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ABSTRACT

A series of L-amino acid functionalized gold nanoparticles with oligo(ethylene glycol) (OEG) tethers of varying length are prepared. These
studies show that the hydrophobic side chains of amino acids facilitate the structural retention of r-chymotrypsin (ChT) but the interior alkyl
chains promote its denaturation. An 80-fold range of denaturation rate constants were obtained for ChT in the presence of various nanoparticles.
Thus, the tunable denaturation of protein could be achieved by rational combination of amino acid side chains and OEG tethers.

Protein recognition by artificial receptors provides a potent
tool to modulate cellular processes such as signal transduc-
tion, DNA transcription, and protein enzyme inhibition. To
date, a number of synthetic agents such as calixarene
derivatives1 and chemically modified cyclodextrins2 have
been exploited in protein surface recognition and have shown
effective modulation of the structure and function of bio-
macromolecules. Monolayer protected clusters (MPCs) and
mixed monolayer protected clusters (MMPCs) are attractive
artificial receptors for biomacromolecules such as proteins

and DNA.3 The MMPC motif represents an appealing
alternative for generating structurally well-defined bulky
organic functional entities with dimensions comparable to
biomacromolecules, which are often not easily accessible
through conventional organic protocols. Moreover, the
functionality of MMPCs is readily tailored by proper design
of the organic coating molecules.4
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Our recent studies5 revealed that carboxylate-terminated
MMPCs are able to targetR-chymotrypsin (ChT), a serine
protease with a positively charged surface (pI) 8.75) and
well-studied enzymatic activity, through surface comple-
mentary electrostatic interaction. More interestingly, we
found that MMPCs featuring mercaptoundecanoic acid
ligands rapidly denatured the bound ChT molecules, while
the incorporation of additional tetra(ethylene glycol) spacers
onto MMPCs reduced considerably the denaturation extent.
Therefore, it is essential to clarify how the linkages between
recognition elements and MMPC cores affect the protein-
receptor interaction. In this paper, we have synthesized a
family of 30 L-amino acid functionalized MMPCs (Figure
1)6,7 with oligo(ethylene glycol) (OEG) tethers of variable

length and explored their interaction with ChT. OEG units
are well-known to resist nonspecific interaction with bio-
molecules and have been deposited onto various substrates

to afford biocompatible monolayers.8 The varible amino acids
at the periphery of MMPCs allow us to detect the side chain
effect upon interaction with ChT.7

Activity assays were first conducted to evaluate the
inhibitory potencies of these MMPCs on the enzymatic
activity of ChT. With N-succinyl-l-phenylalaninep-nitro-
anilide (SPNA) as substrate, the acitivity of ChT was
drastically depressed upon addition of most MMPCs (Figure
2 for NP_3EG_L-Val). Only L-Arg functionalized MMPCs

exhibited no inhibition due to their positively charged side
chains. Consequently, the complementary electrostatic in-
teraction between ChT and MMPCs plays a vital role in the
complex formation.9 The enzymatic activity of ChT typically
decreased ca. 60-85% upon incubation with excess MMPCs
(Figures S24 and S25). The binding strength between ChT
and MMPCs was quantified by analyzing the activity assay
data through nonlinear least-squares curve-fitting using an
equalK model where the MMPCs were assumed to possess
n identical and independent binding sites.7 The results show
that microscopic binding constants for complexations be-
tween ChT and MMPCs are between 106 and 107 M-1 (Table
S1).10 Interestingly, the length of OEG tethers shows
considerable influence on the complex stability of ChT and
MMPCs (Figure 3). For most MMPCs the affinity increases
with decreasing length of OEG tether. One plausible
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Figure 1. (a) Structural features of amino acid functionalized
MMPCs and ChT. The residues in red are in the active site, and
residues in blue are cationic. (b) Chemical structure of amino acid
functionalized MMPCs.

Figure 2. Progress curves for the hydrolysis of SPNA in the
presence of ChT and various concentrations ofNP_3EG_L-Val.
[ChT] ) 3.2µM and SPNA [2 mM].11 (Inset) Normalized activity
of ChT in the presence of varying concentrations ofNP_3EG_L-
Val.
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interpretation for this phenomenon is that the shorter linkers
are more preorganized, decreasing the entropic cost of
binding.

Both activity assays and gel electrophoresis studies showed
that the binding capacity of ditopic amino acid terminated
MMPCs is higher than that of monotopic amino acid
functionalized MMPCs, in accordance with our previous
studies.7 For example, the binding stoichiometries of all four
L-Asp functionalized MMPCs are ca. 11-13, while the
binding stoichiometries of monotopic amino acid (e.g.,
L-Leu) functionalized MMPCs are ca. 6-8. Surprisingly, the
binding capacity is essentially irrespective of the length of
OEG tethers for the tested MMPCs. These results suggest
that the binding ratios are dependent on the surface “hot
spots” (i.e., carboxylates) rather than proportional to the
surface area, which is expected to decrease from 300 to 180
nm2 going from the 4EG to the 1EG spacer. In this context,
the association between ChT and these MMPCs is proposed
to operate through intermolecular ion pairs, and the highly
mobile carboxylates on the MMPC periphery tend to cluster
together to realize the maximal electrostatic interaction with
ChT through cooperative interactions.

Circular dichroism (CD) spectra of ChT with various
MMPCs were subsequently recorded to determine the impact
of amino acid side chains as well as the OEG tethers on the
protein structure. Figure 4 shows the CD spectra of ChT upon
incubation with a series ofL-Leu terminated MMPCs for 24
h. Whereas ChT that was incubated withNP_4EG_L-Leu
showed negligible CD spectral changes, the protein displayed
different levels of CD spectral changes upon incubation with
L-Leu MMPCs that bear shorter OEG tethers. Among the
four MMPCs,NP_1EG_L-Leu with the shortest OEG tether
induced the most significant spectral changes, i.e., the
decrease of the characteristic minimum at 230 nm and the
blue shift of the minimum at 204 nm. The spectral changes
were found to be time-dependent (as examplified in Figures
S26-S29). This observation clearly shows that the initial

structure of ChT is efficiently denatured by MMPCs.12

Deconvolution of the circular dichroism spectra revealed that
the contents ofR-helices drastically decreased along with
the augmentation ofâ-sheets.13 The OEG length-related
denaturation indicates that OEG tethers can aid in the
retention of ChT secondary structure. The amino acid side
chains also displayed different levels of influence on the
protein structure. Hydrophilic amino acids such asL-Asp,
L-Glu, L-Asn, and Gly always induced significant CD spectral
changes, whereas hydrophobic amino acids such asL-Phe,
L-Leu, andL-Val showed less pronounced effect. Overall,
the hydrophilic residues facilitate the loss of protein second-
ary structure.

The conformational change of ChT in the presence of
MMPCs was further quantified using fluorescence spectrom-
etry. The steady-state fluorescence maximum of ChT is 331
nm with a half-height width of 54 nm (Figure 5). Upon
incubation with MMPCs for 24 h, significant bathochromic
shifts of fluorescence maxima and peak broadening was
observed. ForNP_1EG_L-Val, the fluorescence maximum
was red-shifted to 352 nm (∆λ ) 21 nm) with concomitant
broadening of half-maximal amplitude to 68 nm. These
phenomena indicate that the initially buried tryptophan
residues are exposed to more polar environment as a result
of the unfolding of the protein.14

The denaturation of ChT follows a first-order reaction
profile. In Figure 6, the logarithm of native ChT concentra-
tion is plotted against the incubation period withL-Leu
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The deconvolution using CONTINLL protocol showed that theR-helical
content in ChT decreased from 16.8% to 6.9%, whereasâ-sheet content
increased from 30.2% to 36.7% withNP_1EG_L-Leu.
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R. A., Ed.; John Wiley & Sons Ltd.: Chichester, U.K., 2000; pp 5762-
5779.

Figure 3. Binding constants (logKS) between ChT and MMPCs
bearing various amino acid side chains and OEG tethers, estimated
from activity assays.

Figure 4. CD spectra of ChT (3.2µM) in the absence and presence
of L-Leu functionalized MMPCs (0.8µM) with different OEG
tethers in 5 mM sodium phosphate buffer (pH 7.4) after 24 h
incubation.
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functionalized MMPCs. Good linear regressions are obtained,
confirming the first-order reaction (see Supporting Informa-
tion). It can be seen from Figure 6 that the denaturation rates
decrease with the length increase of OEG linkage, i.e., 1EG
> 2EG> 3EG> 4EG, which is in accordance with the CD
study.

The denaturation rate constants of ChT in the presence of
various MMPCs were calculated from their kinetic curves
(Figure 7; see also Table S2). The denaturation rate constants
vary from 4.1× 10-7 M-1 s-1 for NP_4EG_L-Phe to 3.1×
10-5 M-1 s-1 for NP_1EG_L-Asp. For the series of 3EG
and 4EG, the denaturation rates of ChT decrease with
increasing hydrophobicity of the side chains. This trend
suggests again that the hydrophilic side chains, in particular

anionic, promote the denaturation. For the series of 1EG and
2EG, however, drastic denaturation of ChT was observed
for all amino acids. Such results are attributed to the exposure
of the interior alkyl chains to the protein surface, accelerating
the conformational mutation of the protein through nonspe-
cific hydrophobic interaction.15 The denaturation rates of
MMPCs that bear the same amino acid function but different
OEG length all increase in the order 4EG< 3EG< 2EG<
1EG. The spacers of three or more EG units significantly
reduce the nonspecific interaction of proteins with interior
hydrophobic shell and preserve the native structure of
proteins. Therefore, tunable denaturation of proteins can be
accomplished by proper combination of the amino acid
functions and the OEG tethers in MMPCs.

In summary, we have demonstrated that hydrophobic
amino acid side chains favor the retention of the protein
structure. Access to the interior alkyl chains, however,
denatures the protein as a result of nonspecific hydrophobic
interactions. These interactions are essentially eliminated by
introducing tethers with three or more EG units. The tunable
denaturation of proteins is thus achievable by adjusting either
the recognition elements (amino acids) or the OEG linkers.
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Figure 5. Fluorescence spectra of ChT (3.2µM) in the absence
and presence ofL-Val decorated MMPCs with different OEG tethers
in 5 mM sodium phosphate buffer (pH 7.4) after 24 h incubation.

Figure 6. Linear plots for the first-order ChT denaturation in the
presence ofL-Leu terminated MMPCs with different OEG tethers
in 5 mM sodium phosphate buffer (pH 7.4).

Figure 7. Histograms of first-order denaturation rate constants of
ChT upon incubation with MMPCs bearing various amino acid side
chains and OEG tethers in 5 mM sodium phosphate buffer (pH
7.4).
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