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Abstract

A method to study single-molecule reactions confined in a biomimetic container is described. The technique combines
rapid vesicle preparation, optical trapping and fluorescence confocal microscopy for performing simultaneous single-vesicle
trapping and single-molecule detection experiments. The collisional environment between a single enzyme and substrate
inside a vesicle is characterized by a Brownian dynamics Monte Carlo simulation. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Recent advances in optics and microscopy have
permitted the optical detection and study of single
molecules under biologicaly relevant conditions [1—
4]. The dynamics of single biological molecules, for
example, have been investigated in detail [5-11], and
the conformational motions of single DNA molecules
were recorded and analyzed [12]. Striking visua
images of single molecules were also obtained under
various conditions, such as on surfaces using near-
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field or confocal optics [13,14], in solution with
wide-field illumination [15], and on lipid films [16].
Motions of single molecules in solution were also
studied in detail [17-23]. Many interesting and sur-
prising results have been obtained with such single-
molecule techniques. For example, optical switching
properties of single, green fluorescent protein
molecules were reported, which might have useful
technological applications [24]. In addition to detect-
ing single molecules by single-photon-excited fluo-
rescence, other complementary optical techniques
have also been demonstrated for the study of single
molecules, including the use of multiphoton excita-
tion [25,26] and surface-enhanced Raman scattering
[27,28].

Not only can single molecules be optically de-
tected, individual biological macromolecules can also
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be manipulated by optical means. For instance, the
direct optical trapping of a single DNA molecule
without the use of a handle has been demonstrated
[29,30]. With the help of microbead handles, poly-
mer physics of single DNA molecules have been
studied in detail [31]. In combination with optica
interferometry or a quad cell, this optical trapping
technique was also used to measure the force gener-
ated by single biological macromolecules with high
accuracy [32,33]. Interesting results obtained through
these force measurements have provided important
insights into the workings of mechanoproteins and
biomotors.

Although ultrasensitive techniques exist to manip-
ulate and detect single molecules, few methods exist
to control and manipulate the nanoenvironment sur-
rounding a single molecule. By confining single
molecules to such a controlled nanoenvironment, the
dynamics of single-molecule reactions can be probed
and the observed details can be more meaningfully
interpreted. By systematically varying the nanoenvi-
ronement, additional insight into single-molecule dy-
namics might be obtained. Most advances in the area
of single-molecule detection concern the ability to do
more detailed correlated measurements by increasing
the detection sensitivity. In this paper, we describe
the use of vesicles to spatially confine biochemical
reactions inside a biomimetic container. We also
performed simulations to characterize the reaction
conditions within such an ultrasmall, confined na-
noenvironment. Because the reaction conditions in-
side cells are heavily compartmentaized, the re-
ported technique and simulation should be of particu-
lar importance in understanding biochemical reac-
tions in cells and subcellular organelles.

2. Computational details

For estimation of the collision frequency inside a
vesicle, a substrate (S) with radius rg and an enzyme
(BE) with radius r were treated as hard spheres
enclosed in a spherical container with hard walls and
of radius r,. A collision between S and E occurs
when they are separated by a minimal distance Ry,
such that Rgz =rg+ re. This condition creates an
excluded volume around each molecule with respect
to the other. Therefore, the collision frequency be-

tween S and E can be estimated without explicitly
accounting for the solvent by calculating the influx
of particles into the excluded volume, given by:

g = (réE/V)(BWkBT/M)l/Z’ (1)
where wg is the collision frequency, V is the
vesicle volume, kg is the Boltzmann constant, T is
the temperature (Kelvin) and w is the reduced mass.
Using similar arguments, we can obtain the sub-
strate—wall and enzyme—wall collision frequencies
(wgy and wgy, respectively):

Wsy = (3/rv)(kBT/27Tms)l/2 (2)
and
wew = (3/1v)( kBT/ZWmE)l/Z- (3

A simplified Brownian diffusion dynamics model
accounts for the influence of the solvent. A rough
estimate of the radius of the molecules was obtained
by using the Stokes-Einstein equation, where the
diffusion coefficient (D) does not account for any
effects due to charge. This approximation applies to
large molecules like enzymes, but might not be
accurate for substrates [34]. Small molecules and
ions are mostly hydrated; hence, the observed diffu-
sion coefficients are those of the solvated molecules
or ions. In our model, the diffusion coefficients were
estimated from molecules of approximately the same
molecular weight. Wetook D =7 x 10~ m?/s for
akaline phosphatase (AP) and D =4.4x 10"
m?2 /s for fluorescein diphosphate. We note that D
also depends on other variables, including molecular
volume, molecular geometry, and molecule—medium
interactions.

Several algorithms have been used to describe
Brownian-type motions [35—-37]. We used a simpli-
fied model in which we assume the velocities of the
molecules to be constant over the small time steps
taken. By changing the timesteps and the constant
velocities, a given diffusion coefficient can be mod-
eled. The trgjectories of the molecules can be fol-
lowed and the average displacement at a certain time
can be calculated and used to obtain the diffusion
constant by the relationship D = lim, _, ., { x*(1)) /2t
[38].

In our simple model, we used a random displace-
ment with a Monte-Carlo step in which the random
number generated is uniformly distributed between
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—1 and 1. In this way, we were able to get an
estimate of the velocities and the timesteps to be
used in the simulation. Because { x2) = 2Dndt (t =
ndt), which gives D = (x2) /(2ndt), the diffusion
coefficient can be estimated from the model. We
alow the substrate and the enzyme to have a maxi-
mum random displacement of almost equal size. In
this way, the solvent had a greater effect on the
substrate because the substrate made four random
displacements while the enzyme made only one.

3. Experimental details
3.1. Optical setup

To initiate and probe chemical reactions inside
individual vesicles, dua near-IR and visible laser
beams were used to perform simultaneous optical
trapping [29,39] and fluorescence confocal mi-
croscopy [22,23] (Fig. 1). Briefly, the optica trap
was formed by first sending the output (992 nm) of a
MOPA diode laser (SDL, San Jose, CA, USA)
through a spatial filter. The beam was then reflected
by a polychroic beamsplitter (Chroma Technology,
Brattleboro, VT, USA) and focused by a high numer-
ical aperture objective (N.A. 1.3). The fluorescence
confocal microscopy setup consists of sending the
488-nm line of an argon ion laser (Spectra Physics,
Mountain View, CA, USA) through a telescope, and
then reflected by the polychroic beamsplitter into the
high N.A. objective. The tight foci of the 992- and
488-nm laser beams were laterally superimposed on
each other by independently controlling the angles
the two beams entered the objective, and longitudi-
nally superimposed by adjusting the telescope. The
emitted fluorescence photons were collected by the
objective, transmitted through the polychroic beam-
splitter, passed through a 50-pm pinhole, and de-
tected by a single-photon-avalanche diode detector
(EG& G Optoelectronics, Quebec, Canada). The sig-
nal was collected by a multichannel scaler (EG& G
Ortec, Oak Ridge, TN, USA) and displayed on a
computer.

3.2. Preparation of vesicles

The rapid preparation of large liposomes was
described elsewhere [40]. Briefly, a flask with 3 pl
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Fig. 1. Schematic diagram of the experimental setup. The vesicle
encapsulated enzyme—substrate reaction system is trapped and
manipulated by a MOPA diode laser. The 488-nm line of an Ar +
ion laser is then used to excite the fluorescent product (fluo-
rescein) of the enzyme—substrate reaction. The resulting fluores-
cence photons are collected, sent through a pinhole, and focused
onto a single-photon-avalanche diode detector. The size of the
vesicle is matched to the laser focus for optimal detection. The
light-beam representation in the box is different than in the rest of
the schematic. The vesicle containing enzyme and substrate is
enlarged and drawn in arbitrary scale. Abbreviations: M1 = mirror,
DC = dichroic mirror, MO = microscope objective, PC =

polychroic mirror, APD = avalanche photodiode.

0.1 M L-a-phosphatidylcholine (PC) (Sigma, St
Louis, MO, USA) in chloroform, 110 .| chloroform,
30 .l methanol, and 1 ml of buffer solution contain-
ing enzyme (AP from Sigma) or substrate (fluo-
rescein diphosphate from Molecular Probes, Europe,
Leiden, Netherlands) or both, was rota-evaporated
under reduced pressure at 40—42°C for 2 min. After
evaporation, organic solvents were removed. The
remaining buffer solution contained liposomes that
ranged from submicrons to approximately 100 p.m in
diameter. To prepare vesicles less than 100 nm in
diameter, 200 .| of PC was dried in a rota-evapora
tor for 1 h, suspended in 1 ml of potassium phos-
phate buffer (5 mM Tris—SO,, 120 mM KPi, 1 mM
MgSO,, 0.5 mM EDTA, 1% glycerol, pH 7.5), and
then solubilized by addition of 90 wl 20% sodium
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cholate 250 ! of 3 M NaCl, 924 wl of 20 mM
CHAPS in 50 mM sodium phosphate buffer. For
preparation of small unilamellar vesicles, 200 wl of
the above lipid /detergent /salt mixture was added to
a pretreated spin column (equilibrated with buffer
containing analytes and spun to remove void vol-
ume), and centrifuged at low speed to elute the
vesicles. The vesicle solution was then run through a
size-exclusion column to remove the extravesicular
analytes.

4. Results and discussion

From the Brownian dynamics Monte-Carlo simu-
lations, we calculated the number of collisions be-
tween enzyme and substrate and between the con-
tained molecules and the vesicle wall. Fig. 2A and B
show the diffusive paths of the vesicle-confined sub-
strate and the enzyme, respectively. Because of the
smaller size and faster diffusive movement of the
substrate, it is able to sample more space inside the
vesicle, which isreflected in the dense, more crowded
trgjectories. Fig. 2C traces the substrate—wall colli-
sions during a 60-p.s simulation.

Fig. 3 is a plot of the collision frequency as a
function of vesicle size. Inside a 170-nm diameter
vesicle, a single enzyme and a single substrate col-
lide at arate of 300 kHz. The enzyme—wall collision
frequency for this vesicle is above 50 MHz, over 150
times more frequent than the enzyme—substrate in-
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Fig. 3. A plot showing collision frequency vs. vesicle radius. wge
is the substrate—enzyme collision frequency (40 10° steps, each
a 15 ps), and wg, is the enzyme-wall collision frequency
(10x 108 steps, each a 6 ps). The functions were fitted to
y=kx™", where r = —3 for wg: (correlation coefficient = 0.997)
and —1 for wg, (correlation coefficient = 0.999) to demonstrate
the volume and radius dependence, respectively.

teractions; the substrate—wall collision rate is 200
MHz, almost 1000 times the enzyme—substrate colli-
son frequency. This fact implies that surface interac-
tions can have significant or even dominant effects
over the rate and mechanism of biochemical reac-
tions. This simulated collison environment inside a
vesicle assumed a perfect spherical reflective bound-
ary for the wall (zero residence time), and did not
account for any charge or hydrophobic interactions

Fig. 2. Trajectories of a single substrate (A) and enzyme (B) inside a 104-nm diameter sphere modelled using a Brownian dynamics
Monte-Carlo simulation. The substrate was followed for 10* steps with each step at 10 ns, and the enzyme was followed for 2.5 X 10° steps
with each step at 40 ns. (C) A trace showing collisions between a single substrate and the spherical wall (same simulation conditions as in
(A) and (B), substrate was followed for 40 x 10° steps, each step at 1.5 ps).
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between the wall and the contained molecules. If
these effects were included, molecules inside bio-
compartments can be significantly biased to reside
near (or away from) the wall of the biocompartment.
Indeed, if both molecules spend sufficient time near
the wall, most reactions might occur at or near the
wall because collisions between two-dimensionally
diffusing molecules are more likely than from three-
dimensional diffusion. The membrane composition
of cells is precisely regulated; phosphatidyl serine
(negatively charged), for example, is partitioned ex-
clusively to the inner leaflet of the bilayer. In combi-
nation with the small size of subcellular compart-
ments (tens of nanometers in diameter), these pre-
cisely regulated surfaces are expected to have impor-
tant influences over the rate of biochemical reac-
tions.

Fig. 4 shows the time when collisions between
enzyme and substrate occur. During this simulation
(60-ps run time), approximately 1500 substrate—en-
zyme collisions took place, owing to the small size
of the vesicle (60 nm). It is evident from Fig. 4 that
collisions in this vesicle occur in clusters. This clus-
tering effect arose because once a collision hap-
pened, the two molecules remain for some time in
the neighborhood of each other. Hence, subsequent
collisions are more likely. If a reaction requires
multiple collisions for completion, this clustering
behavior might result in a non-Poissonian rate distri-
bution, because Poisson statistic assumes temporally
uncorrelated random events. A reaction that occurs
after only one or a few collisions (diffusion-limited
reactions) should still obey Poisson statistics, be-
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Fig. 5. Fluorescence intensity vs. time as a measure of AP
catalytic activity inside an optically trapped vesicle containing AP
and 0.75 mM fluorescein diphosphate. At 60-s intervals, the
amount of fluorescent products accumulated was simultaneously
probed and bleached at 488 nm. The bleaching resets the reaction
clock for each run. The vesicle in the left panel had aradius of 1.5
rm, and the vesicle in the right panel had a radius of 500 nm.

cause the occurrence of the clusters appears to be
uncorrelated in time.

The ability to follow reaction dynamics at the
single-molecule level offers the special opportunity
to study the effects of such molecule—wall interac-
tions. To monitor optically the behaviors and reac-
tions of single biomolecules evolving in time, the
molecule must be localized within the ultrasmall
laser probe volume. Although methods exist to im-
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Fig. 4. Occurrence of substrate—enzyme collisions during a 60-p.s simulation. The vesicle diameter used was 60 nm.
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mobilize and study the kinetics of single molecules,
these techniques might introduce unwanted perturba-
tions into the measurements. Consequently, it is
difficult to infer the true in vivo biologica activities
of these biomolecules from in vitro experiments that
do not confine these biomolecules in containers that
mimic their in vivo environment. Fig. 5 shows the
turnover of substrates into products by enzyme
molecules contained in a phosphatidylcholine vesi-
cle. Based on the low enzyme concentration used,
only one to a few enzymes should be present in each
vesicle. The actual number density, however, islikely
to vary significantly between vesicles and would
depend strongly on the size and encapsulation effi-
ciency of each vesicle. The trapping near-IR beam
serves to immobilize the vesicle within the volume
(1 fI) of the probe beam (Fig. 1). The small size of
the vesicles provides a good size match with the
confocal detection volume. Therefore, the trapped
vesicle serves both to immobilize the molecules of
interest and to approximate in first-order the in vivo
nanoenvironment inside a cell or cellular compart-
ment. In the left panel of Fig. 5, the amount of
products formed is quite homogeneous over time,
which is in sharp contrast to the product formation
rate shown in the right panel. The nature of this
difference is unclear at present. By systematically
varying the membrane composition and reaction con-
dition, however, a detailed understanding of this
difference is expected to be obtained. A recently
developed technique to initiate and control chemical
reactions in individual biomimetic containers is of
particular relevance in the study of such single-mole-
cule dynamics within vesicles [41].

Experiments on single-enzyme kinetics have pro-
vided exciting results. For example, the turnover rate
of single enzymes was studied by localizing the
enzyme in agarose gel [5], microwells [7] and glass
capillaries [6,8]. Interesting variations between indi-
vidual enzymes have been observed [5-8]. But are
these differences caused by variations in local na
noenvironments or by the different ways in which
these enzymes were attached? Do they represent true
biological variations? These types of questions can
only be addressed by studying the reaction under
conditions that approximate the intimate presence of
a membrane wall. Indeed, even traditional measure-
ments of enzymatic activities in bulk solutions might

not truly represent the reaction conditions inside the
highly compartmentalized cell, where strong interac-
tions with bilayer membranes exist.
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