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Single-molecule enzymology allows scientists to examine the distributions of kinetic rates
among members of a population. We describe a simple method for the analysis of single-
molecule enzymatic kinetics and provide comparisons to ensemble-averaged kinetics. To iso-
late our model enzyme, o-chymotrypsin, into single molecules, we use an array of cylindri-
cal poly(dimethylsiloxane) wells 2 um in diameter and 1.35 um in height. Inside the wells, a
protease assay with a profluorescent substrate detects o-chymotrypsin activity. We hold the
concentration of a-chymotrypsin at 0.39 nM in a given well with an enzyme-to-substrate
ratio of 1:6,666 molecules. Fluorescence emitted by the substrate is proportional to enzyme
activity and detectable by a charge-coupled device. This method allows for the simultaneous
real-time characterization of hundreds of individual enzymes. We analyze single-molecule
kinetics by recording and observing their intensity trajectories over time. By testing our
method with our current instruments, we confirm that our methodology is useful for the anal-
ysis of single enzymes for extracting static inhomogeneity. © 2009 American Institute of
Chemical Engineers Biotechnol. Prog., 25: 929-937, 2009
Keywords: single-molecule enzymology, microfabricated array, chymotrypsin

Introduction

Enzymology at the single-molecule level offers a more
accurate characterization of enzyme dynamics than ensemble
kinetics in several ways. When studied as an ensemble,
enzyme activity is averaged and requires synchronization of
each molecule for the purpose of representing the popula-
tion’s kinetic trend as one.'™ The ensemble average over-
looks detailed enzymatic distributions among members of
the population, where each individual enzyme could be pres-
ent at a different stage along a reaction sequence at the time
of measurement.’ By conducting single-molecule studies of
an enzyme, the kinetics of individual enzyme molecules can
be traced more directly than ensemble-averaged studies.*
The direct measurement of single-molecule trajectories pro-
vides specific statistical information on individual enzyme
distributions, whereas ensemble kinetics is limited to render-
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ing the mean value.” Furthermore, ensemble kinetics is
unable to detect either static or dynamic inhomogeneity.6
Static inhomogeneity refers to how single-enzyme molecules
exhibit distinct and stable rate constants over long periods
while dynamic inhomogeneity describes the temporal fluctua-
tions of kinetic rates in individual molecules.®’ It is impor-
tant to note that occurrences of static and dynamic
inhomogeneities are not exclusive. The temporal fluctuations
of kinetic rates occur because of conformational changes of
enzymes.® The same enzyme existing in various substates at
different points in time may possess different catalytic effi-
ciencies.* Single-molecule studies using small containers not
only allow desirable localizations of the enzyme and the
depiction of unusual or transient species that are averaged in
ensemble studies but also the ability to delineate static and
dynamic inhomogeneities.3 In many enzymes, conforma-
tional dynamics have also been observed in bound and
unbound positions.” Hence, conducting single-molecule
enzymology is extremely important in extracting detailed
enzymatic kinetics, and we will use a-chymotrypsin as our

929



930

model enzyme to test the proposed methodology for static
inhomogeneity.

The serine protease, x-chymotrypsin, has been examined
thoroughly in ensemble studies but not quite extensively as a
single molecule. A few publications have examined o-chy-
motrypsin at the single-molecule level, such as the water-
in-oil emulsion method previously described by our lab.'®
Also, a simulation tool called Targeted Molecular Dynamics
(TMD) has been used recently to study the stepwise activa-
tion of wild type and mutant Axz-chymotrypsin at the single-
molecule level, allowing correlation to ensemble experi-
ments.!" Furthermore, the deactivation of o-chymotrypsin
was also revealed as a stepwise process by entrapping indi-
vidual molecules of the enzyme in agarose polymers.12
Unraveling the kinetics of a-chymotrypsin as a single mole-
cule will fortify our knowledge of this enzyme’s metabolic
and proteolytic function.'?

Chymotrypsinogen is first produced by the pancreas as a
zymogen, which is cleaved by trypsin to become chymotryp-
sin in the small intestine.'>'* The protease a-chymotrypsin
is a 25 kDa protein with 241 amino acid residues.'® The
cleavage site targeted by a-chymotrypsin is the peptide bond
following large hydrophobic amino acid residues, such as
tyrosine, tryptophan, and phenylalanine in potential sub-
strates.'®!” Although the main function of «-chymotrypsin is
to digest dietary protein, it also plays an important role in
the immune system.'*'® A recent study has shown that there
are both antimicrobial and immunostimulatory activities in
the hydrolysate of protein digestion in food by proteolytic
enzymes, such as a-chymotrypsin and trypsin.'® Hence, it is
important to study o-chymotrypsin at the single-molecule
level in order to further investigate its biochemical proper-
ties. We examine «-chymotrypsin’s single-molecule kinetics
by using a method that combines protease assays, nanotech-
nology, and fluorescence microscopy. First, let us evaluate
our prior method of single-molecule enzymology for
o-chymotrypsin.

Previously, we used a water-in-oil emulsion method to
isolate o-chymotrypsin into single molecules. An oil phase
consisting of silicon oil was mixed together with a water
phase, containing the enzyme and the substrate. This process
generates water-in-oil droplets that act as vessels for single-
molecule isolation of oc-chymotrypsin.lo Two major problems
with the water-in-oil emulsion method included difficulty in
creating uniformly sized droplets to enclose individual
enzymes and difficulty in capturing all droplets in a single
plane by a charge-coupled device (CCD).

We attempt to improve the water-in-oil emulsion method
by using an array of microfabricated wells that are fixed in
volume.'”?° The array of cylindrical wells allows for the
simultaneous observation of hundreds of individual enzymes
over time, and the diameter and height of the wells can be
easily controlled by design. Given o-chymotrypsin’s diame-
ter at 4.4 nm estimated by X-ray crystallography and our
single well dimensions, 2 um in diameter and 1.35 pm in
height, our wells will be able to enclose the individual

enzymes.”!

Methods based on small reaction containers have been
published for the analysis of various enzymes. Arrays of
femtoliters chambers were initially established by Hiroyuki
Noji’s group at the University of Tokyo to study horseradish
peroxidase and f-galactosidase.'” Currently, an application
of this method for single-molecule enzymology is seen in
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the fast-mixing microfluidics device that utilizes an array of
cylindrical chambers designed 5 pum in diameter to control
and evaluate reaction initiation of li-galactosidase.20 In the
past, femtoliter vials have been used to study single mole-
cules of lactate dehydrogenase (LDH-1), and more than 100
molecules of the enzyme can be observed simultaneously.”
The heterogeneity of LDH-1’s activity was observed in
comparison with single metal ions that showed unvarying
catalytic activity.”> A recent method of single-molecule
enzymology has been presented in literature by David R.
Walt’s group at the Tufts University.” This method utilizes
optical fiber bundles that contain femtoliter arrays with wells
2.5-um deep and a volume of 40 fL to study hundreds of
individual f-galactosidase molecules.” In addition, colloidal
crystals with diameters on the order of nanometers have
lately been described as a novel single-molecule matrix for
the analysis of horseradish peroxidase.”” By adjusting the
pH, the capsid of a virus can disintegrate and reassemble for
single-molecule studies of horseradish peroxidase.24 In this
article, we examine the kinetics of a-chymotrypsin by per-
forming a single-protease assay inside an array of cylindrical
wells each with a volume of 4.24 fL.

Materials and Methods

Instruments

We conducted ensemble experiments in the ThermoLab-
systems Fluoroskan Ascent® FL fluorescence microplate
reader using a filter set with excitation wavelength of 565/
25 nm and emission wavelength of 630/30 nm. A quartz-
halogen lamp served as the light source, and a photomulti-
plier tube detected fluorescence signals.

Our single-molecule experiments were performed in an
epi-fluorescence Nikon ECLIPSE TE200 inverted micro-
scope. The light source for our microscope was a 100 watt
Nikon mercury lamp. We purchased a filter cube (Chroma
#41027) with excitation and emission wavelengths of 580/20
and 630/60 nm, respectively. For filter selection, we used the
filter set that allowed maximal photon capture among four
filter set candidates. The amount of energy the specimen
absorbed and the final signal the specific filter set produced
were our selection criteria. A Nikon Plan Fluor 40x oil-
immersion objective (Numerical Aperture 1.3) was used to
observe the specimen. An Apogee Ap7p, 16-bit, back-illumi-
nated CCD was employed as the fluorescence detection unit.
Our CCD camera has a chip with a photon-sensitive 512 x
512 pixel array. At 630 nm, the CCD camera has a quantum
efficiency (QE) of 85%.

Protease assays

We purchased bovine «-chymotrypsin from Sigma (#C-
7762), which served as the enzyme in our experiments. The
EnzChek Protease Assay Kit for red fluorescence from Invi-
trogen (Molecular Probes #E-6639) provided the substrate.
The substrate, which is lyophilized from phosphate-buffered
saline, consists of a casein molecule conjugated to five to six
molecules of boron dipyrromethene (BODIPY) Texas Red
dyes on average.”” The BODIPY chromophore is structurally
stable and has low sensitivity to solvent polarity and pH.26
A dye-dye quenching phenomenon renders quenching of the
fluorescence from the BODIPY Texas Red dyes before
enzyme cleavage for up to 98-99%.”” During protease
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Figure 1. Michaelis-Menten kinetics: Reaction velocity is plot-
ted against substrate concentration.

Enzyme concentration was held at 0.39 nM to ensure that [S]
>> [E]. Vi=14.75 min~ ! and K,, = 0.47 #M. Error bars rep-
resent one standard error of mean above and below the mean
reaction velocity of three experimental trials we performed.
The solid black curve represents the best-fit to the data points
shown in this figure using the Lineweaver-Burk equation.

digestion, the dyes produce a 50- to 100-fold increase in flu-
orescence signal, enhancing fluorescence detection.”’

Ensemble experiments

In the bulk experiments, we traced the activity of o-chy-
motrypsin at room temperature over time. By using Invitro-
gen’s EnzChek Protease Assay Kit for red fluorescence (#E-
6639) and the Fluoroskan Ascent FL fluorescence microplate
reader from ThermoLabsystems, we performed experiments
with 96-well black polypropylene round-bottomed assay
plates (Corning #07-200-762). We used the filter set with
excitation and emission centered at 565/25 and 630/30 nm,
respectively.

Ensemble Protease Assays Observing Michaelis-Menten
Kinetics. We held the final enzyme concentration at
0.39 nM and the final substrate concentrations at various dif-
ferent concentrations for this experiment. A given well con-
tained 100 uL. of solution as the total volume. In each
sample, 90 uL of substrate in 1x kit digestion buffer (Tris-
HCIl) was mixed with 10 uL of enzyme at 3.9 nM in 10 mM
HEPES buffer. The blank consisted of 90 uL of 1x kit
digestion buffer mixed with 10 uL of 10 mM HEPES. The
control consisted of 90 uL of substrate in 1x kit digestion
buffer mixed with 10 uL. of 10 mM HEPES buffer. We
measured the intensity of the blanks, controls, and samples
every 3 min for a total of 90 min. Relative fluorescence
intensity from the control is subtracted from the raw inten-
sity of the samples to account for background signals. We
performed the experiment for a total of three times and pre-
sented the mean reaction velocity as a function of substrate
concentration in Figure 1. We included error bars in Figure
1 that represent one standard error of mean above and below
the mean reaction velocity.

Ensemble Protease Assays for Comparison with Single-
Molecule Assays. The blank, control, and samples con-
tained 100 uL total volume in each well. The blank con-
tained 90 uL of 1x kit digestion buffer (Tris-HCl) and 10
uL of 10 mM HEPES buffer. The control contained 90 uL
of 2.88 uM substrate in 1x kit digestion buffer mixed with
10 uL of the 10 mM HEPES buffer. The sample contained
10 uL of 3.9 nM of enzyme in 10 mM HEPES buffer mixed
with 90 uL of 2.88 uM substrate in 1x digestion buffer. The
enzyme-to-substrate ratio was 1:6,666, where the final
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Table 1. Fabrication Steps of Silicon Mold

Step Method
1 Thermal deposition of S;O0, onto silicon wafer
2 Spin coating of electron-beam (E-Beam) resist
3 E-Beam writing of micro-pillar array structures
4 Post-writing wafer development
5 Metal evaporation of titanium and gold
6 Metal liftoff with organic solution
7 Deep reactive ion etching (DRIE)

enzyme and substrate concentration were 0.39 nM and
2.6 uM, respectively. The samples were measured every
3 min for a total duration of 90 min. Background signals
obtained in the control group were subtracted from the raw
sample signals in each measurement to eliminate background
noise.

Fabrication of the microwell array for
single-molecule experiments

The fabrication of the micron-sized cylindrical wells
began with the creation of a mold, which consisted of an
array of cylindrical pillars on a silicon wafer. The general
procedure for the fabrication of our mold is outlined in
Table 1. Poly(dimethylsiloxane) (PDMS) was used to pro-
duce complementary structures to the mold to form the array
of cylindrical wells.

Four-inch silicon wafers were ordered from Silicon Quest
International, Inc. by the Integrated Nanosystems Research
Facility (INRF) at UC Irvine. These silicon wafers had a
thickness of 1 pum of silicon dioxide already deposited on
the surface of our wafer. In step 1 of Table 1, an additional
0.3 um of silicon dioxide was thermally deposited onto the
silicon wafer by using a high-temperature furnace at
1,050°C. The resultant thickness of silicon dioxide was
~1.3 um. In step 2, we used an electron-beam resist, poly-
methyl methacrylate (PMMA), from MicroChem Corp. The
final thickness of PMMA was 270 nm. We used a turntable
to spin-coat liquid PMMA onto the wafer initially at
500 rpm for 5 s, followed by 4,000 rpm for 40 s. Subse-
quently, the wafer was prebaked at 170°C for 15 min on the
hot plate to solidify the PMMA. In step 3, we employed the
design created in the NPGS (Nanometer Pattern Generation
System) from JC Nabity Lithography Systems Version
9.0.109 to conduct electron-beam (E-beam) writing. The
wafer was exposed to a 30-kV high energy electron beam,
destroying the molecular bonds of PMMA. In the design, the
cylindrical pillars were 2 pum in diameter and 1.35 pum in
height. The step size was 2 um, and the array mold was
composed of 125 pillars by 125 pillars. The area that the
entire array occupied was within a 0.5 mm by 0.5 mm
square. In step 4, the silicon wafer was submerged for 60 s
in a developing solution composed of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA), at 1:3 weight ratio,
respectively, in order to dissolve and remove the area of the
PMMA exposed to the E-beams. In step 5, metal evaporation
of titanium onto the wafer serveed as an adhesive for gold.
The total thickness of titanium and gold was ~50 nm. The
metals were used to provide a protective layer of selective
areas of the wafer for the subsequent etching process. In step
6, selective areas on the wafer were targeted for metal lift-
off. The organic solution we used to perform metal liftoff
contained acetone and dichloromethane at 1:1 weight ratio.
In step 7, deep reactive ion etching (DRIE) was performed
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in the Surface Technology Systems (STS) Advanced Silicon
Etch (ASE) machine to etch SiO, and produce the final pillar
structures. We performed four cycles of etching (with O,
and SFg) and passivation (with C4Fg). The duration of etch-
ing in each cycle was 8 s and that for passivation was 5 s.
Finally, the surface of the wafer containing the pillars was
coated with tridecafluoro tetrahydrooctyl silane (TTS) by
using a vacuum chamber. TTS was used to facilitate the
removal of PDMS from the wafer in subsequent steps for the
formation of cylindrical wells.

The cylindrical wells were formed by using PDMS to cre-
ate complementary structures to the mold. We placed the
wafer mold in a polystyrene Petri dish (Fisherbrand #08-
757-13) with pillars facing upward, and then we placed the
PDMS solution over the mold. The PDMS was made from
1:10 weight ratio of curing agent to PDMS base solution,
respectively (Dow Corning Sylgard® 184 #2986922-1104).
This step was followed by degassing in a vacuum chamber
for 20min. Subsequently, the wafer in the Petri dish was
placed on a hot plate at 75°C for 3 h to cure the PDMS.
Once the PDMS cured, it was peeled off of the mold. The
volume of each PDMS well that formed the array was
~4.24 L.

Single-molecule experiments

An enzyme concentration of 0.039 nM is equivalent to
enclosing 0.1 molecules of enzyme per well (2 ym in diame-
ter and 1.35 pum in height) on average as determined by well
size and concentration of enzyme. The volume of each well
was ~4.24 fL, and there were a total of over 3,000 wells,
excluding wells that had structural artifacts. The EnzChek
Protease Assay Kit for Red Fluorescence from Invitrogen
(#E-6639) was used. Two microliters of the enzyme at
0.39 nM in 10 nM HEPES buffer was mixed with 17 uL of
substrate at 3.06 uM in 1x kit digestion buffer (Tris-HCI).
One microliter of 1.0 um orange polystyrene microspheres
(540/560 nm) from Invitrogen (#F-13082) diluted to a final
concentration of 2.5 x 10* beads/ul. was added to the reac-
tion mixture that had a final volume of 20 uL. The wells
were assembled by the following steps. The reaction mixture
was placed on a 24 mm x 60 mm glass slide (VWR Micro
Cover Glass #48404-454), and we placed the patterned
PDMS on top of the glass slide above the solution. The floor
of the wells was formed by the glass slide while the PDMS
provided the structures for the cylindrical side walls and roof
of the wells. To prevent shifting of the PDMS, we taped the
PDMS to the glass slide without interfering with the reaction
mixture in the wells. We assumed that the wells were filled
with the reaction mixture since we had excess fluid sur-
rounding the PDMS-glass slide interface after the initial
assembly of the wells. For the prediction of the enclosure of
the number of enzymes in each well, we employed the Pois-
son distribution. With the average number of enzymes
enclosed in each well to be 0.1, ~10% of the wells will
enclose 1 molecule of enzyme and 90% of them will enclose
0 molecules of enzyme. In a well that contains a single
enzyme, the final concentration of the enzyme was 0.39 nM,
and that of the substrate was 2.6 uM. The enzyme-to-
substrate ratio was 1:6,666 in each well enclosing a single
enzyme. CCD images were taken every 3 min for a total du-
ration of 69 min, starting at the time point where the enzyme
and the substrate were initially mixed together. The entire
experiment was conducted at room temperature. We took
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23 CCD images recording at 23 different time points. The
exposure time of the CCD images was set to 60 ms. The
mercury lamp shutter was closed before and after image
exposure.

Image processing

We used MaxIm DL version 2.0x from Diffraction Lim-
ited along with the CCD camera to capture the images. To
calibrate and analyze the CCD images, we used ImagelJ
version 1.37 v. From the single-molecule experiments, we
obtained images that are processed as follows. First, images
were calibrated by correcting bias-, dark-, and flat-field
frame noises. Bias frame calibration corrected for variation
in camera electronics, dark frame calibration corrected for
dark current, and flat-field frame calibration corrected for
uneven illumination. We cooled our CCD camera down to
—20°C to minimize dark current accumulation in the pixels
in the CCD chip. We captured five bias images with the
camera shutter closed. Five dark frame images were captured
with the same exposure length (60 ms) as the experimental
images. We also took five flat-field frame images (600 ms
exposure) with 100 nM of BODIPY Texas Red (Invitrogen
#D-6116). For the five bias frame images we took, we
extracted the median image by using the Z-Projection func-
tion for image stacks in ImageJ. We repeated the same
median image extraction for each set of the five dark and
five flat-field frames. The median flat-field image was nor-
malized to its maximum pixel intensity. The following steps
describe our image processing procedure: First, we sub-
tracted the median bias image from an experimental image.
Second, we subtracted the resultant bias-frame corrected
experimental image with the median dark frame image.
Third, we divided the resultant bias frame- and dark frame-
corrected image by the normalized median flat-field image.
The image processing procedure was performed for both
control and experimental groups.

Once the images were calibrated, we further processed
them by rotation and cropping in ImageJ. In addition, we
subtracted image background in Image] by using a rolling
ball algorithm with a rolling ball radius of five pixels.”®
Afterward, we adjusted image threshold in Image]. The
threshold was adjusted by differentiating the wells from the
background. The auto threshold runs by taking a test thresh-
old.* The average of the pixel values at or below the test
threshold is calculated, and the average of the pixel values
above the threshold is also computed.”” Then, a composite
average is calculated by averaging two quantities, namely,
the average pixel value of the background and the average
pixel value of the well.>’ By this method, the threshold is
incremented and the process repeats until the threshold is
larger than the composite average.?

After the threshold was determined, we analyzed the wells
(with pixel values above the threshold) by measuring mean
pixel intensity of the wells and the corresponding well area.
The results were outputted by ImageJ with the number of
pixels representing each well and the mean pixel intensity of
each well.

Results and Discussion

Ensemble experiments

Results we obtained from the Michaelis-Menten Kkinetics
of a-chymotrypsin using the substrate, casein conjugated to
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(a) Ensemble Experiment: The intensity of the reaction mixture, containing the enzyme and the substrate, was measured

every 3 min for a total of 90 min. [E] = 0.39 nM and [S] = 2.6 uM. (b) Number of BODIPY Texas Red molecules as a func-
tion of time. Linear trend line is fitted to display the respective equation and coefficient of determination.

BODIPY Texas Red, allowed us to select for appropriate
substrate concentrations for subsequent ensemble and single-
molecule experiments.

Ensemble Protease Assays Observing Michaelis-Menten
Kinetics. The ensemble kinetics of «-chymotrypsin is
described by classical Michaelis-Menten kinetics, which is
outlined in the following enzymatic scheme'”%":

E+S—ES—FE+P

where E represents free enzyme concentration, ES represents
the concentration of the bound enzyme to the substrate, and
P represents product concentration. Let Et represent the total
concentration of free and bound enzymes. To fulfill the
Michaelis-Menten quasi-steady state criteria, Et is required
to be much less than the sum of K,,, and So.>' Here, K,,, rep-
resents the substrate concentration at half the maximum
enzymatic reaction velocity, and S, refers to the initial
substrate concentration.

In our experiment, the initial substrate concentrations were
much larger than the initial enzyme concentration (0.39 nM).
We used various substrate concentrations on the order of uM
as shown in Figure 1 to observe enzyme activity. For each
substrate concentration, relative fluorescence intensity was
plotted against time (min). By using the dye’s linear standard
curve [BODIPY Texas Red’s standard curve: relative fluores-
cence units (RFU) vs. [Dye]], we obtained the corresponding
concentration of dye with respect to each fluorescence inten-
sity data point measured. By plotting dye concentration in
UM against time (min) per enzyme concentration, we
obtained the slope (slope = [Dye]/time/[E] in units of puM/
min/uM) of each curve for each of the various substrate con-
centrations we used. The resultant graph of [Dye]/time/[E]
as a function of substrate concentration is shown in Figure 1.
Equation 1 represents the Lineweaver-Burk equation®”:

1 Ky 1 1

__m - - 1
V" Vo S Ve M

By rearrangement, enzymatic reaction velocity (V) can be
written in the following form:

Vinax[S]

=kt 18]

@)

At different substrate concentrations, we obtained different
reaction velocities for a-chymotrypsin. We calculated the ve-
locity at each substrate concentration from Eq. 2. Using the
Solver function in Microsoft Excel under the tools menu, we
set Vinax and K, as the variable cells. In addition, we took

the difference between the calculated velocities and reaction
velocities we obtained from our experiment at various sub-
strate concentrations. Then, we squared the difference in ve-
locity at each substrate concentration and referred to the
squared velocity difference as error squared. By minimizing
the sum of the error squared (target cell), we determined K,
and V. to be 047 uM and 14.75 min~ ', respectively.
According to previous studies, values of K, and V., for
a-chymotrypsin varied with different substrates and sol-
vents.>** In Figure 1, we presented the mean enzyme
reaction velocity from three trials with error bars represent-
ing one standard error of mean above and below the mean
reaction velocity value.

Ensemble Protease Assays for Comparisons with Single-
Molecule Experiments. We analyzed o-chymotrypsin’s ac-
tivity in bulk for direct comparison with the single-molecule
experiments. The enzyme, o-chymotrypsin, and the substrate
were mixed together at room temperature, having a final
concentration of 0.39 nM and 2.6 uM, respectively. As
shown in Figure 2a, we recorded the activity of o-chymo-
trypsin in the form of RFU in the fluorescence microplate
reader. In Figure 2a, background-corrected intensity was
plotted against time. By using BODIPY Texas Red’s stand-
ard intensity curve, we constructed Figure 2b, showing the
number of dye molecules that contributed to the intensity
increase with time. From the slope of Figure 2b, we calcu-
lated the rate of product formation, which was 3.0 x 10"
molecules of BODIPY Texas Red per minute. Hence, 12.8
molecules of dye were generated per enzyme molecule per
minute. Figure 5 represents the intensity trajectories of 10
individual wells that contained single-enzymes over a total
duration of 69 min. By comparing Figures 2 and 5, we
observed that ensemble kinetics was not able to detect the
intensity distributions of individual molecules. Single-mole-
cule assays not only traced individual enzymes’ intensity tra-
jectory, but they also allowed the detection of rare and
transient species in a given population of enzymes. It was
the distinctive distributions of individual molecules that
prompted us to explore the differences between ensemble
and single-molecule kinetics.

Single-molecule experiments

The cylindrical wells we used in the single-molecule
experiments were fabricated from a silicon mold. The sche-
matic for the fabrication process of the wafer mold is illus-
trated in Figure 3a. The mold consisted of an array of
cylindrical pillars as shown in Figure 3c. The image in
Figure 3c shows the resultant structures produced by the
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(a) The side-view of the silicon mold fabrication procedure is shown in this diagram. (b) This image illustrates the assembly

of the array of wells. Liquid PDMS is poured over the silicon mold, and the cured PDMS wells that is peeled off of the
mold allows for the enclosure of single enzymes. A glass slide is used to form the bottom wall of the wells. (¢) This 3-D
image generated by the Hyphenated Systems Optical Profiler (HSOP) in the confocal microscope represents a small region

of the silicon mold.
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Figure 4. Single-molecule experiment: of the

CCD images
array of wells enclosing the reaction mixture.

Each image consists of a 5 well by 5 well array, which is a
small region we selected from the entire array. The intensity of
the central well in the 5 x 5 array was observed over time.
The array captured in the images are magnified 40x by the
objective in our microscope. Each well is 2 um in diameter,
and the distance between the centers of two consecutive wells
is 4 um. In each region, selected, we present the images
captured at six points in time: 9, 21, 33, 45, 57, and 69 min.
(a) Region 1. (b) Region 2. (c) Region 3. (d) Region 4.

stepwise fabrication process in Figure 3a. The advantages of
using E-beam lithography included the ability to create pat-
terns on the order of submicrons and the elimination of the
expense of a photomask.35 36 After the mold was completed,
we used PDMS to create the complementary structures. As
shown in Figure 3b, the assembly of the cylindrical wells
was achieved by placing PDMS, with patterned structures
facing downward, on top of a glass slide. We enclosed our
reaction mixture, containing the enzyme and the substrate,
between the glass slide and the patterned side of the PDMS.
The reaction mixture filled the wells by capillary action in
the well-assembly process shown in Figure 3b. We applied
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Figure 5. Single-molecule experiment: Intensity trajectories of
10 individual wells that presumably enclose a single
enzyme in each well.

Intensit

light pressure on the PDMS against the glass slide, and the
PDMS presses out excess fluid and gases.

After mixing together the enzyme and the substrate and
placing them in the wells, a CCD image was taken every
3 min for a total of 69 min. A photo gallery that contains
5 well by 5 well regions of the CCD images captured at six
time points (9, 21, 33, 45, 57, and 69 min) is shown in Fig-
ure 4. The images shown in Figure 4 were first calibrated to
lower background noise. Over time, we traced individual
wells, such as the center well in the 5 by 5 well regions of
Figure 4, and monitored changes in kinetics. In Figure 5,
heterogeneous activity of individual enzymes is reflected by
the differences in intensity for 10 individual wells that pre-
sumably contain single enzymes in the array. The individual
well trajectories in Figure 5 were obtained by taking the
mean pixel intensity of each well and recording them at each
time point we captured a CCD image. From Figure 5, we
observed that the intensity from the product formation of sin-
gle enzyme activity increased and saturated over time. The
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Single-molecule experiment: Well distributions with respect to intensity range.

(a) 9 min, (b) 21 min, (c¢) 33 min, (d) 45 min, (e) 57 min, and (f) 69 min.

decrease in intensity at 66 min in Figure 5 resulted from fo-
cusing challenges in the microscope. Our sample shifted out
of focus at 9 and 57 min in Figure 4. Retracting forces of
the immersion oil that we used for the oil-immersion objec-
tive, temperature changes from heat released from the mer-
cury lamp, and sample vibration were the critical factors that
contributed to focus challenges. We improved imperfections
of focusing in the microscope by using stage clips to fix our
sample to the microscope stage and taping down the PDMS
wells to the glass slide.

The advantages of carrying out the protease assay in the
array of wells included economical use of chemical reagents,
the low cost of the fabrication of the mold, and the reprodu-
cibility of PDMS wells once the mold is created. The neces-
sary amount of enzymes and substrates were lower when the
assay was miniaturized, and thousands of single-molecule
assays were performed in parallel.®® In addition, we obtained
real-time results of the protease assay conducted inside the
microwell array. We are confident that at least several hun-
dred wells contained one molecule of enzyme based on the
Poisson distribution, which is described in previous litera-
ture.”*” According to the Poisson distribution in the case
where ¢ = 0.1 molecules of enzyme, ~90% of the total
number of wells contained zero molecules of enzyme and
10% of the total number of wells contained 1 molecule of
enzyme. We sampled over 3,000 wells. Hence, statistically
over 300 wells contained 1 molecule of enzyme.

We further analyzed the images that we had captured for
the single-molecule experiments as follows. The mean inten-
sity of each well for the entire single-molecule experiment
ranged from 400 to 2,000 relative fluorescence units (RFU).
We divided this intensity range into 80 subranges that are 20
RFU apart. At each time point where a CCD image was
captured, we counted the number of wells that lay in each

subintensity range and constructed a histogram for each time
point a CCD image was captured. Six histograms that repre-
sent six CCD images captured in six points in time are
shown in Figure 6. The shift of well distributions from low
to high intensity is evident in Figure 6 from 9 min (Figure
6a) through 69 min (Figure 6f).

Potential complications, such as protein adsorption by
PDMS and structural perturbations of proteins in small con-
fined space, may interfere with data interpretation. First,
PDMS has been known for its nonspecific protein adsorption.
Nevertheless, current literature offers various methods that
modify the PDMS surface for the reduction in protein
adsorption.”*** PDMS has also been known for its hydro-
phobicity and ability to serve as an impervious boundary to
compounds soluble in water.'® Rondelez et al.'® have used
PDMS as reaction vessels to study horseradish peroxidase
and f-galactosidase, and they have shown that f-galactosi-
dase molecules do not bind to the PDMS surface. Further-
more, the hydrogen-bond acceptor groups potentially
conducive to protein adsorption in the PDMS structure are
likely to be buried by the side chains.*' Second, the question
of whether structural perturbations occur inside confined
space is also important. The degree of hydration has been
suggested to play a role in an enzyme’s activity in aqueous
confined space.*** Previous studies have shown that with
higher hydration, chymotrypsin’s structure in reverse
micelles remains unperturbed.*”> When confined in microcap-
sules, the steric integrity of o-chymotrypsin was not compro-
mised and the thermostability was in fact superior under
encapsulation than the free enzyme.44 It has been shown that
only at high temperature (>>37°C) and low pH (pH 4.0)
does o-chymotrypsin begin to show structural perturbations,
lose 1its active site function, and aggregate to form
dimmers.*>*®  We perform our experiments at room
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temperature and at pH 7.8, which minimizes the likelihood
of structural perturbations due to low pH and high
temperatures.

Several other important challenges to our method must be
examined. For any method that involves the handling of
small working volumes, evaporation is a potential problem.
In this project, evaporation of the reaction mixture begins
approximately after 2 h. When the reaction mixture evapo-
rates significantly, the sample starts to reveal branch-like
streaks of residual fluid. Evaporation is usually not a factor
of concern when the experiment is completed within typical
time frames of a bioassay, which are a few hours. In addi-
tion to evaporation, focus drift is a factor of variation when
taking a series of images over time. We carefully focus the
image by moving the stage of the microscope, and we look
for a consistent plane perpendicular to the Z-axis with refer-
ence to the bottom and top planes of the wells. Even though
the specimen plane that we capture is within the height of
the wells, it may well be a different plane from the previous
setting. Nevertheless, the plane that we choose will lie
within the 1.35 um height of the wells. A way to overcome
this problem is to use a software that is able to automatically
correct for focus drift based on reference layers of the speci-
men.*” We could increase the precision and consistency of
our method by resolving such problems. Another potential
problem of a miniaturized assay is the high background. Fac-
tors that lower signal-to-background ratio include solvent
emission and weak signals from the chromophore of the
assay.48 We work around high background issues by using
small working volumes (20 pL) of the reaction mixture,
which reduces the volume of solvents compared with bulk
assays that use reaction volumes up to 200 pL in 96-well
microplate experiments. Because the protease assay that we
use also has the ability to quench the fluorescence of the
dyes conjugated to the substrate ~98-99% and increase fluo-
rescence signals 50-100 times during enzyme digestion of
the substrate, we are confident that our assay has a detecta-
ble signal-to-background ratio.”” In our experiments, we
minimize photobleaching by exposing the sample with the
mercury lamp only during image capture. Studies have
shown that completing the experiment within turnover condi-
tions may also ensure that photobleaching does not affect the
accuracy of the experimental findings.*’

Conclusion

Single-molecule enzymology has the ability to analyze sta-
tistical information of single enzyme Kkinetics that ensemble-
averaged kinetics overlooks. The combination of using the
array of wells and the protease assay along with the detec-
tion technology described in this article presents a potential
method for the single-molecule enzymology of o-chymotryp-
sin. In the future, we might be able to extract more informa-
tion on o-chymotrypsin by examining how inhibitors

influence the single-molecule kinetics of this enzyme.50
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