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grown tremendously over the last two decades.

The number of papers published per year since
1987 with “single molecule” in the title, according to a
search on PubMed (www.pubmed.gov), is shown (Figure
1). The number of publications for 2006, 315, is a pro-
jection based on the first 7 months of the year. These
numbers are gross underestimates (e.g., only 9 of the 43
references in this Review would turn up in such a
search), but the growth pattern may still be grasped. The
search found virtually no papers in the 1980s despite
the fact that the first single-molecule measurements
were done on single-ion channels and were already
widespread by that time. The growth shown (Figure 1)
appears exponential, with a doubling time of 2.2 years.
We can predict that in 30 years, every paper published
in the biological sciences will be on single-molecule
techniques! In more serious terms, single-molecule
approaches to biology have become enormously
popular because of their power in providing previously
unattainable data on elementary biological processes.
The two primary approaches are fluorescence and
manipulation (force). Fluorescence includes FRET, polar-
ization, lifetime, localization, and intensity, whereas
manipulation includes optical and magnetic tweezers
and atomic force microscopy (AFM). Here, we will
discuss only localization and intensity for fluorescence
and optical tweezers and AFM for manipulation, and we
refer readers to review papers for other techniques not
discussed here (1-9).

The two common experimental setups for measuring
fluorescence at the single-molecule level are confocal
microscopy (Figure 2, panel a) and total internal reflec-
tion fluorescence (TIRF) microscopy (Figure 2, panel b).
In confocal microscopy, a laser is focused through the
objective lens of a microscope, exciting only a small

The popularity of single-molecule experiments has
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ABSTRACT Single-molecule methods have revolutionized scientific research by
rendering the investigation of once-inaccessible biological processes amenable to
scientific inquiry. Several of the more established techniques will be emphasized
in this Review, including single-molecule fluorescence microscopy, optical twee-
zers, and atomic force microscopy, which have been applied to many diverse bio-
logical processes. Serving as a taste of all the exciting research currently under-
way, recent examples will be discussed of translocation of RNA polymerase,
myosin VI walking, protein folding, and enzyme activity. We will end by providing
an assessment of what the future holds, including techniques that are currently in
development.

*Corresponding author,
tiha@uiuc.edu.

Received for review August 6, 2006
and accepted September 25, 2006.

Published online January 19, 2007
10.1021/cb600342a CCC: $37.00

© 2007 by American Chemical Society

VOL.2 NO.1 + ACS CHEMICAL BIOLOGY 53




54

volume. The emission can be split into

350
Exponential growth with multiple channels for acquisition. To
300 doubling time of 2.2 years . . .
£ 250 image many molecules, a piezo stage is
g 200 typically used to scan the slide. The
g 150 benefit of confocal microscopy is that a
€ 100 time resolution on the order of micro-
= 50 seconds can be achieved. The two
0 types of TIRF commonly used differ only

1990 1995 2000 2005
Year

by how the excitation light is brought to
the sample: either through a prism

Figure 1. The occurrence in the (Figure 2, panel b) or directly through

scientific literature of papers on
single-molecule methods. The number
is calculated from a PubMed search
displayed as a function of the year
from the 1980s until the end of 2006.

the objective. An evanescent wave is
created that excites only those mol-
ecules within a few hundred nanome-
ters of the quartz surface. The fluores-

cence emission is then sent through the
objective and is recorded on a CCD camera. The benefit
of TIRF over confocal microscopy is that a larger area of
the slide can be imaged simultaneously, and this pro-
vides more data quickly. The drawback of this method is
that the camera limits the time resolution, which in
some cases is as short as a few milliseconds.

The resolution and application of optical tweezers
experiments have improved significantly over the last
several years (10-12). Experiments performed with
optical tweezers are designed to have two attachment
points with several variations (Figure 3, panels a and b).
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Figure 2. Conventional experimental setups used for single-
molecule fluorescence. a) A typical confocal microscope with both
the excitation light and emission going through the objective lens.
APD = avalanche photodiode. b) A prism-type TIRF microscope
where the excitation light is reflected through a prism on top of
the slide and the emission goes through the objective.
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Usually, biotin—avidin chemistry is used to link one of
the attachment points to a polystyrene bead. This bead
is trapped in a laser beam. The other attachment point
can be either linked to another bead that is trapped in a
second laser beam (Figure 3, panel a), attached to the
slide surface, or captured by a micropipet (Figure 3,
panel b). These setups can be used to measure force
extension curves as molecules are pulled apart or to
watch a change in distance as the beads are pulled
together by the attached molecules. Using optical twee-
zers offers several benefits, including the method’s
adaptability and its high accuracy in distance changes.
The dual-beam trap is much less prone to mechanical
drift and beam-pointing instability than the single-beam
trap, but the linkage between the two beads should be
long enough to trap them independently. Because the
resolution will ultimately be determined by the compli-
ance of the linker molecules, the single-beam trap,
which can use arbitrarily short linkers, may indeed
achieve better resolution, as long as the mechanical drift
is avoided by extremely careful design of the apparatus.

AFM is a scanning probe microscopy technique that
has been around for 2 decades. Although AFM has typi-
cally been used for topographical imaging applications,
it has found uses in manipulating samples of all kinds,
including in biological studies to look at the folding and
unfolding of molecules. A typical AFM is a simple appa-
ratus that consists of a cantilever with an attached tip,
which is used to directly interact with the sample
(Figure 3, panel ). For detection, a laser is deflected off
the cantilever, and a positional detector is used to
record the change in vertical distance. In this way, force
extension curves can be created to measure the change
in force over distance. A sensitivity of 1 pN and spatial
resolution of 1 nm can be achieved with this technique
(4). The benefit of AFM over optical tweezers is that AFM
is capable of much higher forces, allowing for the study
of larger molecules or polymers. The drawback to AFM is
that the force noise is higher than that in optical twee-
zers and can still be a few piconewtons in the best
instrumental setups (13).

Overview of Recent Reports on Single-Molecule
Methods. Single-molecule methods have been applied
to biology and chemistry in numerous ways; it would be
impossible to review here all of the studies performed in
the last few years. Several recent studies have been
chosen that illustrate the diversity of single-molecule
methods and show that many different biological pro-
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Figure 3. Mechanical force single-molecule techniques. a) Dumb-bell-type optical tweezers
suspending a stalled RNA polymerase transcription complex. Adapted by permission from
Macmillan Publishers Ltd., copyright 2005 (11). b) Optical tweezers experimental design with
one bead trapped in a laser and the other immobilized with a micropipet pulling on a single
RNase H molecule. Reprinted by permission from AAAS, copyright 2005 (26). c) AFM experiment
pulling on a poly-ankyrin molecule. The cantilever and attached tip are shown in gray. Reprinted
by permission from Macmillan Publishers Ltd., copyright 2006 (31).

cesses can be approached by these powerful tech-
niques. Some recent papers relating to motor proteins
demonstrate the precision and spatial resolution that
can be attained from these methods. Folding and
unfolding studies of proteins describe the potential of
mechanical force for elucidating the folding landscape
of molecules. The study of enzymatic turnover of sub-
strates by single enzymes allows scientists not only to
delve into individual reactions but also to investigate the
possibility of memory effects in proteins.

RNA Polymerase Translocation and Pausing. RNA
polymerase is a ubiquitous enzyme found in all forms of
life. In Escherichia coli, RNA polymerase exists as a mul-
tisubunit protein with a core of four subunits (c,B"),
and it also contains one of seven ¢ factor subunits that
recognize specific promoter regions (14). It functions by
unraveling double-stranded DNA (dsDNA), allowing the
sense strand to be transcribed into RNA by adding the
cognate ribonucleoside monophosphate as it pro-
gresses. The detailed process of translocation of RNA
polymerase at the molecular level has been debated for
many years, and several models have been proposed to
explain this highly regulated process (11, 15). Several
recent single-molecule studies have shown intricate and
detailed aspects of initiation, translocation, and pausing
of RNA polymerase from E. coli (11, 16, 17).

In order to investigate the small discrete steps taken
by RNA polymerase during each elongation cycle, scien-
tists constructed a very sensitive and ultrastable optical
trap that was capable of angstrom-level resolution. A
dumbbell setup was used in which two polystyrene
beads were trapped in separate laser beams (Figure 3,
panel a) (18). With this technique, the molecule of inter-
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est is suspended
over the slide
surface to eliminate
any fluctuations
from stage drift. To
reduce fluctuations
from laser pointing,
all of the compo-
nents were
enclosed in a box
purged with helium.
Researchers real-
ized a 10-fold
reduction of noise
spectral density at

0.1 Hz solely by switching from air to helium (17).

In the first of these studies (11), the B’-subunit of a
stalled RNA polymerase transcription complex is
attached directly to a polystyrene bead through an
avidin linkage (Figure 3, panel a). Depending on the

experiment, either the upstream or downstream portion
of the DNA is then attached to another polystyrene bead
with a digoxigenin antibody linkage. Under experimen-

tally determined concentrations of ribonucleoside

triphosphates that pro-

duce an optimal level of RNA
polymerase movement, indi-
vidual steps of translocation
were observed. The step size
for each round of translocation
was calculated to be 3.7 = 0.6
A (Figure 4, panel a). This is the
distance per base pair of
duplex DNA within error.

What types of new scientific
questions can be addressed
with this ultimate resolution of
single base pair in transcrip-
tion? The same study reported
an elegant example. The
researchers investigated
whether the translocation
mechanism of RNA poly-
merase is driven by a power
stroke generated by inorganic
pyrophosphate (PP) release or
whether it occurs through a
Brownian ratchet mechanism

KEYWORDS

Atomic force microscopy (AFM): An AFM
instrument contains a cantilever that can be
used to scan a surface to produce an image,
or it can be attached to a molecule and used
in pulling experiments. Motions are detected
by observing movements of a laser that is
deflected off the cantilever.

Fluorescence imaging with one-nanometer
accuracy (FIONA): A single-molecule
fluorescence technique used to localize
individual fluorophores to within ~1.5 nm.
This resolution is obtained by analyzing the
fluorescence image or point spread function
and fitting it to a Gaussian function.

Fluorescence resonance energy transfer (FRET):
When a fluorescent dye (donor) is excited by
a light source, energy can be transferred
nonradiatively to another dye (acceptor),
which is within ~2—8 nm. Typically, FRET
measurements are performed between two
different fluorescent dyes where the emission
of the donor dye overlaps the absorption of
the acceptor. As the two molecules come
closer together, the donor emission decreases
in intensity while the acceptor emission
increases.
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Figure 4. RNA polymerase in motion. a) Individual steps of RNA polymerase
during translocation. Adapted by permission from Macmillan Publishers Ltd.,
copyright 2005 (11). b) Detected pausing on two different templates that contain
either the ops (magenta) or his (red) pause site motifs. Four ubiquitous pause
sites are also indicated as a-d. Colors correspond to different regions of the
template construct with the rpoB gene in green, the restriction sites in light blue,
the regulatory pause region in pink, and the ops and his pause sites in dark gray
and light gray, respectively. Reprinted by permission from Elsevier, copyright
2006 (17).

by which reversible oscillations between pre- and post-
translocation states are trapped by NTP binding. To dis-

tinguish between these possible kinetic models of trans-

location, they recorded the speed of elongation under
different forces and NTP concentrations. They concluded
that the power stroke model is not valid and that the
data favor the Brownian ratchet model in which a sec-
ondary NTP binding site could influence translocation at
higher NTP concentrations. The ultrahigh resolution was
critical in the analysis because frequent pausing and
backtracking of RNA polymerase could be filtered out to
obtain accurate numbers for the elongation speed.
Single-molecule transcription studies have shown
ubiquitous pauses (19, 20), but it has not been clear
whether these pauses are random events or sequence-
dependent. Eight repeats of a DNA motif with two known
strong pausing sequences and a termination sequence
were incorporated into the DNA to determine the posi-
tion of the RNA polymerase on the DNA template accu-
rately (17). This allows for the rescaling of the experi-
mental data so that the absolute position can be deter-
mined. The analysis uncovered four additional ubiqui-
tous pausing sequences and some common features
among them, and it became clear that these ubiquitous
pause sites are sequence-dependent (Figure 4, panel b).
Because this approach allows a single enzyme to tra-
verse up to eight identical pause sites, the authors could
test for molecular memory effects. For example, an
enzyme may (i) stay in long-lived states that have differ-
ent pause tendencies, (ii) switch between states of dif-
ferent pause tendencies during the measurement, or
(i) possess a constant pause propensity. In every cor-
responding pause site, a positive correlation exists
between pausing at one site and pausing at the identical
site in a subsequent repeat. This observation and that the
correlation between pause sites did not change over at
least ~1000 base pairs lend support to the first model.
Individual molecules, then, remain in the same state fora
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long period of time, and it is the molecule itself that deter-
mines the kinetics of pausing.

Myosin VI Stepping. Most of the proteins in the
myosin family function by moving toward the barbed (+)
end of actin filaments. Myosin VI is one exception that
moves in the opposite direction or the pointed (—) end.
These dimeric processive motor proteins (21) are com-
posed of a motor domain, an 1Q motif (hamed for the
presence of isoleucine and glutamine) that binds cal-
modulin, a coiled-coil region, and a globular C-terminal
domain. Additionally, myosin VI contains an insertion
between the 1Q motif and the motor domain, which also
binds calmodulin. It was proposed that myosin VI could
not function in a lever arm mechanism because its short
lever arm would result in a very short step size.

A recently developed single-molecule technique
known as fluorescence imaging with one-nanometer
accuracy (FIONA) (22) was employed to test myosin VI
step size (23, 24). A standard TIRF setup is used for
these experiments (Figure 2, panel b). The basic premise
of FIONA is to accurately determine the position of the
fluorescent dye in the x—y plane by curve-fitting the
image or point spread function to a Gaussian function.
By locating the position of the dye before and after the
molecule of interest has moved, the step size can be
accurately determined to within ~1.5 nm (22). Locating
the position of the dye before and after the molecule of
interest has moved allows the step size to be accurately
determined to within ~1.5 nm (22). Two separate con-
structs were used, one with a Cy3-labeled calmodulin/
myosin VI complex and the other with a myosin VI fusion
protein with enhanced GFP (eGFP) at the N terminus. The
average step size of myosin VI was ~60 nm, an indica-
tion that each head of the molecule takes shorter steps
of ~30 nm (Figure 5, panel e). This result is consistent
with the hand-over-hand mechanism, because an inch-
worm mechanism would imply that the step size would
be only ~30 nm. The authors propose a mechanism of
myosin VI movement starting with one bound and one
free motor domain (Figure 5, panels a—e). The free motor
domain is in the ADP-Pi bound state, and Pi is released
upon binding to the actin filament. Once this lead head
binds to the actin filament, ADP is released from the rear
head. ATP then binds to the rear head and is hydro-
lyzed, and this allows the rear head to detach from the
actin filament. The rear head is then able to swing
forward and bind to the actin filament, completing the
cycle.
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Comparing FIONA with FRET. How is FIONA different
from FRET? FIONA measures the location of an object in
the laboratory frame with a precision of ~1.5 nm. FRET
measures the relative distance of two points in a system
in its own center of mass frame with the resolution of
~0.5 nm. Because FRET is sensitive to distances
between 2 and 8 nm, it is not suitable for measuring a
long-range movement of a motor protein, unlike FIONA,
which can measure movements over micrometer or
longer length scales. However, FRET is insensitive to the
microscope drift because of its ability to measure inter-
nal motion, whereas FIONA requires absolute stability.
Furthermore, FRET can achieve 0.5-nm resolution with
only ~100 photons, whereas FIONA needs 10,000
photons for 1.5-nm precision. For the study of molecular
motors, FIONA is suitable only when the track is stiff and
straight over a micrometer length scale, whereas FRET
can measure movements on a motor with a much more
flexible track, such as double- or single-stranded DNA. In
the end, these techniques complement each other,
although one can probably argue that FRET can be
applied more generally to a larger class of biological
problems.

RNase H Three-State Folding Mechanism. Ribonucle-
ase (RNase) H from E. coli is a relatively small one-
domain protein that has been well characterized as a
model for protein folding and stability (25). The core of
the protein is the most stable
portion of the molecule, and
experiments have shown that
it is the first portion to fold and

panel b). Each handle was also independently attached
to one of the two polystyrene beads. One of the beads
was immobilized by a micropipet, and the other was
trapped with a laser.

Two different transitions were observed in the force
extension curves when the protein was pulled apart two
consecutive times (Figure 6, panel a). The high-force
transition (~19 pN) upon the first pull yielded the
increase in extension of 50 = 5 nm; this matched the
contour length of the unfolded protein and therefore
was interpreted as complete unfolding of RNase H (N —
U). After the protein is relaxed to a low force and is
stretched again, reversible transitions of ~40 nm in
extension were observed at 5.5 pN (I — U); this implied
that upon refolding, the protein does not completely
return to the native state and that transitions between
the folded state and a folding intermediate were occur-
ring. This interpretation was supported by the fact that a
longer wait in a low force, or a longer refolding time,
restored the high-force transition. Such three-state
behavior is also observed at a constant force for which
the protein undergoes multiple transitions between the
unfolded state and the intermediate state before finally-
settling on the native state (Figure 6, panel b); this is
analogous to the three-state folding trajectories ob-
served in the single-molecule FRET studies of the hairpin
ribozyme (27).

subsequently the last to
unfold after the periphery of
the protein. Standard experi-
mental methods have so far
been unable to fully investi-
gate the presence and contri-
bution of the potential inter-
mediate state in the folding
pathway. Single-beam optical
tweezers were used to study
force-induced unfolding of the
molecule in order to probe the
intermediate state (26). Two
~500 base pair dsDNA
handles were attached to dis-
tinct positions on opposite
sides of RNase H (Figure 3,
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Figure 5. Myosin VI walking. a—d) Proposed mechanism of myosin VI walking hand-over-hand as described in
the text. e) Traces showing the individual step size of an eGFP-labeled myosin VI molecule. Histogram of step
sizes from multiple molecules, which includes steps in the negative direction (inset). The step size values are in
nanometers. Panels a- e reprinted by permission from the American Society for Biochemistry and Molecular
Biology, copyright 2004 (23).
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Figure 6. Mechanical force unfolding of RNase H and ankyrin repeats. a) Force extension curves of RNase H showing the high-force (~19 pN)
unfolding transition and the lower-force (~5.5 pN) folding/unfolding transition. b) Fluctuations of RNase H at a constant applied force between the
unfolded state (red) and the intermediate state (green). After multiple fluctuations, a compaction of the molecule occurs, restoring it to the native
state (blue). Panels a and b reprinted by permission from AAAS, copyright 2005 (26). c) Representative unfolding of an ankyrin polymer, with
unfolding in blue and refolding in red. The linear phase is indicative of the spring properties of the molecule. d) After unfolding of the polymer as in
panel ¢, some molecules exhibited unfolding transitions indicative of individual repeats. Panels c and d reprinted by permission from Macmillan
Publishers Ltd., copyright 2006 (31).

The results presented in this paper imply that the tion to the tip, and force extension curves were recorded
intermediate state is weak and forms potentially tran- at a constant pulling rate by elevating the cantilever. The
sient interactions that produce a molten globule. Thisis  force versus extension curve was linear over a large
based on the large distance from the intermediate to the  range (Figure 6, panel c), an indication that in fact
transition state toward unfolding and the low force ankyrin is a hookean or linear spring. This is a unique
needed to unfold. The authors suggest that this interme- finding because all previous studies of mechanical
diate is on-pathway and assert that the data are consis-  pulling of biological molecules showed nonlinear force
tent with the intermediate state observed in ensemble versus extension curves and suggests that the linear
measurements. As a model system, RNase H provides  pehavior may be specially optimized for the cellular
further incentive to investigate the folding pathway of function of ankyrin. Because of extensive protein—pro-

more complex systems and potentially protein domains  tin interactions between repeats, this nanospring can
with strategically placed DNA handles. Further, a more | ithetand forces up to 600 pN.

accurate description of the folding landscape of proteins
and transition states could be made, because single-
molecule methods can probe rare and potentially off-
pathway transient states. In fact, another recent single-
molecule experiment studied by FRET was able to accu-
rately describe the ensemble of unfolded-state mol-
ecules (28).

Ankyrin as a Nanospring. Ankyrin repeats found in
the genomes of prokaryotes, eukaryotes, and viruses
are thought to function mainly in protein—protein inter-
actions and as protein adaptors (29, 30). Individual
repeats are composed of 33 amino acids that form two
antiparallel a-helices bridged by a short unstructured
loop. Ankyrin-containing proteins usually possess 4 -6
ankyrin repeats and sometimes as many as 29. Approxi-
mately 24 repeats of ankyrin are sufficient to form one
full helical tumn (31). Ankyrin repeats have gained a sig-
nificant amount of interest recently because of their pN (30).
putative function as a molecular spring (29, 32). Also of Single-Molecule B-Galactosidase Activity. The
interest is the proposed ability of ankyrin repeats to fold ~ Kinetic mechanisms and processes that have formed
and unfold as individual units. the basis of enzymology continue to be of great interest

In two recent studies, AFM-based force spectroscopy for many researchers. The Michaelis—Menton equation,
was used to investigate the unfolding behavior of indi-  derived nearly a century ago, relates enzyme velocity as
vidual ankyrin repeats (30, 31). In the report by Lee etal. @ function of substrate concentration and has been vali-
(31), polypeptide constructs containing either 12 or 24  dated many times on the ensemble level. The enzyme
repeats of ankyrin were used in the pulling experiments.  B-galactosidase from E. coli was used to devise an
These molecules were attached to an N-nitrilotriacetic experiment to test the Michaelis—Menton equation on
acid functionalized glass surface. The AFM cantilever the single-molecule level (33). B-Galactosidase, which
was attached to the molecules by nonspecific adsorp-  catalyzes the hydrolysis of lactose, is a well-charac-

After the initial extension of the molecule, subse-
quent unfolding occurred that formed a sawtooth
pattern of evenly spaced events (blue curve in Figure 6,
panel d). The distance between the unfolding events in
the sawtooth pattern was calculated to be 12.4 nm,
which matches the expected length of an unfolded indi-
vidual ankyrin repeat when fully extended. These data
indicate that after the ankyrin polymer is stretched to a
point that intermolecular protein—protein contacts are
broken, the repeats are then unfolded individually.
These repeats are then able to refold as the extension is
reduced and are shown to produce forces, 32 = 8 pN,
which are the same within error as the force necessary to
unfold individual repeats, 37 = 9 pN (Figure 6, panel d).
These values are validated by another study that found
the unfolding force of individual repeats to be 50 = 20
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terized protein that exists as a tetramer containing one
catalytic site per monomer.

An analogue, resorufin-B-p-galactopyranoside, was
used as the substrate, because a fluorescent product,
resorufin, is generated upon hydrolysis. Catalytic activity
of B-galactosidase can then be monitored by the emer-
gence of a fluorescence signal or burst upon excitation
at 560 nm. A flexible poly(ethylene glycol) molecule
linked to B-galactosidase was attached to a strep-
tavidin-coated polystyrene bead, which was used to
immobilize the protein to a glass coverslip surface
(Figure 7, panel a). A confocal-type setup was used as
the detection system for the experiments (Figure 2,
panel a). A 560-nm laser was focused through the objec-
tive to excite the emergent fluorescent products from
B-galactosidase.

The primary signal was the fluorescence fluctuations
clearly above the background due to the production and
release of the fluorescent product by a single enzyme
(Figure 7, panel b). The autocorrelation function of the
fluorescence time trajectory was calculated for several
different substrate concentrations (Figure 7, panel c).
When the concentration of the substrate is low, the func-
tion appears monoexponential, but when the concentra-
tion of the substrate is increased, the data seem mul-
tiexponential. This can be explained by the presence of
conformational dynamics leading to dynamic disorder,
which refers to rate fluctuations on time scales similar to
or slightly longer than the reaction cycle. These different
conformations of the protein potentially possess differ-
ent affinities for the substrate. At low concentrations,
enzyme substrate binding is rate limiting, which pro-
duces the monoexponential distribution because of a
pseudo-first-order rate constant. As the substrate con-
centration is increased, the enzyme substrate binding is
no longer rate limiting, and it is the catalytic activity or
conversion of the substrate to resorufin that becomes
rate limiting. Interconversion of the enzyme substrate
complex to different conformations produces the
dynamic disorder and the apparent multiexponential
decay of the waiting time. These experiments validate
the single-molecule Michaelis—Menten equation, which
was recast to include dynamic disorder.

A correlation histogram of adjacent catalytic events of
B-galactosidase and a similar histogram of events with
long separation between events were constructed (not
shown). The two histograms when compared are not
identical, as would be expected if the individual mol-
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ecules of B-galactosidase did not have a memory effect.
A difference histogram constructed by subtracting the
two previous histograms shows that short waiting times
are more likely to be followed by short waiting times and
likewise for long waiting times. This indicates that at
least for 3-galactosidase, a memory effect exists for
enzymatic activity. Stated another way, whichever con-
formational state the enzyme is in for one event, it is
more likely to be in that state upon binding of a subse-
quent substrate. This observation is a unique feature of
single-molecule measurements and is completely
obscured at the ensemble level.

Perspectives. Many interesting and important discov-
eries have been made with the help of single-molecule
methods over the last few years. What does the future
hold? Where does single-molecule science go from
here? The instrumentation will undoubtedly improve to
increase the spatial, molecular, and temporal resolution
and to enable the simultaneous detection and correla-
tion of multiple observables so that new kinds of ques-
tions can be asked and answered. One of the main hin-
drances with single-molecule fluorescence methods is
the low concentration needed for distinguishing indi-
vidual molecules. This makes some systems impossible
to investigate because the dissociation constant is
above the usable concentration of the system for optical
detection. To overcome this, techniques are in develop-
ment to encapsulate the system of interest and thus
effectively increase the concentration (34-36). The
potential for this and other similar methods is tremen-

dous and ushers in
the possibility of
developing reaction
containers usable for
many applications
(37). Traditional FRET
experiments have
been between one
donor and one
acceptor. As detec-
tion systems im-
prove, more applica-
tions for three-color
and multicolor FRET
experiments will be
employed (38, 39).
Combining different
techniques such as

KEYWORDS

Fluorescence spectroscopy: A type of spectroscopy that
measures the fluorescent signal or photons emitted
by a fluorophore. Fluorescence spectroscopy has
many uses for both ensemble and single-molecule
applications.

Optical tweezers: A technique in which a bead or
microsphere is trapped in a laser beam. Molecules
can be attached to the trapped bead, which is then
immobilized to another bead, a micropipet, or the
surface. The beads can then be manipulated so that
physical properties, such as force or molecular
motions, can be measured.

Molecular motors: A broad classification of proteins that
move along a scaffold such as DNA by using energy
derived from ATP. Examples of molecular motors
include helicases and proteins in the myosin family.

Single-molecule methods: These techniques are most
useful for systems that cannot be synchronized
in ensemble experiments, the investigation of hetero-
geneous systems, and the detection of rare events.
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p-gal %,; nanopore technology and optical traps (40) or fluores-
PEG ot cence and force measurements will be extremely valu-
' Coverslip able (41, 42). The ultimate goal of single-molecule
Confocal beam methods is to investigate biological processes in vivo by
b tracking the movement of individual molecules in two or

Histogram three spatial dimensions (43). It will be exciting to see
what the next few years produce.
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