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This paper reports a method to characterize the kinetic constants for the action of enzymes on immobilized substrates.
This example uses cutinase, a serine esterase that hydrolyzes 4-hydroxyphenyl valerate moieties that are immobilized
on a self-assembled monolayer of alkanethiolates on gold. The product of the enzyme reaction is a hydroquinone,
which is redox active and therefore permits the use of cyclic voltammetry to monitor the extent of réasiion
A kinetic model based on the Michaetilenten formalism is used to analyze the dependence of initial rates of
reaction on both the substrate density and the enzyme concentration. The resulting al{le,ofor the interfacial
reaction is comparable to that for a homogeneous phase reaction with a substrate of similar structure. This strategy
of using monolayers presenting substrates for the enzyme and cyclic voltammetry to measure reaction rates provides
guantitative and real-time information on reaction rates and permits a level of analysis of interfacial enzyme reactions
that to date has been difficult to realize.

Introduction faces?®24 Recent examples have shown that interfacial
reactions can differ in substantial ways from the corresponding
homogeneous phase reactions, with differences in substrate
sSpecificities? cooperative interactions with the surfe¢é’and
rebinding and diffusio®-3C all of which can affect the rates of
the reactions. Unlike studies of enzymes that act on soluble
substrates, for which there exist well-developed and standard
methods to compare the activities of a family of enzymes, studies
of enzymes acting on immobilized substrates generally do not
provide quantitative measures of the microscopic constants that
* Author to whom correspondence should be addressed (e-mail 9OVErn enzyme activity. Comparisons of activities, for example,

The binding of proteins and the action of enzymes at interfaces
is common. Several classes of enzymes, including cellulases
lysozymes, and receptor tyrosine kinases, have evolved to ac
on substrates that are localized at interfdcé#lany applications
in bioanalytical chemistry utilize solid-phase assay formats,
including gene microarrays;14 protein chips®1° and bio-
sensorg?2?|eading to a renewed significance in understanding
the fundamental aspects of biomolecular interactions at inter-
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workers used surface plasmon resonance (SPR) spectroscopto develop methods for determining the kinetic parameters for
and surface plasmon enhanced fluorescence (SPEF) to determinthe interfacial reactiorrhere, thek.o{Km value—and that allow

the reaction rates of several mutants of the subtilisin serine proteasdor a clear comparison of enzymes acting on immobilized
on immobilized bovine serum albumin (BSA).Through substrates.

fluorescent labeling of the BSA protein, this method could

simultaneously monitor the total amount of protein at the surface Experimental Section

(enzymg and substra}te) and the cleavage of substrate, providing 6-Mercapto-1-hexanol and 11-mercapto-1-undecanol were pur-
adsorption and reaction rates of the protease on the substrate. IRpased from Aldrich, 8-mercapto-1-octanol was purchased from

a related study, Corn and co-workers used surface plasmonpojindo Chemicals, and 16-mercapto-1-hexadecanol was purchased
resonance imaging (SPRI) and SPEF to study the reaction offrom Frontier Scientific. Phosphate-buffered saline (PBS) used in

ribonuclease Hon RNADNA heteroduplexe&!An interesting

electrochemical experiments was purchased from Gibco. The

example comes from Okahata and co-workers, who used a quartznzymatic substrate, 4-hydroxyphenyl valerate terminated al-

crystal microbalance (QCM)36 to study the action of phos-
phorylaseb on immobilized amylopectin. An inactive form of

kanethiol, was synthesized in eight steps as described previtusly.
For solution assayg-nitrophenyl butyrate and Triton X-100 were

apurchased from Sigma Chemical Co. Glass coverslips for gold
depositions were obtained from Fisher Scientific.
Preparation of Monolayers. Gold substrates were prepared by

the enzyme binds to the substrate, giving an increase in mass th
is detected by the QCM. On activation by adenosine mono-

phosphate (AMP) the enzyme de_gradesthe sub_strate, Wr.“Ch re‘SUIt\S/acuum deposition of titanium~(100 A) followed by gold {900

Ina Q(?crea}se N mass that again can be.mon|tored using Q(,:M’A) onto glass coverslips. Monolayers were formed by immersing

providing kinetic parameters associated with the enzyme reaction.qo|q substrates in an ethanolic solution of the particular alkanethiol

There are several examples of the substrates having beer1 mm) for 16 h. To obtain mixed monolayers, the gold substrates

immobilized on nonsolid supports including micelles, liposomes, were immersed in solutions containing mixtures of the desired

and lipid membrane%—3° Berg and co-workers have reported alkanethiols. In this study the total concentration of the alkanethiols

extensive studies on the enzymatic reaction of pancreatic secretedh the solution was kept constant at 1 mM, and the amount of

phospholipase A2 (sPLA2) on phospholipid micelles, where 4-hydroxyphenyl vgalerate thiol in comparison to the background

SPLAZ2 hydrolyzes phospholipid&They have developed models ~ Molecules was varied between 1 and 60%. Before the monolayers
for the enzymatic reaction on the lipidvater interface, including ~ Were used for electrochemistry, the substrates were washed
the “scooting” model, in which an enzyme diffuses laterally on copiously with absolute ethanol and then dried under a stream of

. . nitrogen gas.
the surface Of t_he micelle hydrolyzing the polar head groups of Electrochemical MeasurementsCyclic voltammetry was per-
the phospholipids.

. ) . . formed with a Bioanalytical Systems potentiostat using PBS as the
Our group has had a primary interest in developing model gjectrolyte. The electrochemical cell was configured with the
systems for measuring enzyme activities using immobilized monolayer as the working electrode, Ag/AgCl as the reference
substrates. The approach is based on self-assembled monolayeksectrode, and a platinum wire as the counter elect?®éd@.The
(SAMs) that present biologically active substrates against a potential was scanned from400 to 400 mV at 50 mV/s. For each
background of oligo(ethylene glycol) grouffs*t4° The mono- monolayer the density of hydroquinone and hence the density of the
layers permit good control over the densities (and patterns) of €zyme substrate on the surface was determined by integrating the
immobilized species, are effective at preventing nonspecific &7€@ under the anodic peak in the voItammograms._The _baselln(_a of
interactions of proteins with the surface, and are compatible with the voltammogram was extended through the peak prior to integration

. . (}o integrate current associated only with the redox process.
several analytical techniques. In one example, we demonstrate

an electrochemical method for obtaining kinetic information on Expression and Purification of Cutinase. Details for the
) ; . 9 . construction of the plasmid and expression of cutinase can be found
an interfacial enzyme reactiddHere we employ this approach
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in a previous papet Briefly, the protein was expressed periplas-
mically in bacterial strain BL21 (DE3) and extracted from the cells
by osmotic shock. Cutinase was separated and purified by size
exclusion chromatography using a Hiprep 16/60 Sephacryl S-200
column and PBS (pH 7.4) as a solvent. The protein was stored in
PBS (pH 7.4) at 4C. The concentration of the protein was determined
by measuring the absorbance at 280 nid M guanidine-HCI (e2g0

= 13370 M1 cmY) at pH 6.5.

Solution Assay of CutinaseRate constants for the homogeneous
reactions were determined by following the hydrolysis mf
nitrophenyl butyrate by cutinaséAll of the measurements were
done on a Beckman Coulter DU 640 spectrophotometer.Kfhe
andKy values were obtained by nonlinear regression curve fitting
using Sigma Plot.

Results and Discussion

Experimental Approach. We used monolayers that present
the 4-hydroxyphenyl valerate group against a background of
hydroxyl-terminated alkanethiolate (Figure 1). In this way, the
density of the substrate can be controlled by varying the ratio

(50) Yousaf, M. N.; Chan, E. W. L.; Mrksich, MA\ngew. Chem. Int. E200Q
39 (11), 1943-1946.

(51) Gawalt, E. S.; Mrksich, Ml. Am. Chem. So2004 126, 15613-15617.

(52) Chan, E. W. L.; Yousaf, M. N.; Mrksich, M. Phys. Chem. 200Q 104
9315-9320.
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71 (Lipids, Part C), 652-664.
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Figure 1. This work uses monolayers that present the 4-hydroxyphenyl valerate group (left). Cutinase is a serine esterase that acts on this
substrate to yield the corresponding hydroquinone. Because this quinone is redox active, whereas the parent ester is not, cyclic voltammetry
can be used to quantitatively measure the density of the quinone and, therefore, the rate of the enzyme reaction.
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Figure 2. (a) Typical voltammograms obtained after the addition of cutinase to a monolayer presenting 4-hydroxyphenyl valerate. The
increasing cathodic and anodic peaks represent the accumulation of the hydroquinone product from enzyme action. (b) Amount of hydroquinone
present on the monolayel'{o) as a function of time for surface densities between 1.8 and 27.1%. Valugsyofrere determined by
integrating the areas under the peaks at each time point.

of the two alkanethiolates in the solution from which the not strictly extrapolate to the origin, likely because the scan rate,
monolayer assembles. Furthermore, the environment of this groupand therefore the frequency of the measurement, is slow for
can be controlled by altering the length of the surrounding these rapid reactions.

hydroxyl-terminated alkanethiolate. In all cases, the ester is Dependence of Rate on Enzyme ConcentratiorwWe first
hydrolyzed by cutinase to reveal a hydroquinone, which is determined the initial rates of the enzymatic reaction using
electroactive and therefore permits the use of cyclic voltammetry monolayers that present the substrate at two different densities
to measure the kinetic profiles for the reactions. Before the addition and in each case using a series of enzyme concentrations (Figure
of cutinase, we observed a basal non-faradaic current, which3). We found that the rate of reaction increased with the enzyme
remained constant for several scans. Upon addition of the enzyme concentration and reached a limiting velocity. Furthermore, we
the voltammetric waves for oxidation and reduction of the found that the monolayer having a lower density of substrate
hydroquinone and quinone, respectively, became evident. Thesegeached a maximum initial rate at lower enzyme concentrations
waves increased with time until they reached the maximum than did the monolayer having a higher density of substrate.
intensity corresponding to complete hydrolysis of the ester (Figure Hence, the maximum initial rate depends on the enzyme
2a). We performed this experiment for surfaces having the concentrationAn important point of these data is that they show
substrate molecule present at densities ranging from ap-how the initial rates alone cannot be used to compare enzymatic
proximately 2 to 30% (relative to total alkanethiolate) and found reactions, as the initial rate is not an intrinsic parameter but
that the amount of hydroquinone product smoothly approached rather depends on seral factors, including the density of the
the final density of the substrate (Figure 2b). The kinetic profiles substrate and the concentration of the enzyfoethe monolayers

for these reactions are similar to those obtained uging  presenting substrate at lower density, the rate reaches a limiting
nitrophenyl butyrate for the corresponding homogeneous phasevalue at concentrations higher thar80 nM, whereas for the
reactions. The total substrate densities reported in Figure 2bmonolayers having a higher density of substrate (18%) the rate
were determined by integrating the areas under the peaks onceloes notlevel offin the range of the enzyme concentration utilized
the signal had reached a maximum stable value. We also foundhere. On the basis of these data, we decided to employ enzyme
that the initial rate (taken from the slope of the linear region of concentrations between 0 and 20 nM because this range gives
the curvesin Figure 2b) is proportional to the density of substrate initial rates that increase linearly and do not become limited by
on the monolayer. For higher substrate densities the rate doesubstrate.
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Figure 3. Initial rate () of formation ofI'ng as a function of
concentration of the enzyme for two different substrate densities.

Table 1. Comparison of Interfacial kca/Km Values for Different
Concentrations of Enzyme and the Corresponding Value for the
Homogeneous Phase Reaction (Solution)

kealKm x 10°(M~1s7Y)

solution 1.22+0.13
20 nM 0.89+ 0.08
10 nM 0.944+0.07
5nM 1.06+ 0.09

2 keafKm values were obtained from the nonlinear regression curve
fits. © kea/Km values were obtained from Figure 4a using eq 8.

Kinetic Model. We develop a model that relates the kinetic

Langmuir, Vol. 23, No. 10, 208381

the amount of substrate is very small relative to the amount of
enzyme, the concentration of enzyme remains approximately
constant during the reaction, and [E][Eg].

Following the derivation of the MichaeldMenten equation
and replacing [E] with [E], we obtain

_TdE]

< ©)

ES

Km is the Michaelis constant for enzyme binding of the
immobilized substrate.

Kyt K
3

Straightforward manipulation provides the following relation-
ship for the rate of the reaction:

_ (kcat

Ky (7

drp

dt

V= KM

[Eo])rs (8)

Hence, the value df.,/Ky for the interfacial reaction can be
determined from the slope of the plot that relates the rate of the
reaction to the density of substrate.

A study report by Gutierrez and co-workers used a slightly
different line of derivation to develop a theoretical approach for
describing the kinetics of heterogeneous enzyme reactions, but
arrived at the same conclusion as our derivatfdn.that paper,
the authors found that under conditions where the concentrations

data in Figure 3 to constants that represent the intrinsic catalytic of both enzyme and substrate are small relative tokihethe
efficiency of the enzyme. Equation 1 defines the rate constantsinitial velocity of the interfacial reaction increases linearly with

for associationk;) and dissociationky) of the enzyme (E) and
substrate (S) to give the enzymsubstrate (ES) complex. We

the total enzyme concentration and with the density of substrate
on the surface. This requirement is reasonable, as low concentra-

represent the conversion of this complex to the product and freetions of enzyme and substrate ensure that the enzgmlestrate

enzyme with a single first-order rate constdatg. We note that
the acyl group of the substrate is not hydrolyzed directly, but

complex is not saturated and, therefore, provide a linear
dependence of reaction rate on the concentrations of these species.

rather is transferred to an active site serine, and therefore theThe use of an immobilized substrate, however, complicates the

regeneration of enzyme is included in thg; term.

E+ s% ES (1)
Ko
ES—E+P )

application of this condition because a density of species and a
concentration of species cannot be compared directly. To
circumvent this dimensional mismatch, previous authors have
converted the surface density into a volume term by making the
formal assumption that the substrate is evenly distributed

throughout the volume of solution in contact with the surface.

This assumption is clearly less accurate when the volume of the

Note that E represents the concentration of enzyme in the solutionsolution is large, because only enzyme near the substrate is
(inunits of mol/L) butthat S, ES, and P represent surface densitiesfunctional in the assay and increasing the volume (and therefore

of these species (in units of mol/@nThe rate of formation of
ES and P can be represented as

dles

“dt = KJ[E]l's — kil'es — Keal es (3
drp
ot = Keal es 4)

wherel's, I'es, andI'p correspond to the surface densities of the
respective species.
At steady state

dleg
dt 0

()

The total amount of enzymeykn the system is the sum of

enzyme far from the substrate) has a diminishing influence on
the reaction rate. In any event, in most solid-phase assays, it is
likely that this condition of low enzyme concentration and
substrate density is met, and it is certainly the case with cutinase
acting onp-nitrophenyl butyrate, for which the value &y is

160 uM.

Determination of kea/Ky. The implementation of the kinetic
model described above requires experimental data that quanti-
tatively report the extent of reaction with a high temporal
resolution. Methods that require the substrate to be removed
from the reaction mixture prior to analysis generally do not provide
data of sufficient temporal resolution or quantitative character.
The use of cyclic voltammetry is important in this respect, as this
method is quantitative and monitors the surfacgtu, avoiding
the need to continuously remove the substrate from the reaction
medium or, in the case of analytical methods that damage the
sample, to perform separate reactions for each time point. We

free enzyme E and the enzyme bound to the substrate ES. Becausesed eq 8 to determine the valueskgf{Ky for the interfacial
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Figure 4. (a) Initial rate ¢;) of formation of'yg as a function of substrate density for three different enzyme concentrations. The error bars

in the X direction represent one standard deviation from the mean of four separate measurements of substrate densities obtained from the
same thiol solution. The error bars in ti@irection represent one standard deviation from the mean of four separate measurements of initial
rates obtained from the same thiol solution. (b) Plot of initial slopes as calculated from (a) as a function of the respective enzyme concentrations.

A2 stated earlier for high substrate densities, for which the initial
1.2x10 1 . gf1 rates are high, the technique may not be able to accurately follow
1.0 - + % the enzymatic reactions; hence, at those high values of substrate
- ’ densities we see deviation from linearity. The valuek.gfKy
S 08- é for each of three concentrations of the enzyme were similar
.,_,"? + (Table 1). This result further shows the importance of using
g 0.6 kealKm to assess the efficiency of an enzyme acting on an
< ¢ é immobilized substrate. A direct comparison of initial rates, by
g 04+ % contrast, would vary with the enzyme concentration used and
e 0.2 ® mu * L ther_efore Would_ lead to relat_i\_/e rates that are dependent on the
’ o n L choice of experimental condition. We also found that the values
0.0 4 - of keafKwm are slightly lower than that obtained in the corresponding
T T T " solution reaction using a similar substrate. This difference may
0.0 2.0 4.0 6.0x10 be due to the modest differences in structures of the substrates

used in the solid-phase and homogeneous assays or to effects of
the surface. Finally, Figure 4b relates the slopes taken from Figure
Figure 5. Initial rate (i) of formation of I'ug as a function of 4a to the enzyme concentration. The values of the slope agree
substrate density for monolayers having background molecules of anq further emphasize the accuracy that can be obtained with

different chain lengths (C6 and C11), where C6 is 6-mercapto-1- .; ; ;
hexanol and C11 is 11-mercapto-1-undecanol. The total enzymethIS technique. Théea/Ky calculated from the slope of Figure

i -1g1
concentration was 20 nM. C6 has 6 methylene groups and an end4b is 0.91x 10° M S . .
hydroxyl group; similarly, C11 has 11 methylene units and an end Dependence of Kinetics on Microenvironment. As a
hydroxyl group. demonstration that the valueslef/Kw can be used to compare
enzyme reaction. We first plotted the dependence of initial rate the relative activities of an enzyme for immobilized _subs@rates,
() on the density of the substrat&g for each enzyme we prepared 4-hydroxyphenyl valerate monolayers in which the
colncentration ([). We determined the best-fit slope for this relative lengths of the substrate-terminated alkanethiolates and
relationship and .divided this value by the totgl enzyme the background hydroxy-terminated alkanethiolates were varied.
concentration to obtain a value fag./K In this way, the monolayers are uniform in that they present the
For each concentration of enz nie h\/ll\}e found that the initial S&Me substrate at similar densities, but these substrates have a
. X . yme, . - varied degree of “accessibility” as determined by the length of
rates increase linearly with the substrate density (Figure 4a).the tether that separates the substrate from the backaround
Furthermore, the slopes of these plots were proportional to themonola or Indeedp revious work has demonstrated th%t the
enzyme concentration and agreed with the model derived above. yer. ed, p
; ' 2 . length of the chain that tethers a molecule to the monolayer has
This representation of the kinetic data is analogous to that used_ - .
. . ) ; . an influence on the reactivityor affinity for a receptot® of that
in the Michaelis-Menten analysis of homogeneous reactions. molecule at the surface
The error bars in th¥ direction represent one standard deviation We prepared three aciditional monolavers wherein the back-
in substrate density obtained from four different monolayers brep , Y .
; . . . . ground alkanethiolates had 8, 11, or 16 methylene units (referred
prepared with the same solution of mixed thiols at a particular i
. . . to as the C8, C11, and C16 monolayers, respectively), to make
ratio. The magnitude of the error bars reveals that a particular comparisons o the svstem described above wherein the
solution ratio of the thiols gives quite similar surface coverage backp round chains WerZ 6 methylene units in length (referred
of the substrate on the monolayer. Similarly, the error bars in 9 y 9 .
S S - to as the C6 monolayer). We employed the method described
theY direction represent one standard deviation in the initial rate above to characterize the enzvme kinetics on each of the
of the reaction for the corresponding monolayers. Because eq 8monola ers. The C11 monola eryrevealed a significant decrease
is valid in the limit of low substrate densities, we determined the yers. y 9
slopes using data obtained for extents of reaction of less#ian (54) Kwon, Y. Mrksich, M.J. Am. Chem. So@002 124, 806-812.
x 107 mol cni2 of substrate for calculating tHea/Ky. As (55) Houseman, B. T.; Mrksich, MBiomaterials2001, 22 (9), 943-955.
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Figure 6. Comparison of various background molecules with respect to the substrate. C6 and C8 seem to offer similar hindrance to the
enzyme, and hence no substantial change in the rates was observed. In the case of C11 the end groups are much closer to the substrate an
hence affect the rate of reaction more drastically (Figure 5). The substrate in the C16 background shows no activity due to excessive crowding
of the substrate.

in the rates of the enzyme reaction as compared to the C6 Conclusions
monolayers and gavekaa/Ky value of 0.26 40.01) x 106 M2

s (Figure 5). The enzymatic reaction on the C16 monolayer

was too slow to obtain kinetic data, whereas the reaction on the
C8 monolayer gave kinetic data that were experimentally similar

to thoseof the C6 monolayer (data not shown). Hence, the four

This study represents an early example to quantitatively assess
the action of an enzyme at a surface. Whereas much recent work
has been performed on quantitative comparisons of enzymes
thatact onimmobilized substrates, the methods are largely based

monolayers showed an expected trend in reactivity for cutinase: on measures that depend on the choice of experimental variables

as the spacing between the substrate molecule and the monolayeal"rIOI therefore do not give intrinsic quantities by which enzymes

is decreased, a threshold is reached, after which the substrat&®" be compared. The combination of self-assembled monolayers

shows decreased reactivity for the enzyme. Figure 6 comparesand electrochemical methods that we use in this work provides

the spacing of the background molecules from the substrate forf.or a uniform actiyity of immobilized substrate and quantitative
different chain lengths of the background molecules used. Nmetmg-dependent mformaﬂon on t.h? extent Of. reactllon, both of
that the C6 and C8 monolayers had similar value&.gfKy which are important n dete_rmmlng the _M|chaehlsr|<_enten
suggesting that the spacing of the substrate from the monolayer‘.oaralmeters fqr a reaction. This method W'”. b? most important
was sufficient to permit free access to the enzyme active site. in model studies to understand the mechanistic features that are

The C11 monolayer had an approximately 4-fold lower turnover unique to interfacial enzyme reactions and in more rigorous
number, suggesting that the spacing of substrate from thecomparlson of homogeneous and heterogeneous enzyme reac-

; - - tions.
monolayer was less than optimal and gave rise to an energetic

penalty that is likely reflected in thi€y term. Finally, the C16
monolayer gave little reactivity with the enzyme, which is likely
due to an insufficient spacing between the substrate and the
monolayer. LA062860K
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