SWCNTS) have elicited
much interest recently for applications in SWCNT-based sorting as well as biomedical imaging,
sensing, and drug delivery. Recently, de novo designed peptides forming a coiled-coil structure
have been engineered to selectively disperse SWCNT of a certain diameter. Here we report on a
study of the binding strength and structural stability of the hybrid between such a “HexCoil-Ala”
peptide and the (6,5)-SWCNT. Using the competitive binding of a surfactant, we find that affinity
strength of the peptide ranks in comparison to that of two single-stranded DNA sequences as
(GT)30-DNA > HexCoil-Ala > (TAT)4T-DNA. Further, using replica exchange molecular
dynamics (REMD), we show that the hexamer peptide complex has both similarities with and
differences from the original design. While one of two distinct helix-helix interfaces of the
original model was largely retained, a second interface showed much greater variability. These
conformational differences allowed an aromatic tyrosine residue designed to lie along the solvent-
exposed surface of the protein instead to penetrate between the two helices and directly contact the
SWCNT. These insights will inform future designs of SWCNT-interacting peptides.
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1. Introduction

Much effort has been expended in recent years studying and developing desirable properties
and applications of the single-walled carbon nanotube (SWCNT). These include their ability
as strengthening agents for composite materials,! construction of field-effect transistor
devices,23 and in vitro/in vivo imaging and targeted delivery agents in biomedical
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applications.*8 As objects foreign to cells, SWCNTSs present a certain degree of
cytotoxicity.>-10 However, this can be reduced greatly by appropriate surface
functionalization.11-13 Additionally, upon production, SWCNTSs tend to clump together in
bundles of mixed chirality (electronic species) due to their high aspect ratios and
hydrophobic surface.14-15 Numerous methods have been developed to solubilize and sort
SWCNTs by length,16-17 diameter,18 and electronic structure by hybridization with a
dispersant molecule.1® The dispersant molecule can range from small inorganic surfactants
(e.g., sodium dodecy! sulfate)20 to biological polymers (short DNA oligomers or
peptides).21-23 The ability of certain short strands of DNA to recognize particular SWCNTSs
from a chirality-diverse mixture, enabling single-species purification, has been
demonstrated.2*

The design of peptides for SWCNT dispersion has also been investigated.?1: 25-26 |
general, a peptide with sufficient hydrophobic residues located at appropriate sites along its
backbone will be able to disperse a SWCNT in aqueous medium to some extent. By
designing peptide sequences to promote the arrangement of hydrophaobic residues to one
side of an alpha helix, SWCNT dispersion abilities were shown to be significantly
increased.?l: 25 More recent studies have attempted to selectively disperse SWCNTSs of a
particular diameter or chirality from a mixture using designed peptides.2’ Grigoryan et al.
have developed a de novo peptide design method using sequences known to form a helices
that then assemble into hexa-coiled supramolecular structures.2’” By controlling the diameter
of the hexa-coiled structure through sequence modulation, they have been able to selectively
disperse (6,5) and (8,3)-SWCNTSs from mixtures. When design is based on the primary
structure, it is implied that the peptide will assume some adsorbed conformation likely
different from its solution state. When stable secondary and tertiary structures are designed,
as in the example just cited, it is assumed that this structure will unravel by virtue of
interaction with the SWCNT, which may or may not be the case.28

Here, we study the affinity of a particular 30-amino acid long peptide, “HexCoil-Ala”, for
the (6,5)-SWCNT through experimentation and simulation.2” This alanine-rich sequence has
been shown to singly-disperse SWCNTSs, as indicated by strong near-infrared (NIR)
photoluminescence.2? We used surfactant-induced displacement of adsorbed molecules from
the SWCNT surface to rank and quantify binding strength compared to chosen DNA
sequences.?? Ranking was then confirmed by creating dispersions of raw SWCNTSs in
mixtures of peptide or DNA, and surfactant. NIR absorbance measurements were used to
identify which type of molecule remained on the SWCNT. Using replica exchange
molecular dynamics (REMD) simulation, we probed the stability of the hexamer peptide-
SWCNT construct. The symmetry of the original hexamer dictated two distinct helix-helix
interfaces that were considered in the design process. Simulations showed that only one of
the two interfaces remained stable on the 50 ns time scale, and rearrangements were
observed in the interaction of the helices, specifically that of an aromatic Tyr residue with
the SWCNT due to n—m interactions.

2. Methodologies

As described by Grigoryan et al.,2’ dispersions of HexCoil-Ala peptide were created using
Comaocat nanotubes (SWeNT). First, 1 mg of previously synthesized, purified, and
lyophilized HexCoil-Ala (AEAESALEYAQQALEKAQLALQAARQALKA) was added to
0.1 mg of raw nanotubes in a 100 mM phosphate buffer at pH 7.4. The solution was then
probesonicated (Branson) at 8 Watts for 90 minutes in an ice-cooled bath followed by 6
hours of centrifugation (Eppendorf) at 16,000 times the force of gravity. The resultant
supernatant was then extracted and unbound peptide was removed with the use of a 100 kDa
microcentrifuge spin filter (Millipore Amicon). The peptide-SWNCT hybrid was then stored
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at 4 °C with no noticeable SWCNT aggregation seen over several months during the course
of the study. Additionally, hybrids of DNA sequences (GT)zg or (TAT)4T, and Comocat
nanotubes, in a weight ratio of 1:1, were also created using the same procedure for
comparison with peptide-SWCNT.

Initial absorbance and fluorescence spectra of the peptide-SWCNT dispersion were
measured. A UV/Vis/NIR spectrophotometer (Varian Cary50) was used to measure the
absorbance spectrum from 200-1100 nm of the dispersion in a quartz microcuvette. A
prominent NIR peak was observed at 992 nm, indicative of the E;1 bandgap transition for
the (6,5)-SWCNT. Furthermore, a two-dimensional excitation/emission NIR fluorescence
map (Horiba Yvon Jobin Fluorolog-3) of the peptide-SWCNT dispersion was measured.
The excitation and emission ranges were 500-800 nm and 900-1200 nm, respectively, with
a slit width of 8 nm and data interval of 3 nm. Again, the dominant peak corresponded to a
(6,5)-SWCNT with excitation/emission pair of 569/992 nm.

In accordance with a previously used method, 2% a small-molecule surfactant, sodium
dodecylbenzene sulfonate (SDBS), was used in an attempt to displace the peptide off the
surface of a (6,5)-SWCNT. A solution of 0.2 wt % SDBS in the same 100 mM phosphate
buffer used for SWCNT dispersion was held at 60 °C in the quartz cuvette. In a 1:1 v/v ratio,
peptide-SWCNT solution was introduced into the cuvette and pipette-mixed at time zero.
The effective SDBS concentration was thus reduced to 0.1 wt %, less than the critical
micelle concentration (CMC) of the surfactant.2® Over the course of the next 30 minutes, the
NIR absorbance was scanned from 950-1050 nm at one minute intervals to monitor the
progress of the surfactant displacement reaction. The procedure was then repeated using
DNA with sequences (GT)3g and (TAT)4T-SWCNT. In addition, in place of SDBS, a
different surfactant, sodium cholate, was used to attempt surfactant exchange. Displacement
by the surfactant causes a solvatochromic shift in the peak of the absorbance spectrum. By
tracking this shift the relative progress and speed of the reaction can be monitored.

Binary dispersions (mixtures of SDBS and peptide, or SDBS and (GT)3¢/(TAT)4T, in equal
mass ratios) were created. The raw SWCNT sample was then sonicated in the presence of
this mixture of molecules (10:10:1 by weight) for 90 minutes and centrifuged as previously
described, allowing the surfactant and peptide or DNA to compete for the SWCNT surface.
Following this procedure, NIR absorbance spectra of the supernatant were measured.

In addition to changes in the absorbance, a final fluorescence map of the peptide-SWCNT
solution was measured after surfactant exchange using the same parameters as described
previously. Circular dichroism (CD) in the far-UV (190-240 nm) was measured (Jasco
J-815) using a quartz cuvette with a path length of 1 mm to investigate characteristics of the
secondary structure of the peptide-SWCNT hybrids as they encounter surfactant. The
surfactant chosen for this study was sodium dodecyl sulfate (SDS) for its relatively low
absorbance in the UV region as compared to SDBS or sodium cholate. The peptide remained
at 1 mg/mL with SDS at a concentration of 0.1 % wt.

For the MD study, we began by using the HexCoil-Ala structure available on the RCSB
protein data bank (PDB) as structure — 3SOR. This file contains two chains, A and B, in an
antiparallel configuration. Three copies of the PDB file were placed around the exterior of
the (6,5)-SWCNT in an orientation permitting hydrophobic peptide residues to be in close
proximity with the SWCNT surface. The SWCNT was 8.12 nm long with a diameter of 0.75
nm. The length was chosen such that one end of the frozen SWCNT would exactly adjoin its
periodic image thus creating an infinitely long SWCNT. SWCNT Carbon atoms were
modeled with sp2-hybridization with detailed parameters provided in previous
publications.3%-31 The peptide-SWCNT hybrid was then solvated in an 8.12 x 5.00 x 5.00
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nm water-box containing approximately 6,200 TIP3P model32 water molecules with the
appropriate number of sodium counter-ions to balance the net-negatively charged peptide
(Figure 1b). Periodic boundary conditions were applied in all directions with long-range
electrostatic interactions calculated using the particle mesh Ewald method.33 All structures
were visualized in VMD.34

Replica exchange MD (REMD) accesses a greater fraction of available microstates by
overcoming high energy barriers,3>-36 and has been used in the past to determine
equilibrium structures in simulations of DNA-SWCNT hybrids.30-31 37 Here, the Gromacs
4.5.3 simulation package38-40 was used in conjunction with the Amber03d#! protein force
field for REMD simulation. This particular protein force field has been successfully used in
previous protein folding simulations of proteins containing a-helix and $-sheet
structures*2-43, Forty replicas were simulated in parallel with temperatures ranging from
296 K to 587 K. The replica temperatures were chosen such that exchange acceptance ratios
between the replicas remained around 10% with an exchange time of 1 ps. The structure was
run for 50 ns of REMD simulation, for a total computation time of 40 x 50 ns = 2 ps. The
time step of the simulation was 2 fs.

We defined helical structure in terms of which regions of the Ramachandran map were
occupied. The ay, region of the (o, w) map was defined as ¢ € [-100°, —30°] and v € [-67°,
—7°]. Residues which lay within the ap, region of the Ramachandran map were denoted as
helical (h). All residues outside the ay, region were defined as “coil” (c). A helical segment
was one which had at least three consecutive residues whose (¢, v) angles fall within the ay,
boundaries (i.e., the smallest helix is ...chhhc...). The fraction of helix for a given residue in
the simulation was calculated as the fraction of time spent by that residue within helical
segments.

3. Results and Discussion

To probe the structural integrity of the synthesized peptide-SWCNT complex, several
binding affinity experiments were performed. First, using the method of surfactant-induced
displacement (exchange), a relative measure of the hybrid’s stability was determined. It is
known that surfactant SDBS has a higher affinity for the surface of a SWCNT than short
strands of DNA and thereby displaces the latter.2% Surfactant exchange of the peptide,
monitored through changes in NIR absorbance of the (6,5)-SWCNT, was attempted with
SDBS as well as another surfactant, sodium cholate. Figures 1a,b, show that the effect of the
two different surfactants on the peptide-SWCNT hybrid is slight at the elevated temperature
of 60 °C over the course of 10 minutes. The effect of SDBS on the peptide-SWCNT sample
is to broaden the peak with a significant appearance of a blue-shifted shoulder at 978 nm,
characteristic of an SDBS-covered (6,5)-SWCNT, and an accompanying slight decrease of
absorbance at 990 nm. Circular dichroism data (Supporting information, section S1) show
little difference with or without the surfactant and whether or not the peptide is on the
SWCNT or off it, suggesting that the peptide maintains its secondary structure through these
exchange processes. Figures 1a and b should be compared to Figures 1c and d, which show
the change in the NIR spectrum due to displacement by SDBS of the DNA sequence (GT)3g
or (TAT)4T, respectively. These DNA sequences have been chosen for their, respectively,
strong and weak binding affinities to the (6,5)-SWCNT.2% 44 The (GT)3q sample shows very
little change over the course of the reaction; particularly absent is the blue-shifted shoulder
at 978 nm. In contrast, (TAT)4T is almost immediately displaced from the SWCNT surface,
evident in the blue-shifted peak. In addition, DNA-SWCNT surfactant exchange
experiments show the existence of the (7,5)-SWCNT in the dispersion, with a starting
absorbance peaking at 1040 nm (data not shown). This peak is absent in the peptide-
SWCNT spectra, indicating the peptide’s preferential ability to disperse the smaller-diameter
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nanotube, (6,5). Strong and preferential binding of the peptide to the (6,5)-SWCNT, relative
to DNA sequence (TAT)4T, was confirmed by two-dimensional fluorescence maps of the
‘ending’ samples in Figure 1a and d (Figure S2 in Supporting Information).

Previous work on displacement of DNA molecules by SDBS from an SWCNT has shown
that the process occurs by an initial fast step which was interpreted as conversion of
SWCNTSs with pre-existing defects to coating by SDBS.2? This is followed by a slower
second step with rate of displacement by SDBS limited presumably by the nucleation of
defects. On this basis, we suggest that the emergent shoulder in Figure 1a represents
displacement by SDBS of those hexacoiled peptides that have some form of defect. Over the
time-frame of the experiment, it is clear that the remaining majority of SWCNTSs in the
sample strongly resist displacement by SDBS. By qualitatively comparing rates of SDBS
exchange, we can rank the affinity of the examined biopolymers to the (6,5)-SWCNT as
(GT)3p > HexCoil-Ala > (TAT)4T.

As another test of their binding affinities for the (6,5)-SWCNT, binary dispersions were
created. The absorbance spectra for dispersions of (GT)3g, (TAT)4T, or HexCoil-Ala mixed
with SDBS and SWCNT are shown in Figure 1e. Observe that the HexCoil-Ala-SDBS-
SWCNT absorbance spectrum has a peak at 992 nm but with a significant blue-shifted
shoulder. Consistent with surfactant exchange data in Figure 1a, this suggests that two stable
species exist in solution; surfactant-covered and peptide-covered SWCNT. By comparison,
the (GT)3q sequence out-competes SDBS for coverage of the SWCNT surface, as indicated
by the fact that the absorbance peak remains centered at 992 nm. In contrast, the (TAT)4T
sequence is out-competed by SDBS since the absorbance peak shifts to 980 nm. These
experiments confirm that the relative binding strengths to the (6,5)-SWCNT can be ranked
as (GT)3p > HexCoil-Ala > (TAT)4T.

The HexCoil-Ala-(6,5)-SWCNT hybrid structure has additionally been investigated by using
REMD molecular simulation. (Further details can be found in the thesis of D. Roxbury.4%)
For the reported canonical form,2” the hexacoiled structure overall remains stable during the
REMD simulation, Figure 2a. The six strands, situated in anti-parallel configuration, remain
adsorbed to the surface of the SWCNT in alpha-helical arrangements. Figure 2b shows the
fraction of time that each residue is in a helical state. Except near the ends of the alpha helix,
the six strand configuration in large measure retains its helicity over the course of the
simulation. Residues near the ends of the alpha helix exhibit a certain degree of disorder as
shown by a drop in fraction helix. On a long SWCNT with multiple strands along the
nanotube length, this loss of structure will likely be quenched by additional hexacoiled
structures placed on either side of the one in question. Convergence data can be found in
supporting information, section S3.

The homohexamer HexCoil-Ala shows inhomogeneous patterns of helix-helix association
upon binding to SWCNT. In the simulations, the overall configurations show little
geometric variability for the hexamer (Figure S4a) after the initial equilibration step. There
were two types of interfaces designed for HexCoil-Ala: leucine zipper and Ala-Coil (Figure
S5). The former is a well-studied structural motif in proteins, while the latter is a tight
antiparallel coiled-coil motif4® that is common in transmembrane proteins.#” The leucine
zipper interface is formed along the interfaces between Chains B+C, D+E and F+G, and the
Ala-Coil interface by Chains C+D, E+F and G+B (Figure 3a). The Ala-Coil interface
displays much greater structural variability among different chains in its interhelical distance
(Figure 3c, 3d). The leucine zipper interface has a trimodal distribution in interhelical
distances among the chain pairs (Figure 3c), ranging from 9.5 to 11.0 A. These values are
well within the range seen for typical antiparallel helix dimers with Leu residues at similar
positions in the sequence.*8
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The plasticity of the Ala-Coil interface causes large deviations from the designed model. In
the tetrameric HexCoil-Ala crystal structure solved in the absence of SWCNTs (PDB ID:
3SO0R), the Ala-Coil interface adopts an interhelical distance as small as 8.55 A, quite similar
to that intended in the original model of the hexamer. In the hexamer model designed to
wrap SWCNT, the distance is 8.67 A, but in the simulations, the average distance increases
quite substantially to 13.0 A, 13.0 A and 9.86 A, for Chains C+D, E+F and G+B,
respectively. In contrast to the crystal structure and the original design of the hexamer, the
alanine residues form much fewer interchain contacts in the simulations (Figures 3 a&b). In
comparison, the configuration of the Leu-Zipper interface is robust. The interhelical distance
in the tetramer crystal structure and the hexamer model is 10.5 A and 10.6 A, respectively.
The average distance of Chains B+C, D+E and F+G is 10.3 A, 11.2 A and 10.4 A,
respectively. Interestingly, the great interhelical distance of the Ala-Coil interface extrudes
Chain F from SWCNT (Figure 3a), causing helices E, F, and G to form three fourths of the
classical four-helix bundle geometry. Thus the local arrangement of Chains E, F and G is
reminiscent of the tetramer crystal structure (Figure S4b).

There is a single aromatic tyrosine residue in each monomer of the homohexamer.
Originally, the Tyr residue was included as a spectroscopic label, and positioned at the
helixhelix interface of the Ala-Coil directed outward towards solvent. However, the strong
affinity of aryl groups for SWCNTSs becomes apparent in the simulations, and might
contribute to the deviation from the original, highly symmetric bundle geometry. There are
three main clusters in the space of the distance from the phenyl ring atoms on the Tyr
residue to SWCNT and the interhelical distance (Figure 3d). In Chains C+D, phenol groups
always contact the SWCNT. Chains E+F and G+B both have two configurations: one phenol
group is pointing inward and the other is tipping outside, and both of them are directed
outward. However, Chains E+F occupy two separate main clusters with distinct interhelical
distances, while Chains G+B have a continuous distribution of interhelical distance. The
effect is to introduce a wider gap between the helices when the Tyr residues are able to
penetrate into direct contact with the SWCNT. Thus the three chain pairs have distinct
configurations for helix-helix interaction both in the leucine zipper and Ala-Coil interfaces.

Based on this analysis we can now speculate on the deviation of the observed structure from
the design. The leucine zipper motif is greatly stabilized in water by the interdigitation of
large apolar Leu side chains. By contrast, the smaller hydrophobic driving force for burial of
the Ala residues at the Ala-coil interface makes this structure less stable. Indeed, the Ala-
Coil is less frequently observed than the antiparallel leucine zipper in the crystal structures
of water soluble proteins.*® The lower stability of the Ala-Coil motif might provide greater
malleability, and allow penetration of the phenol side chain of Tyr to the SWCNT. Clearly,
this is a possibility that should be addressed in future designs.

4. Conclusions

We have examined the stability of de novo designed HexCoil-Ala-SWCNT hybrids by
means of a surfactant-induced displacement reaction and by dispersion efficiencies in binary
mixtures. These methods of ranking can be translated to a variety of non-covalent
CNTwrapping polymers and small molecules. We find that the peptide binds stronger to the
(6,5)-SWCNT than DNA sequence (TAT)4T, but weaker than sequence (GT)3g. Results of
REMD molecular simulation suggest that the proposed hexacoiled structure maintains its
overall stability. The analysis of the hexamer configurations sheds light on the structure of
the existing peptide and provides insights for the future design of more specific structures.
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Figure 1.
Surfactant exchange performed on a HexCoil-Ala-SWCNT sample subjected to an excess of

(a) SDBS and (b) sodium cholate at 60 °C for 10 minutes of incubation. For comparison,
SDBS exchange is performed on samples of (c) (GT)30-SWCNT or (d) (TAT),TSWCNT
under the same conditions. (€) Binary dispersions of SDBS with (GT)3q, (TAT)4T, or
HexCoil-Ala. The peak position gives an indication of the relative binding strength of the
biopolymer; a blue shift represents replacement by the surfactant molecule.
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Figure 2.

(a) Equilibrium representations of the dominant structure for six strands of HexCoil-Ala
peptide simulated on a (6,5)-SWCNT using REMD. (b) For each peptide (30 per strand), the
fraction of the time spent in a helix is plotted.
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Figure 3.

(a) Side-on view of the hexamer with alanine residues shown in space-filling representation.
Coloring scheme is the same as the legend in (d). (b) A representative equilibrium structure
of the hexamer binding to SWCNT (green), looking down its axis. The chain names of the
hexamer are labeled. The OH atom on the residue tyrosine is colored red. (c) Interhelical
distance histograms of adjacent peptide dimers. (Colors additional to those in the legend
represent overlapping parts of the distribution.) Here and for (d), the trajectory from 5 ns to
49.75 ns with an interval of 0.05 ns is used for calculation. (d) Distance of the hydroxyl
group in tyrosine to SWCNT versus interhelical distance in Ala-coil pairs.
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