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Abstract: Amino-acid-functionalized gold clusters modulate the catalytic behavior of a-chymotrypsin (ChT)
toward cationic, neutral, and anionic substrates. Kinetic studies reveal that the substrate specificity (kca/
Kwu) of ChT—nanopatrticle complexes increases by ~3-fold for the cationic substrate but decreases by 95%
for the anionic substrate as compared with that of free ChT, providing enhanced substrate selectivity.
Concurrently, the catalytic constants (kza) of ChT show slight augmentation for the cationic substrate and
significant attenuation for the anionic substrate in the presence of amino-acid-functionalized nanoparticles.
The amino acid monolayer on the nanoparticle is proposed to control both the capture of substrate by the
active site and release of product through electrostatic interactions, leading to the observed substrate
specificities and catalytic constants.

Introduction possessed by small molecule ligands: First, they may provide

Modulation of enzyme activity provides a potent means to large surface areas for efficient protein binding, as typicalty
gain control over cellular processes such as signal transduction, M of buried surface are involved in forming proteiprotein
DNA replication, and metabolism. On the other hand, aberrant interfaces in naturé Second, multivalent functionalities can be
activities of some enzymes can lead to the development of grafted on the materials to meet the structural complexity of
numerous diseases and disorders including cancers and humaproteins. Among diverse nanoscale entities, monolayer-protected
immunodeficiency virus (HIV) diseasé. From this point of nanoparticles are extremely attractive due to their ease of
view, the modulation of enzyme activity is of great importance synthesis and structural diversity and have found successful
in therapeutics and pharmaceuticSynthetic small organic applications in the interaction with proteifs.
molecules (e.g., most drugs) have been used to inhibit the . . )
enzyme activity through the direct interaction with the active ~ AS @ representative serine proteasethymotrypsin (ChT)
sites of enzyme$Recent advances in nanoscale materials offer Provides an excellent enzyme model for studying the modulation
a new pathway for regulating enzyme behavior through surface of activity due to its well-defined structure and extensively
interactions, providing a promising alternative to small molecule characterized enzymatic propertfes illustrated in Figure 1a,
inhibition. Nanomaterials possess at least two attributes notthe active pocket of ChT is surrounded by a ring of positively
charged residues. Meanwhile, a number of hydrophobic “hot
spots” are distributed on the surface. Such structural features
allow the electrostatic interaction as well as hydrophobic
interaction with receptors possessing complementary surfaces.
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Figure 1. (a) Molecular structure ofx-chymotrypsin. (b) Chemical structure of amino-acid-functionalized gold nanoparticles and SPNA-derived
substrates. (¢) Schematic representation of monolayer-controlled diffusion of the substrate into and the product away from the active popketidEnan
bound ChT.

Macrocyclic host$ and surfactant micelléshave been used  study, we systematically investigate the enzymatic kinetics of
so far to improve the activity and stability of ChT in organic ChT in the presence of various amino-acid-functionalized gold
solvents through surface binding. nanoparticles (Figure 1b). The structural diversity of amino acids

We have demonstrated that carboxylic-acid-functionalized allows us to probe the role of various functional groups in
nanoparticles can effectively associate withchymotrypsin controlling enzymatic function. With SPNA derivatives bearing
through surface complementary charges to afford supramoleculampositive, neutral, or negative end groups as substrates, we have
complexes, resulting in the inhibition of its enzymatic activity demonstrated that the interaction between the nanoparticle
toward anionic substrates such Mssuccinyl+-phenylalanine monolayer and the substrates affects bothand Ky values,
p-nitroanilide (SPNA)112This phenomenon has been attributed resulting in an enhanced substrate selectivity for nanoparticle-
to the obstruction of the active site by the complex formation bound ChT. Such results are ascribed to the monolayer-
which reduces the accessibility of the substrates. Interestingly, controlled uptake of the substrates and diffusion away of the
in a follow-up study® we found that the association of ChT  products through electrostatic interactions (Figure 1c). In nature,
with the simple carboxylic acid monolayer-protected nanopar- electrostatic interactions play an important role in the uptake
ticles results in differential behavior with varying substrates. of substrates by many diffusion-controlled enzymes including
Nanoparticle-bound ChT showed no activity change toward the superoxide dismutase (SOB)acetylcholinesterase (AChDB),
positively charged substrates, in contrast to the significant and triosephosphate isomerase (TH#The surface recognition
activity depression toward anionic substrates. In the current of ChT by charged nanoparticles provides a means to mimic
this strategy by tuning enzymesubstrate association.
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Results and Discussion

Our previous study demonstrated that amino-acid-function-
alized nanoparticles and ChT can form high affinity complexes
in dilute sodium phosphate buffer (5 mM, pH 7*4)To probe
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Figure 2. Generation rated{) of 4-nitroaniline from different substrates
(2.0 mM) under catalysis by ChT (3t@) or ChT-NP_4EG_Glucomplex
(3.2uM/0.8 uM). Inset shows the normalized activity of CANP complex
to ChT toward different substrates.

the effect of nanoparticles on ChT activity, a glutamic-acid-
functionalized nanoparticlNP_4EG_GIlul” 0.8 uM) was first
incubated with ChT (3.2M) and the activity of the supramo-

Figure 3. Relative activity of ChF-NP_4EG_Glucomplex againsg1at
varying NaCl concentrations. The activities were normalized to that of free
ChT at respective salt solutions. Line was added to guide eyes.

increase of salt concentration in a sigmoidal profile, which is
also attributed to the complex disruption at higher salt concen-
trations.

Kinetic data for ChT activity are crucial for understanding

lecular complexes was investigated against different substratests enzymatic behavior in the presence of amino-acid-function-

in the same buffer system. As shown in Figure 2, native ChT

alized nanoparticles. It has been well demonstratedottety-

has comparable activities toward the three substrates with diversgmotrypsin-catalyzed hydrolysis of amide substrates is fully

charge characteristicS{—S3). Upon binding taNP_4EG_Gly,
however, ChT shows distinctly different catalytic behaviors
toward these substrates. For cationic subs®ajeChT activity
increases by ca. 3-fold. For neutral and negatively charged
substratess2 and S3 however, ChT activity decreases by ca.

described by the three-step model shown in €§ Hirst, the
enzyme reversibly binds substrate to give the enzysubstrate
complex (ES), followed by nucleophilic attack by the active
site serine to form the acyl enzyme (E$termediate and
release the amine product P The amine product for all

50% and ca. 95%, respectively. These observations demonstrate§ubstrates used in this study is 4-nitroaniline. Hydrolysis of the

that nanoparticle receptors can tune, rather than simply inhibi
the activity of ChT.

Activity assays were performed at varying salt concentrations
to verify that the changes of enzymatic activity arise from the
formation of proteir-particle complexes. In the control experi-
ments, slightly enhanced activity was observed for free ChT
with increasing salt concentrations (ca. 30% in 500 mM NacCl).
Therefore, the activity of the Chinanoparticle couple was
normalized to that of free ChT at the same salt concentrations
to eliminate this effect. As shown in Figure 3, the normalized
activity of ChT-NP_4EG_Glutoward substrat&1 decreases

L,

acyl intermediate affords the free enzyme and the carboxylic
acid (B) which retains the functional group {Rfrom the
substrate.

MR ES K
I:)1

Applying the steady-state assumption to [E&e kinetics
of the hydrolysis reaction can be analyzed in terms of eq 1 to
give an identical form with the MichaelisMenten equation.
The general equations for velocityg] and catalytic constants

with increasing salt concentrations and reaches a plateau in(Kea) E}nd substrate specificity constaniga(Ku) are shown

NaCl solutions of above 500 mM. We have demonstrated
that the driving force for the Ch¥nanoparticle complex
formation is surface complementary electrostatic interaction. The
presence of a large amount of competitive ions would attenuate
such interactiod® In this context, the observed phenomenon
indicates that the superactivity of CRNP_4EG_Glutoward
Slis related to complex formation. The intrinsic activity of
ChT recovered along with the collapse of the complexes at
elevated salt concentrations. Similarly, the activity of €hT
NP_4EG_Glutoward anionic substrat83 increases with the

(17) The nanoparticle nomenclature initiates with NP followed by the number
of ethylene glycol units and the three letter code of terminal amino acids.
That is,NP_4EG_Glurepresents glutamic-acid-functionalized gold nano-
particle with a tetra(ethylene glycol) tether.
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elow:
_ kafEIlS]
7Ky +18] ?
K ks
at k2 + k3 (3)
ki k, @

Keaf K = KTk

The activity of ChT in the absence and presence of various

amino-acid-functionalized nanoparticles was investigated with
varying substrate concentrations to quantify the Michaelis

Menten parameters. The formation of 4-nitroaniline was linearly

M. Langmuir2004 20, 4178-4181.
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0.150 Table 1. Effect of Amino-Acid-Functionalized Gold Nanoparticles
= ChT on Kinetic Parameters of a-Chymotrypsin?

0.125 : g:;;::—:sg—glsyn substrate enzyme Kea/1072571 Ku/mM Keal KM 572

v ChT/NP_4EG_Asp ChT 4.37 0.65 67.2
0.100 T ChTNP_4EG_Gly 5.08 0.24 211.7

- ChTNP_4EG_Ala 5.63 0.19 296.3
A ChTNP_4EG_Leu 5.31 0.24 221.3
or 0.075- ChTNP_4EG_Asp 16.34 0.74 220.8
fo ChTNP_4EG_Asn 9.32 0.36 258.9
S1 ChTNP_4EG_Glu 9.93 0.37 268.4

0.050 ChTNP_4EG_GIn 5.85 0.22 265.9
ChTNP_3EG_Gly 6.70 0.24 279.2

0.025 ChTNP_3EG_Leu 6.35 0.26 244.2

’ ChTNP_3EG_Asp 16.18 0.63 256.8
ChTNP_3EG_Asn 9.29 0.35 265.4

0.000 T T T T T T T T ChTNP_3EG_Glu 10.74 0.43 249.8

0.0 05 1.0 1.5 20 ChTNP_3EG_GIn 8.16 0.26 313.8

[S1]/ mM ChT 5.40 15 36.0
Figure 4. Substrate saturation curves for the hydrolysis of subs8atey S2 ChTINP_4EG_Leu 6.46 6.6 9.8
ChT (1.8 uM) in the absence and presence of various amino-acid- ChTINP_4EG_Asp 5.46 3.5 15.6
functionalized nanoparticles (0.48/1) in sodium phosphate buffer (5 mM, ChTNP_4EG_Glu 5.40 3.9 13.8
pH 7.4) at 30°C. The lines represent the best fit of the data using the ChT 6.18 0.83 74.5
Michaelis—-Menten equation. S3 ChTNP_4EG_Leu 0.26 2.0 13
ChTNP_4EG_Asp 0.29 11 2.6
ChTNP_4EG_Glu 0.26 1.2 2.1

a Sodium phosphate buffer solution (5 mM, pH 7.4) at 300 [ChT]

dependent on the reaction time during the monitoring period
= 0.45uM. The experimental errors are within 10%.

(15 min) at all the substrate concentrations used. The initial =~ 1.84M. [NP]
reaction rate #y) was thus calculated from the slope of

absorption changes vs the reat_:tion time, where the absorba_nc%h-r and the acylation step is largely confined within the
was converted to a corllcentr?tlon scale by a mg)lar absorption,ctive site, ChT binding to nanoparticles is more likely to
coefficient of 9800 M* cm™ for 4-nitroaniline® Typical alter the dissociation constant for substratés)(than to
substrate saturation curves for the hydrolysiSaby ChT and ¢ect acylationk,. For cationic substrat8l, keafKy increases
(_:hT—nanopartche comple_xes are deplcted_ln Figure 4. The solid _ 4 54 upon ChT binding to the anionic particles, suggesting
lines represent the best fit of the data using eq 2. thatKs has decreased. Similarly, the decreask.gKy for S2

From Figure 4, it is seen that the hydrolysis of the substrate anqs3is attributed to an increasirigs for nanoparticle-bound
S1 by ChT and ChFnanoparticle complexes follows the cpT.
Michaelis—Menten mechanism. Interestingly, the substrate . y .

. ' . Although K enerally regarded as the ecificit

saturation curves are dependent on the structure of nanoparticle ugh keatkw is g y g S spectiictty

. . . o o constant” or “catalytic proficiency”, this value is actually
th?iighoag?;hﬁgcg:g:/r;gut:éhs gngg:i%q;?gjt?;;iz%ﬂ /ostglrc]:?om- disconnected from real rates of net product formation and
molecules are bound to the nanoparticles to afford supramo-complete catalytic turnovers. Northrop has suggestediét

. . .~ Ku can be viewed as the ability of an enzyme to capture its
lecular complexes (refer also to Figure S1 in the Supporting 1 4
. . . substrated! As the substrates differ from each other only by
Information) at the concentrations used, i.e., AN ChT and . . - .
. . their charge, it seems that the ability of Chilanoparticle
0.45 uM nanoparticles. Therefore, the differences on the e
. : . complexes to capture these substrates is highly dependent upon
Michaelis—Menten curves are attributed to the complex forma- . .
. S . _substrate charge. To understand this phenomenon, the pertinent
tion. Similar phenomena are also observed for the hydrolysis -
o structural features of the Chnanoparticle complexes need to
of substratesS2 and S3 The kinetic parametens.a, Ky, and . . : .
! be discussed. The nanoparticles associate with ChT through
kealKm were subsequently evaluated from the nonlinear least-

squares curve-fitting analysis using the Origin 7.0 program surface binding, while the active pocket of the enzyme is kept

(OriginLab Co., Northampton, USA), which are compiled in vacant, allowing the access of suitable substrates. Potential
Tablge 1 v pron, ’ P obstacles to substrate capture are steric hindrance and electro-

. . . static interactions with the anionic monolayer of nanoparticles
It is noted from Table 1 that native ChT affords similar y P

o near the entrance of the active site (Figure 5a). The electrostatic
specificity constantsk{a/Kw) for the charged®slandS3and a (Fig )

liahtly smaller e nstant for neut@® Upon bindin attraction between the cationic substr&® and the anionic
Sightly smafler spec ctyco stant for neuti po 9 monolayer facilitates the accumulation of this substrate at the
to the amino-acid-functionalized nanoparticles, the specificity

constants of ChT increase sianificantly for catio but nanoparticle surface, increasing its local concentration. The
gni y . favorable electrostatic attraction results in the facilitated substrate
decrease forS2 and S3 We attribute this to electrostatic

interactions between the functionalized nanoparticles and capture. For neutral substrag? there is only a moderate
! : w unctl 1zed opart reduction in substrate capture as there is merely steric hindrance
substrates that affect substrate association with ChT. When

o present. When the anionic substra®3 is employed, the
Ecq;:?tloﬂ 'i ;&ucr\],vﬂg\r’ieé th(?:nzl:::tiﬁtee (rjieslzgiﬁiﬁof),c:)hniqant electrostatic repulsion between the monolayer and substrate
at ‘"M — K2II\s, S

. . further reduces the accessibility of the substrate to the enzyme,
of the ES complex. As nanoparticles bind to the surface of - y Y
leading to the poorest capture. Thus, our results are entirely

(20) Straer, N.; Sun, L.; Kantrowitz, E. R.; Lipscomb, W. Rroc. Natl. Acad.

Sci. U.S.A1999 96, 11151-11155. (21) Northrop, D. BJ. Chem. Edul199§ 75, 1153-1157.
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Figure 5. Electrostatic interaction-controlled (a) uptake of the substrate
and (b) removal of the carboxylate product within the nanoparticle-bound
enzyme.

consistent with the monolayer of nanoparticle acting as a
selectivity filter which either enhances or diminishes substrate
access to the active site.

125 once ChT is bound to glutamic-acid-functionalized nano-
particles. When a leucine-functionalized nanoparticle is em-
ployed, an even higher substrate selectivity of 170 for3tie

and S3couple is obtained. It is necessary to point out that the
keafKnm values vary only in a small range for a certain substrate
against different ChFnanoparticle systems due to the com-
pensation effect betwedg,andKy (vide post). Nevertheless,
such results demonstrate that monolayer-controlled uptake of
substrates provides a powerful means for enhancing the substrate
selectivity of enzymes.

From Table 1, it is also interesting to note that the catalytic
constant K.o) of ChT when complexed with nanoparticles is
again related to the charge of substrates. That is, ChT displays
a slight increase ilkc4 for cationic substrat&1, essentially no
change for neutral substra®? and drastically decreases for
anionic substrat&3in the presence of nanoparticles. As the
local pH for both anionic and cationic substrates in the presence
of a certain nanopatrticle should be similar, the observed variation
of kearvalues cannot originate from the local pH changes. Since
the catalytic constant is related to the formatida) (and
decompositionks) of the acyl intermediate, nanoparticles could
affect either process. Bender and co-workers have proposed that
acylation is a rate-limiting step for the hydrolysis of amide
substrates while deacylation is rate-determining for the hydroly-
sis of ester substrates of serine proteases, a mechanism that has
gained wide acceptané&However, some experiments suggest
that, even in the case of amides, deacylation can be a
rate-limiting steg*

In the current case, we propose thaf; is determined by
product release, a step which is combined with deacylation into
ks. Three separate arguments support this proposal. First, if
ChT—NP binding does not perturb the active site, then acylation
(k) will be little affected by the presence of the nanoparticles;
any changes ikca: must result from changes k3. Secondkga
andk:a{Ky vary independently for most of the nanoparticles in
Table 1, indicating that the rate-limiting step fQg:is not found
in the expression fdk.a/Kw; this excludes, as the rate-limiting

Electrostatic interactions play a key role in biomacromolecular step onkes for all but the fastest ChFnanoparticle adducts.
binding, an effect that is mimicked in forming the CAT  Tpirg a “burst phase” is always observed for the ChT-catalyzed
nanoparticle complexes. Small-molecule steering by 9|eCtr°5tat'hydrolysis of the substrates before the reaction levels off to a

iqs is also founq in many enzymes, such tha} charged substrategqyer steady-state rate (Figures S2 and S3 in the Supporting
bind to the active sites with enhanced affinity. In Cu/Zn SOD Information). As turnover was monitored by the release of

the local positive charge provided by Lys and Arg residues steers_nitroaniline, such a phenomenon indicates s the rate-

the anionic substrate, O, toward the active sit&2This leads

to a remarkably high rate of turnovek.§/Ky ~10° M1 s71)
that is partially limited by diffusion. A similar situation is found
in human H-chain ferritin, where electrostatic gradients found

determining step for the hydrolysis reacti®nTherefore, the
observed changes kf,;values are mainly attributed to the effect
of nanoparticles on the release of Rs shown in Figure 5b,
the deacylation process involves not only hydrolysis of the acyl

at channels are suggested to guide cations, such as aquéted Fe enzyme but also the diffusion of the second produg} {lom

entering or leaving the mineralized ferric hydroxide c&re.

Acetylcholinesterase has a highly anionic pore leading to the

active site, which engenders rapid turnover of the cationic
substrate acetylcholingé.The ChT-nanoparticle adducts gain
a similar selectivity filter by virtue of the charged monolayer
from the nanoparticle.

Although the free ChT shows comparable specificity for three
substrates1—-S3), thek.a/Kv values for ChT complexed with
a given nanoparticle always decrease in the oB8lepr S2 >
S3(Table 1). For example, ChT shows a selectivity of 0.9 for
Slrelative toS3 but this value is increased by 140-fold to ca.

(22) Douglas, T.; Ripoll, D. RProtein Sci.1998 7, 1083-1091.
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the active site to regenerate free enzyme. The diffusion process
should be related to the electrostatic interactions between the
charged substrates and the anionic monolayer of the nanopar-
ticles, mirroring the effect seen for substrate binding. For the
cationic substrates, as Bontains the positively charged talil,
release from the active site appears to be facilitated by the

(23) (a) Zerner, B.; Bond, R. P. M.; Bender, M.L.Am. Chem. S04964 86,
3674-3679. (b) Bender, M. L.; Kezdy, F. J.; Gunter, C.RAm. Chem.
Soc.1964 86, 3714-3721.

(24) (a) Christenen, U.; Ipsen, H.-Biochim. Biophys. Actd979 569, 177—
183. (b) Stein, R. L.; Viscarello, B. R.; Wildonger, R. 8. Am. Chem.
S0c.1984 106, 796-798. (c) Wang, E. C. W.; Hung, S.-H.; Cahoon, M.;
Hedstrom, L.Protein Eng.1997, 10, 405-411.

(25) Hartley, B. S.; Kilby, B. A.Biochem. J1954 56, 288-297.
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particles can assist in the accumulation of cationic substrates
on the nanoparticle surface and subsequently the uptake by the
enzyme.
The sensitivity ok:4 to functionality, however, indicates that

a step unique tée4 depends on the surface functionality. The
only such step in the kinetic scheme (eq 1) is the release of P
(ks). The release of the cationic, B enhanced by the more
hydrophilic groups. We can see that the values decrease as
the amino acid side chains become more hydrophobic, irrespec-
tive with the length of the oligo(ethylene glycol) tethers.
Although thek., values seem to correlate with hydrophobicity,
this may mask the real correlation. From Table 1, we can note
that complexes of ChT with nanoparticles functionalized with
dianionic amino acids such as aspartic acid and glutamic acid
always give the highest catalytic constants. As we have
discussed above, the electrostatic interaction controls the release
of the hydrolyzed product away from the active site. If there
are more negative charges on the monolayer, the electrostatic
attraction would increase,Release within the charged mi-

T T T T T T T croenvironment. Consequently, it is not surprising to see that
60 -40 -20 0 20 40 60 80 100 the nanoparticles with dianionic amino acids show the highest

hydrophobicity index keat Values. In this context, the correlation betwdeg values
Figure 6. Correlation of kinetic parameters of ChT/NP complexes against and hydrophobicity indices indeed reflects the correlation of
substrate_Sl to t_he hydrophobicity ind(_ex of amino acid side chain in keat With the charge of the side chain, as the more charge the
nanoparticles. Lines were added to guide the eye. . . ISR
side chain has, the more hydrophilic it is.

154 e NP_4EG
o NP_3EG

Koar/ 102 571
o
1

Conclusion
electrostatic attraction to the negatively charged nanoparticles.
By contrast, the negatively charged fsulting from anionic
S3 experiences electrostatic repulsion with the anionic mono-
layer, leading to a reduced rate of product release. Consequently . .
the observed:, value for cationic substrates increases whereas that the complex _fpr_matlon prowdt_es a powerful tO.OI o t une

Irhe enzyme specificity. The association of ChT with anionic

the value for anionic substrates decreases in the presence o . . - "
nanoparticles leads to the increase of specificity to the positively

nanoparticles. For the neutral substr&@2 the deacylation g
process is not affected by the presence of nanopatrticles due tocharged substrate and the decrease of specificity to the

the absence of charged functionalities. Essentially the same ne_g_atively charged substrate. Su_ch enha_nced substrate selectiyity

values are observed for this substrate before and after com-2Hginates from the electrostatic interaction as well as the steric

plexation of ChT with nanoparticles. re_pu!?on cl)f trr:e substrates ]\chth the n_a?opamcleI mo?folayir.
For substrate$2 and S3 the catalytic constants of ChT Significantly, the presence of nanoparticles can also affect the

nanoparticle do not change significantly with respect to the catalytic constants of the enzyme toward different substrates.

amino acid functionalities. However, the systematic investigation The underlying mechanism is attributed to the electrostatic-

on the hydrolysis ofS1 by ChT in the presence of various interaction-controlled diffusion of the hydrolyzed product. These

nanoparticles revealed that the catalytic behavior is dependentr.e SUIt§ revea_led that the inhibition of the enzymes by nanopar-
on the properties of the amino acid side chains. We have ticles is far.o.llfferent from that of conventional pompetltlve or
demonstrated previously that the hydrophobicity of amino acid nonpompetltl\{e mechanisms. Monolayer-fupctlonallzed nano-
side chains can affect the binding strength between the nano-partICIes provide a potent scaffold f.o.r creation of an enzyme
particles and the proteit?.Herein, we plot the enzyme kinetic modulator based on surface recognition.

constants against the hydrophobicity inéferf amino acid Experimental Section

side chains in the nanoparticles. As can be seen from Figure 6,

the keat a”‘,’ KM yalues decrease Smo?’th'y accolrdlng. to the N-succinylt-phenylalaing-nitroanilide (SPNA) were purchased from
hydrophobicity index, wherea&:/Kw is nearly invariant. Sigma and used as received. All the other chemicals were obtained
For cationic substrateS1, the different nanoparticteChT from Aldrich or Fisher unless otherwise stated. Amino-acid-function-
complexes afford essentially the saike/Ky value of 258+ alized gold nanoparticlés and SPNA derivativesS1—S33 were

29 M1 s71, irrespective of the hydrophobicity index. If we synthesized according to the reported procedures. Disodium hydrogen
view keafKu as the ability of the enzymeparticle complexes  and sodium dihydrogen phosphate were dissolved in deionized, distilled
to capture the substrate, then nanoparticle functionality doesWwater (18 M2) to make a 5 mMphosphate buffer solution of pH 7.4,
not impart selectivity in the uptake of the aniord by the ~ Which was used throughout the enzymatic study.

enzyme bound to the nanoparticle surface. This result is Activity Assays. Activity assays were performed in sodium phos-

phate buffer (5 mM, pH 7.4) with [ChTF= 1.8 uM and [NP]= 0.45
reasonable as the redundant surface carboxylates of the nano'ZNI and varied substrate concentrations (i.e., 0.05. 0.1, 0.15, 0.2,

(26) Monera, O. D.; Sereda, T. J.; Zhou, N. E.; Kay, C. M.; Hodges, R. S. 0.3,0.4,0.5, 0.75, 1.0, 1.5, and 2.0 mM). The enzymatic hydrolysis
Pept. Sci.1995 1, 319-329. reaction was initiated by adding a substrate stock solution(3dn

In summary, we have systematically investigated the enzy-
matic kinetics of ChT upon binding to amino-acid-functionalized
gold nanoparticles toward different substrates and demonstrated

Materials. o-Chymotrypsin (Type+S from bovine pancreas) and
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