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Carbon nanotubes show promising prospects for applications ranging from molecular electronics to ultrasensitive
biosensors. An important aspect to understanding carbon nanotube properties is their interactions with
biomolecules such as peptides and proteins, as these interactions are important in our understanding of nanotube
interactions with the environment, their use in cellular systems, as well as their interface with biological
materials for medical and diagnostic applications. Here we report the sequence and conformational requirements
of peptides for high-affinity binding to single-walled carbon nanotubes (SWNTs). A new malifiX X 3-

PWTX,4, where X is G or H, X is H or D or null, X3 is null or R, and X% is null or K, was identified from

two classes of phage-displayed peptide libraries. The high affinity binding of the motif to SWNTSs required
constrained conformations which were achieved through either the extension of the amino acid sequence
(e.g., LLADTTHHRPWT) or the addition of a constrained disulfide bond (e.g., CGHPWTKC). This motif
shows specific high-affinity to the currently studied SWNTs, compared to previously reported peptides. The
conformations of the identified peptides in complex with SWNTs were also characterized with a variety of
biophysical methodologies including CD, fluorescence, NMR spectroscopy, and molecular modeling.

Introduction for peptide sequence from a sequence library such as phage
) . display? Do peptide sequences selected for one type of nano-
_Single-walled carbon nanotubes (SWNTs) have potential n\aiera| such as nanohoms maintain high affinity to other forms
biological appllcat|or_13 ran?mg from blomedlgal sensors to tissue ¢ .1 a5 SWNTSs? If primary sequence can vary within this
supports to drug dehygr’f R.ec‘?““y the design and utilization recognition space for carbon-based nanomaterials, is there also
of polypeptides specifically binding to carbon nanqtubes (CNT.S) a preferred peptide conformation that is optimal for these
has been the focus of much attention due to their functionality interactions?
in biological system&-1° Two research groups have shown that L . )
various peptides can bind different carbon nanotubes such as AS an initial step to explore these critical questions, three
multiwalled nanotubes (MWNTs) and single-walled nanohorns ¢/asses of phage libraries defined by length and constrained
(SWNHs) selected through phage librarté$2 suggesting conformgtlon were gcregned aga_unst SWNTSs. Theoretically, a
peptides as a potential means to overcome two major obstaclePhage display peptide library with 2Gequences would be
limiting the potential applications of CNTSs, i.e., conformational equired to cover all possiblemer sequences. Since conven-
heterogeneity and hydrophobicity. The peptides binding to tionally only 10 ~ 10 plague-forming units (pfu) of phage
MWNTs have consensus binding sequences rich in histidine are frequently uset!*° the coverage of all possible-mer
and tryptophan at specific locatioksMolecular simulations ~ Sequences becomes very low wien 7 (e.g.~2.4 x 107%%,
show the peptides have condensed conformation probably drivenvhenn = 12); however, longer peptides provide more potential
by hydrophobic forces. The peptides binding to SWNHs have contacts with targets. In contrast, the coverage is almost 100%
different amino acid sequences, and circular dichroism (CD) if a short peptide library (e.g., 7-mer) is used. In addition,
analysis revealed that these sequences digptaglical con- introduction of disulfides into peptide libraries constrains
formations driven by electrostatic forcEsHowever, the exact ~ conformational flexibility of displayed peptides, enhancing
nature of biological-nanotube interactions is less well known, peptide binding affinity. Considering these and other factors, it
and this knowledge will be important in understanding their was of interest to explore new SWNT-binding peptides using a
environmental and biological activity as well as their potential Vvariety of phage display libraries which has not previously been
for application to nanostructure fabrication. undertaken. In these constructed peptide libraries, peptides (12-
Several questions need to be addressed concerning affinity-mers, 7-mers, or disulfide-constrained 7-mers) are displayed on
selected peptidenanotube interactions. For example, are there the surface of M13 phage by fusion to the N-terminal of pllI,
only one or two binding sequences that are selectable for related® coat protein of this bacteriophage. Multiple binding/elution/
nanotubes (SWNTs and MWNTSs) and nanohorns? How does amplification cycles with increasingly stringent conditions (i.e.,
the type of carbon-based nanomaterial differ in their selection Tween-20) enrich the pool in favor of the tightest binding
sequences. The binding affinity and specificity of identified
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TABLE 1: Occurrence of Peptide Sequences Selectively Binding to SWNTSs via Biopanning with Peptide Phage Display
Libraries against Different Concentrations of Tween-20

PH.D.-12 PH.D.-C7C
phage sequence occurrence phage sequence occurrence
Crween-20= 1.0%
uw-1 LLADTTHHRPWT 12/30 Uw-4 CGIHPWTKC 12/28
uw-2 EHMALTYPFRPP 5/30 Uw-5 CGRWGHIPC 5/28
Crween-20= 0.75%
UW-3 ATNAPRYTMQWS /15 UW-6 CHTHNPWTC 3/15
EHMALTYPFRPP 3/15
Crween-20= 0.5%
LLADTTHHRPWT 3/10 UW-7 CHTHPWTKC 3/11

types of nanotubes. As we show, there exist multiple conforma- Results and Discussion
tions for nanotube-binding peptides, strongly suggesting that |, order to eliminate phage-displayed peptides that can
the phage are selective toward their respective targets not onlynteract with normal graphite, biopanning was initially done
by sequence discrimination but also by conformational dis- against graphite, producing a starting phage library free of
crimination. graphite-binding phage. Subsequent biopanning under increas-
ingly stringent conditions of detergent resulted in several
Experimental Methods consensus sequences being isolated. Table 1 shows the “graphite-
o ) free” phagotope sequences selected against SWNTs. With a 12-
Three M13 phage-peptide libraries (Ph.D-12, Ph.D-C7C, and mer peptide library, several identical sequences occurred in high
Ph.D-7, New England BiolLabs) were subjected to biopanning frequency when the detergent (i.e., Tween-20) concentration was
of peptides for SWNTSs (Cat # 652512, Lot # 09310HD, Sigma-  increased to 0.5%. With further increasing Tween-20 concentra-
Aldrich). SWNTs (1 mg/mL) were suspended by sonication tjons, several identical sequences became more enriched. The
using a Branson Sonifier 200 sonicator (Danbury, CT) equipped gmino acid sequence of LLADTTHHRPWT (i.e., UW-1)
with a 4 mmdiameter microtip in TBS buffer containing 0.1% frequently appeared at 0.5% Tween-20 (3 out of 10) and at 1.0%
Tween-20. Each phage library was preincubated with a graphite Tyyeen-20 (12 out of 30). Two other sequences, EHMALTYP-
(Alfa Aesar, Ward Hill, MA, Cat #: 14734, Lot #: DO2P23) ERrpp (i.e., UW-2) and VLPPKPMRQPVA, were found at
suspension to minimize the is.ol.altion of grap.hi.te-selective phage.( 750 Tween-20, and these sequences also appeared at a higher
Panning experiments were initiated by mixing the recovered getergent concentration (i.e., 1.0% Tween-20) in relatively high
phage with the SWNT suspension. Unbound phage Were frequency. The sequence of ATNAPRYTMQWS (i.e., UW-3)
removed by washing with TBS buffer containing the same gccurred frequently at 0.75% Tween-20 (5 out of 15), but it

concentration of Tween-20. Bound phage were eluted by was not detected at other detergent concentrations. With a
incubating the particles wit 2 M glycine-HCI (pH 2.2), a
14

immediately followed by neutralization. The eluted phage were
amplified and subjected to the next round of biopanning.
Biopanning was repeated six times with increasing Tween-20
concentrations (i.e., 0.2, 0.3, 0.4, 0.5, 0.75, and 1.0%). Phage
particles randomly selected from the last three panning steps
were characterized by DNA sequencing with the universal
primer 96 glll (NEB).

Binding affinity of selected peptides to SWNTs was quan-
titated by two different methods. (1) The binding affinity was
measured in whole phage particles and defined by the standard
protocol of the number of plaque-forming units in the binding
pool!117 (2) The binding affinity was also determined by
measuring the amount of protein (or peptide) binding to SWNTs 0.0
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as the MFH-fusion proteins (see Supporting Information). phage

All the peptides were prepared by standard recombinant DNA
techniques described previousf#® b

) o o x, THx,x PWTx consensus

Circular dichroism (CD) was performed on free peptides in ! o !
solution or in the presence of SWNTs using a Jasco J-715 _
spectropolarimeter (Easton, MD). Peptides were dissolved in LLADTTHHRPWT uw-1
TBS buffer (pH7.5) at a concentration of80uM. The spectra CGIH--PWTKC UW-4
were measured between 195 and 270 nm as the average of ten
successive scans with a bandwidth of 1.0 nm and a scan speed CHTHN-PWT-C UW-6
of 20 nm/min. Steady-state tryptophan fluorescence measure- CHTH--PWTKC UW-7

ments were made with a PTI QuantaMaster model QM-4/2005 - )
(Birmingham, NJ). Samples were dissolved in TBS buffer (pH (B2 AL T e en scroened
75)ata Co_nC(_antrann 0h210#M. Excitation was set at 289 hage to SWNTSs. The binding affinity of the wild-type phage (i.e.,
nm, the emission fluorescence spectra were measured betwee{y,y'\as also determined as a control. (b) A consensus sequence was
300 and 550 nm with a scanning speed of 150 nm/s and andeduced from the above peptide sequences, wheig & or H, X, is

excitation slit of 1.0 nm. H or A or null, X3 is null or R, and X% is null or K.
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TABLE 2: Comparison of the Binding Affinity of Different Phage Displayed Peptides to SWNTs

peptide amino acid sequence phage method fusion protein method
0.3%Tween-20 0.1% Tween-20 0.3%Tween-20
output/inputx 102 (%) (mmol/mg CNT) (mmol/mg CNT)
B42 HNWYHWWMPHNT 0.41+ 0.06 3.53+ 0.6 3.49+ 0.7
B3? HWSAWWIRSNQC 0.12+ 0.04 1.78t 0.5 1.544+ 0.6
¢NH-12-5-2 DYFSSPYYEQLF 0.25t 0.02 3.16+ 0.7 3.08+ 0.6
dUW-1 LLADTTHHRPWT 1.32+0.12 6.21+ 0.6 6.17+ 0.8
PUW-4 CGIHPWTKC 1.04+ 0.11 1.10+ 0.4 Re® 047+04
4.924 0.5 (Ox)e 467+ 0.6
M13KE® 0.001 n/a n/a
MFHd n/a 0.04+ 0.01 nd

aFrom ref 11.° From ref 12.¢ M13 phage without insert. Fusion carrier proteirt Re and Ox denote reduced and oxidized state of the peptide,
respectively; n/a: not available; nd: not detectable.
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Figure 2. Conformational analysis of SWNT-binding peptides. (a) CD spectra of UW-1 peptide. Curve 1: UW-1 peptMgi6complex with

SWNTSs at pH 7.5. Curve 2: UW-1 peptide (®) with SWNTSs at pH 7.5 and the concentration of SWNTS is also doubled compared to that of

curve 1. Curve 3: UW-peptide at pH 7.5. Curve 4: UW-1 peptide at pH 3.0. (b) CD spectra of B3 peptide. Curve 1: 1xTBS buffer. Curve 2:
SWNTs in 1x TBS buffer. Curve 3: B3 peptide (481) at pH 7.5. Curve 4: B3 peptide (@) at pH 7.5. Curve 5: B3 Peptide (M) in complex

with SWNTs at pH 7.5. (c, d) The fluorescence emission spectra of the fusion protein;-M¥®HL, in the absence or in the presence of SWNTs

(solid lines). Substantial fluorescence energy transfer occurs when Pro-Q Sapphire 365 dye was added, as indicated by the large emission intensity
in the vicinity of 450 nm on excitation of the tryptophan at 289 nm (dash lines).

disulfide-constrained 7-mer phage peptide library, the sequencePWTX,, where X is G or H, X is H or D or null, X3 is null
CGIHPWTKC (i.e., UW-4) had higher occurrence at the higher or R, and X is null or K (Figure 1b).
detergent concentrations (3 out of 15 and 12 out of 28 at 0.75% It was of interest to compare the binding affinity of these
and 1.0% Tween-20, respectively). In contrast, with a 7-mer two newly isolated SWNT-binding peptides with three previ-
unconstrained peptide phage library, no consensus sequenceusly identified phage-displayed sequences (i.e., B3, B4, and
could be found at detergent concentrations from 0.5% to 1.0 ¢NH-12-5-2}112 which have been previously isolated from
and no sequence identical to the above sequences was obtainescreening against MWNTs and SWNHSs respectively, because
(data not shown). those peptides contain different amino acid sequences and
As shown in Figure 1a, two phage (i.e., UW-1 and UW-4, positions of key His and Trp residues. Two newly isolated
Table 1) of seven selected phage (i.e., UW-1, UW-2, UW-3, phage, i.e., UW-1 and UW-4, show stronger binding affinity to
UW-4, UW-5, UW-6, and UW-7) show higher binding affinities  the current SWNTs than previously reported phage peptide
to SWNTs than other phage. Based on these amino acidsequences (Table 2). With the assay buffer containing 0.3%
sequences, a consensus sequence could be dedudedX X - Tween-20, UW-1 and UW-4 (Ox) phage had ratios of output/
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Figure 3. Molecule modeling of two SWNT binding peptides. Low-energy conformations of UW-1 (a) and UW-4 (b) peptidesiaarinlike

structures forming a unique surface for SWNT binding. This representation of the peptide conformation was prepared using the Insight Il program
(Accelrys, San Diego, CA). Possible orientations of UW-1 (c) and UW-4 (d) peptides interacting SWNTs are shown on the surfaces of SWNTSs,
suggesting interactions of the rings from tryptophan and histidine with the surfaces of SWNTSs.

input (see Experimental Methods) of 1.320.12% and 1.04 observed for other carbon nanotube (MWNT and SWNH)
=+ 0.11%, respectively, whereas the other phage including B3, binding peptidedl12 On the other hand, the free B3 peptide
B4, andpNH-12-5-2 had ratios of output/input below 0.41 with affinity to MWNTSs has a helical conformation at neutral
0.06%. When these five peptides were fused to a soluble fusionpH and binding to the current SWNTs does not affect this
carrier protein (i.e., MFH, see Supporting Information), they conformation (Figure 2b). This conformational feature measured
could be directly utilized to determine binding selectivity to by CD is totally different from the conformation prediction by
SWNTSs as nonspecific binding caused by the fusion carrier computer simulatiod! In addition, the conformation of both
could be completely eliminated when a higher concentration the UW-1 and B3 free peptides are different from that of
of Tween-20 was applied (e.g., 0.3%). When MFH-fusion SWNH-binding peptide (i.e., NH-12-5-2) in solution in the
proteins were used, the observed results were consistent withabsence or in the presence of SWN#s.
those found by phage-titration (Table 2) The blndlng affinities In an attempt to define the end-to-end distance of the
of the MFH-fusion proteins of UW-1 and oxidized UW-4 were B-hairpin structure of the UW-1 peptide in complex with
found to be higher than the others and were determined to beSWNTs, we utilized the MFH-fusion protein construct with the
6.174+ 0.8 and 4.67= 0.6 mmO'/mg SWNTs in the presence yYyw-1 peptide, especia”y an MFHUW-1 fusion protein
of 0.3% Tween-20, respectively. As indicated in Table 2, the consisting of a 6xHis-tag adjacent to the N-terminus of the
reduced UW-4 MFH-fusion protein exhibited lower blndlng UWwW-1 pept|de (see Figure S2, Supporting |nf0rma’[ion), which
affinity, i.e., 1.10+ 0.4 mmol/mg SWNT (in 0.1% Tween-20)  could be used to specifically attach a fluorescence probe (Pro-Q
and 0.47+ 0.06 mmol/mg SWNT (0.3% Tween-20). Neverthe- Sapphire 365 (Molecular Probes)) which contains a nickel
less, the binding of the reduced UW-4 MFH-fusion protein to nitrilotriacetic acid (Ni-NTA) moiety and has affinity to His-
SWNT was specific. tag protein sequences. When this probe was added in slight
To characterize the structural features of the UW-1 peptide access (protein/dye 1:1.20) to the fusion protein in the absence
in complex with SWNTS, circular dichroism (CD) spectroscopy of nanotubes, a fluorescence resonance energy transfer (FRET)
was used to investigate the UW-1 free peptide and, for occurred as shown in Figure 2c. The FRET efficiency was
comparison, the B3 free peptide under various conditions. As approximately 0.31, which was translated into a deramceptor
shown in Figure 2a, the UW-1 peptide exhibitg-sheet-like distance of 31.8 A, suggesting the conformation of the UW-1
conformation at low pH. It adopts a random coil conformation peptide fragment in the MFH-fusion protein in the absence of
at neutral pH; however, it changes intgdaurn (or 5-hairpin) SWNTs is in an opened form, as the theoretical value of this
structure when bound to SWNTSs in solution. This is not distance is~40.6 A in an extended model (modeling not shown).
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However, in the presence of SWNTs, the FRET was more the application of defined peptides to the purification and
pronouncedE = 0.67, Figure 2d) than that in the absence of assembly of SWNTs in the future. On the other hand, these
SWNTSs, resulting in a reduced distance of the Trp-Sapphire findings may have implications to environmental and toxico-
365 pair ~13.5 A). This is interpreted as induction of a folded logical aspects of these nanomaterf&$?2 It is important to
structure in the UW-1 peptide upon interaction with SWNTs. note that there are diverse solutions in nature to molecular
The folded conformation may be driven by a spatial clustering recognition of xenomaterials such as SWNTs that depend on
of aromatic and hydrophobic residues with favorable orientations sequence as well as conformation of the biomolecule.
to promote stacking interactions with the nanotube surface.

Moreover, this proximity between the two peptide termini  Acknowledgment. We thank NSERC NanolP for financial
supports the aforementiongdturn structure. support of this research and Dr. Nina Heinig and Amy Zhai for

The conformational analysis of the peptide was computed technical assistance.
based on aforementioned experimental observations: (1) the
existence of Eﬁ-turn structure induced by SWNT-bmdmg as Supporting Information Available: Materials and methods,
determined by CD; (2) the close end-to-end solution structure results on binding assays, fluorescence spectroscopy, hetero-
measured by FRET, and (3) the close end-to-end conformationnuclear NMR spectroscopy, and molecular modeling. This
defined by the disulfide bond in the disulfide constrain sequence Material is available free of charge via the Internet at http:/
(e.g., the UW-4 peptide). Figures 3a and 3b show low-energy Pubs.acs.org.
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