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Abstract

Although carbon nanotubes (CNTSs) have been shown to nonspecifically bind proteins through charge
complementary, n-n stacking or hydrophobic interactions, they have not been shown to bind to a
specific site on proteins. By generating surface molecular diversity, we created functionalized CNTs
that recognize and bind to the catalytic site of a-chymotrypsin and inhibit its enzymatic activity
competitively.

Enzyme and receptor proteins play essential roles in biological processes and protein
dysfunction is also related to human diseases such as caspases, peroxisome proteins and matrix
metalloproteases.1~3 Protein surface recognition4 and regulation of protein-protein
interactions® provide an important tool for therapeutics. However, specific regulation of such
malfunctions through protein surface recognition is challenging. To block protein-protein
interactions requires recognition of large protein surface areas. Peptides or protein-based
therapeutics usually have poor cell permeability. Nanoparticles (NPs), which have an antibody-
like protein contact surface area yet can enter cells easily, are promising candidates for
regulating protein activities. A typical example is that the surface functionalized gold
nanoparticles inhibited o-ChT’s enzymatic activity.® The key issue is whether a NP can
specifically bind to a protein and alter its function in a controlled fashion. Recently, binding
between NPs and proteins through non-covalent interactions such as charge complementarities,
n-nt stacking, and mostly non-specific or unknown interactions have been published.6710
Although protein recognizing molecules such as antibodies linked to NPs were shown to bind
to protein targets specifically, site-specific binding between a NP and a protein, which is
required for functional control of proteins, has not been reported. Previously, combinatorial
phage-display libraries of random peptides were screened for their recognition and specific
binding to semiconductor structures.11 Here, we demonstrated specific recognition of ChT
and regulate its functions by screening a surface diversified CNT combinatorial library.

Carbon nanotubes (CNTSs) are graphene tubes that can freely enter cells? and mammalian
organs13 with potential drug delivery13 and therapeutic14 applications in medicine. With their
large surface areas, pristine CNTs have a strong tendency to bind cellular proteins
nonspecifically, e.g. n-r interactions9: 15, We hypothesized that by creating molecular diversity
on the surface of CNTSs, we might create a molecular selective nano-environment for protein
recognition. In the following study, we investigated interactions between a functionalized
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multiwalled carbon nanotube (f-MWNT) library containing 80 members and a-Chymotrypsin
(ChT) and interrogated the binding strength, nanotube binding-induced protein conformational
changes, and the effects of binding on fluorescence and the catalytic activity of ChT. We
discovered four f-MWNTS that site-specifically bind to ChT’s catalytic site and competitively
inhibit ChT’s enzymatic function.

To generate molecular recognition ability on f-MWNT, we made a surface diversified
combinatorial f-MWNT library containing 80 members16 (see Figure S1 in Supporting
Information) and investigated interactions between ChT and the library members. The loading
of the functional molecules on f-MWNT is 0.4 mmol/g and the density of such molecules on
the nanotube surface is approximately one molecule every 30 carbon atoms. To differentiate
whether nanotubes bind to a specific site of ChT or random sites on the protein, we monitored
the binding-induced changes in fluorescence and its enzymatic activity. We rationalized that
if -MWNTSs’ binding strength and the bound protein amounts are all similar, random bindings
between ChT and nanotubes would generate the same effects on both fluorescence and
enzymatic activity.

The protein intrinsic fluorescence can be quenched upon f-MWNT binding®’. We first
determined Fy/F, the ratio of ChT’s intrinsic fluorescence without and with f-MWNTS. This
value was a measure for f-MWNTSs’ allosteric effect on tryptophan fluorophores. Fluorescence
of ChT was quenched to different degrees by various f-MWNTSs suggesting various
possibilities, such as bindings to various sites on ChT, binding in different amounts, or different
binding-induced conformational changes. We also determined the enzymatic activity!8 of ChT
in the presence and absence of f-MWNTSs. The f-MWNTSs’ perturbations on enzymatic activity
also varied (Figure 1). Since there is no tryptophan near the catalytic site of ChT according to
its crystal structurel®, specific binding of a nanotube to the catalytic site would strongly
influence the catalysis, with less fluorescence quenching. On the other hand, binding ataremote
site would pose varying effects on catalysis and fluorescence through allosteric interactions.
Therefore, a comparison of the influence of nanotube on fluorescence and enzymatic activity
would give the first indication whether a hanotube would site-specifically bind to ChT.

Analysis of the screening data (Figure 1 and Figure S2 in Supporting Information) identified
four f-MWNTSs (group 1, #30, #34, #35, #36) that showed strong enzymatic inhibition with
much less fluorescence quenching (see SI, Figure S1 for f-MWNT numbering). Other f-
MWNTSs (group 2, #16, #20, #45, #50) influence enzyme activity as much as they affected
fluorescence. This finding was not coincidence because all the four f-MWNTSs of group 1
contain a surface molecules having a common side chain — dibutylamino group. On the basis
of their different influence on activity and fluorescence and their structural similarity, we
speculated that these f-MWNTs might site-specifically bind to or near the catalytic site and
inhibited ChT competitively (Mode 2 in Figure 4).

To test our hypothesis, especially the Mode 1 in Figure 4, we need to exclude the possibility
that -MWNTSs have different binding strength to ChT and that the binding of some f-MWNTs
caused changes in ChT’s secondary structures. On the other hand, if f-MWNTSs have a
comparable binding strength to ChT and exert similar effects on the conformation of the bound
ChT, then their significantly different effects on ChT enzymatic activity and fluorescence
(p<0.0005 by Student’s t-test) from these two groups of f-MWNTs must be due to the site-
specific binding to ChT. Furthermore, a competitive inhibition effect will be observed if the
specific binding site happens to be the catalytic site. Therefore, we first quantitatively
determined the amount of ChT proteins bound to eight selected --MWNTSs (four from each of
group 1 and 2) and the ChT conformational changes upon f-MWNTSs’ binding.
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Functionalized MWNTSs bound to proteins including ChT irreversibly by forming a static
complex!’. By determining the amount of proteins bound to f-MWNTSs, we found that the
binding strength between f-MWNTSs and ChT are not significantly different. Therefore,
nonspecific f-MWNTSs bindings would yield very similar effects on fluorescence and catalytic
activity of ChT. Eight f-MWNTSs bound to comparable amounts of ChT proteins (18610 pg/
mg f-MWNT, see Fig. 2), suggesting that there is no significant difference in protein binding
strength among these nanotubes. Circular dichroism (CD) measurements (Fig. 3) showed that
although fluorescence quenching experiments under the identical conditions strongly indicated
f-MWNTs/ChT binding, there is no appreciable change in the secondary structure of ChT upon
f-MWNT’s binding. These results support the conclusion that the diverse influences of f-
MWNTSs on ChT’s fluorescence and catalytic activity result from the binding of -MWNTSs to
specific sites of ChT. These results also indicate the possibility that f-MWNTSs #30, #34, #35
and #36 might bind to the enzyme’s catalytic site to initiate strong inhibition of ChT’s
enzymatic activity while induce less fluorescence quenching. Analysis of Michaelis-Menten
enzyme kinetics and the derived Lineweaver-Burk plots further confirmed these possibilities.
The Lineweaver—Burk plots (Figure 5) indicate that f-MWNTSs #30, #34, #35, and #36 show
a typical feature of competitive inhibition whereas #16, #20, #45 and #50 show the feature of
non-competitive inhibition. The discovery that a common building block in the surface
molecules in group 2 helped explain the structure-activity relationship of the f-MWNT/ChT
recognition. An interesting finding was that free dibutylamine molecules did not inhibit ChT’s
enzymatic activity. Considering the large f-MWNT/protein contact areas, this functional group,
in combination with the nanotube and adjacent ligands, was likely crucial for targeting the
catalytic site of ChT. Previously, gold nanoparticles functionalized with amino acids were
reported to inhibit ChT activity through electrostatic and hydrophobic interactions,® while site-
specific binding was not reported. In our study, we demonstrated that competitive and non-
competitive inhibitions of ChT enzymatic activity were mainly through site-specific
interaction, and such controllable regulation of enzyme activity may provide powerful tools
for diagnostic and therapeutic applications.

In summary, enzyme kinetics and an array of spectroscopic studies provided compelling
evidence that four f-MWNTSs (#30, #34, #35, #36) site-specifically bind to the catalytic site of
ChT and inhibit its enzymatic activity competitively. Although many studies discussed non-
specific nanotube/protein interactions, we proved that surface molecular diversity can generate
site-specific nanotube/enzyme recognition. This important property of -MWNTS is now being
tested in other NP systems in our laboratory. A wide range of potential applications from
targeted enzyme inhibition to molecular sensing are becoming feasible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The quenching of ChT’s fluorescence and inhibition of its enzymatic activity by f-MWNTSs.
The fluorescence quenching expressed as Fo/(F-1) and enzyme inhibition (i %) are presented
in a library format arranged as two dimensions of diversities of the surface molecules. Steady
fluorescence spectra experimental condition: ChT concentration was 2 uM in 25 mM Tris-HCI
buffer solution (pH~7.6), and final concentration of f-MWNTSs in ChT solutions was 10 pg/
mL. Enzyme inhibition experimental condition: final f-MWNTSs’ concentration was 40 pg/mL
and the ChT concentration was 3.2 uM (i% = (1 — vj/vg) X 100%, where vj, vg represent the
enzyme reaction velocity initial and after adding f-MWNT respectively).
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Figure 2.

Quantification of adsorbed ChT onto MWNTSs by HPLC assay. The free ChT was determined
by HPLC based on a standard calibration curve. The adsorbed proteins were derived from the
difference between the total proteins used in the assay and the free proteins. Error bars are the
standard deviations from three measurements. The final f-MWNTSs’ concentration was 150
png/mL and the ChT concentration was 250 pg/mL. Experimental details are in section 1.5 of
Supporting Information.
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Figure 3.

CD spectra of ChT in the absence or presence of f-MWNTSs. The solid line was for ChT and
doted line for ChT in the presence of f-MWNTSs. The ChT concentration was 2uM in 25 mM
Tris-HCI buffer solution (pH~7.6). The final concentration of f-MWNTs was 10 pg/mL.
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Mode 1 Mode 2

Figure 4.

Models showing different ways f-MWNTs bind to ChT. ChT structure was taken from Protein
Data Bank1®. Mode 1: competitive inhibition; mode 2: non-competitive inhibition. Red:
catalytic site; yellow: tryptophan fluorophores.
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Figure 5.

Lineweaver—Burk plots of ChT in the presence (red circle) and absence (blue circle) of -
MWNTs. Final concentration of f-MWNTSs was 10 pg/mL, and concentrations of SPNA were
0.15, 0.45,0.75, 1.2, 1.8, 2.4mM, respectively.
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