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Abstract

The potential of single-enzyme studies to unravel the complex energy land-
scape of these polymeric catalysts is the next critical step in enzymology.
From its inception in Rotman’s emulsion experiments in the 1960s, the field
of single-molecule enzymology has now advanced into the time-resolved
age. Technological advances have enabled individual enzymatic turnover
reactions to be observed with a millisecond time resolution. A number of
initial studies have revealed the underlying static and dynamic disorder in
the catalytic rates originating from conformational fluctuations. Although
these experiments are still in their infancy, they may be able to relate the
topography of the energy landscape to the biological function and regulation
of enzymes. This review summarizes some of the experimental techniques
and data-analysis methods that have been used to study individual enzyme
molecules in search of a deeper understanding of their kinetics.
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1. INTRODUCTION

Since the formulation of Michaelis-Menten kinetics almost a century ago (1), investigators have
felt that enzyme kinetics has been adequately described. And why not? If one doubles the amount
of enzyme, the reaction speed also doubles. If more substrate is added, the rate increases until a
saturation point is reached, at which the enzyme cannot turn over any faster. The basic Michaelis-
Menten reaction scheme is discussed at length in every biochemical textbook, but we briefly
recapitulate: A substrate molecule (S) combines with an enzyme (E) to yield an enzyme-substrate
complex (ES), which then reacts to the enzyme-product complex (EP). Thereafter, the enzyme
rapidly releases the product molecule (P) (Equation 1):

E + S
k1
⇀↽
k−1

ES
k2→ EP → E + P. (1)

When mixing enzyme and substrate ([E] � [S]), a steady state is attained after a very brief
period, and the concentration of ES is proportional to the substrate concentration. The reaction
velocity under these steady-state conditions can be described by the Michaelis-Menten equation
(Equation 2):

v = vmax[S]
KM + [S]

, (2)

where vmax = k2[E] is the maximum reaction velocity of the enzyme and the Michaelis-Menten
constant KM = k−1+k2

k1
quantifies the affinity of the enzyme for its substrate (provided that k2 � k−1,

which is a common assumption).
The Michaelis-Menten equation holds for most enzymatic reactions, even when the reac-

tion scheme is more complex and involves intermediates along the reaction pathway. With-
out diminishing the achievements of Leonor Michaelis and Maud Menten, however, it has
been recognized that KM and kcat simply provide a phenomenological description of the en-
zymatic reaction and that a detailed understanding of the molecular process requires different
approaches. To identify intermediates on the reaction pathway and to determine the corre-
sponding rate constants, a number of methods—such as the measurement of pre-steady-state
kinetics with stopped flow—have been developed. However, these measurements provide aver-
age rate constants for the whole ensemble of enzymes under study, providing only part of the
picture.

By the early 1960s, Boris Rotman (2) had realized the potential of analyzing the catalytic reaction
of individual enzyme molecules compartmentalized in the droplets of a water-in-oil emulsion. In-
dividual enzyme molecules were statistically encapsulated together with a fluorogenic substrate in
these emulsion droplets, and the amount of generated fluorescent product molecules was measured
after several hours. Through the use of this innovative approach, the effect of a heat shock on the
enzyme preparation was investigated, revealing that individual enzymes were either dead or alive,
with no intermediate state. Rather than exhibiting different levels of activity, the individual en-
zyme molecules either retained full activity or were completely inactivated. This result could only
have been obtained through examination of individual enzymes, and this method promised to an-
swer important questions about the functioning of enzyme molecules that ensemble measurements
could not resolve. Yet for the next 35 years this newborn field of research remained dormant. Boris
Rotman was three decades ahead of his time. Only in the past two decades or so have there been suf-
ficient improvements in sensitivity and time resolution to enable kinetic experiments on individual
enzymes.
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2. THE FLUCTUATING ENZYME MODEL

Generally, as molecules become more complex, they begin to exhibit (a) static disorder, the distri-
bution of distinct properties among the general population of molecules, and (b) dynamic disorder,
wherein the properties of an individual molecule fluctuate in time. In the case of enzymes, both
static and dynamic disorder are directly related to the three-dimensional structure and the related
dynamics of the amino acid polymer (3, 4). State-of-the-art single-enzyme kinetics experiments
aim to shed light on the structure-function-dynamics relationships that relate to this disorder.

Aristotle might have agreed that a string of amino acids does not a functional protein make.
The folding of the amino acid chain into a specific configuration is vital to the function of proteins.
Even the so-called natively unfolded proteins fold into a defined structure upon binding to one
of their ligands (5, 6). The requirement for a specific configuration is especially necessary for
enzymes, which usually rely on a certain, very precise spatial coordination of specific amino acid
residues to form an active site. Enzymes are a remarkable product of evolution because their
specific configuration must be maintained in the presence of thermal motion, which constantly
induces fluctuations in the amino acid chain (7). The experimental observation that each individual
enzyme’s activity is not constant in time (8–15) is easily explained by these fluctuations in the three-
dimensional structure of the enzyme: The enzyme can appear in different conformations, each
with its own specific activity. In addition to the observation that conformations may differ in
terms of catalytic activity, it is now well established that conformational changes are essential in
many enzymatic reactions. They can even be the rate-limiting step in the catalytic turnover cycle
(16, 17).

The number of thermodynamically and kinetically accessible conformations, their relative
probabilities, and their interconversion rates are defined by the energy landscape of the enzyme.
As a result, the enzyme sometimes finds itself in a conformation in which it turns over many
times before converting to a state with a lower activity (Figure 1), which explains the so-called
memory effect that has been observed in single-molecule experiments (8, 12, 13, 18–20). The
energy landscape, therefore, crucially determines the time series of events observed in single-
enzyme experiments, and investigators are attempting to reconstruct the energy landscape for an
enzyme from single-molecule time traces (21, 22).

The energy landscape of an enzyme, however, is not static; every modification in the enzyme, in
its interaction with the substrate or in the environmental conditions, affects the energy landscape
by lowering or raising barriers. As a consequence, regulation of enzymatic activity, for example,

kab

k1ak–1a k–1b k–1nk1nk1b

kinkbi …

Figure 1
As an enzyme changes conformation, its affinity for a substrate changes, as does its ability to catalyze the
reaction of substrate to product. As a result, the enzyme exhibits different rates in time.
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may result from the (de)stabilization of a conformation with high activity (23). Evidence for this
hypothesis has been obtained from nuclear magnetic resonance measurements and molecular
dynamics simulations (4, 24). Several studies show that a ligand-bound conformation is sampled
in the conformational ensemble with a certain probability, even if the ligand is not present. In
these cases, ligand binding merely shifts the equilibrium toward the bound conformation (23, 25).
Similar effects have been observed for the activation of proteins by phosphorylation (26, 27). Shifts
in a conformational equilibrium may further originate from changes in the microenvironment,
such as pH (28) and the presence of crowding agents (29). Moreover, mutations might stabilize or
destabilize certain conformations, and evolution may proceed via the stabilization of an alternative
enzyme conformation with altered activity or specificity (30).

In addition to all these biochemical modulators of enzyme function, physical influences are
attracting increasing interest. For example, stretching forces may be an important regulator of
biological activity for proteins with structural and mechanical function. Although studying the
influence of forces on enzymatic reactions is technically challenging, several experimental single-
molecule approaches have been developed. Initial studies show that an applied force indeed influ-
ences enzymatic activity (14, 31–33). On the basis of the limited data available to date, no general
conclusions about the activating or deactivating effect of an applied force—which also greatly
depends on the biological function of the enzyme under study—can yet be drawn.

The application of forces at the single-molecule level has recently been combined with single-
molecule fluorescence detection (14, 31). This combination allows one to manipulate the enzyme
landscape while simultaneously monitoring its activity, enabling one to study the effect of a force
on an enzyme systematically. The next step in single-enzyme studies should focus on the systematic
analysis of the influence of environmental, ligand binding, and mutation effects on the energy land-
scape and therefore on the enzymatic activity. This review focuses solely on the state of the art of
fluorescence-based single-molecule approaches that directly monitor the catalytic reaction. Other
versatile detection strategies based on single-molecule fluorescence resonance energy transfer that
are designed to, for instance, monitor conformational changes, have been summarized in other
recent reviews (34, 35). First, we describe applied detection technologies by means of prominent
examples, together with the information obtained from these types of experiments. Second, we
summarize the measurements performed with other enzyme-substrate systems, focusing on the
main differences between these experiments, as well as the new information they have provided.
Finally, we discuss future strategies that will allow us to study the above-mentioned regulation
effects in, ideally, the enzymes’ natural environment—the living cell.

3. TECHNIQUES

The activity of an enzyme is commonly monitored through the use of substrates that are converted
to dye molecules during the enzymatic reaction. These dye molecules, which absorb light of a
certain wavelength, accumulate over time, and the absorbance of the solution increases. The
absorbance of an amassed pool of product molecules is readily observed, and such enzyme-activity
measurements are the standard assay of classical enzyme kinetics. Adaptation of this approach to
perceive the absorbance of a single product molecule is possible (36) but definitely impractical.

Enzyme substrates that are converted into fluorescent dye molecules provide a powerful alter-
native. Fluorescence detection works by illuminating the sample with a light source, usually either
a lamp or a laser. This light is reflected by a long-pass dichroic mirror onto the sample, where it ex-
cites the fluorescent molecules. The fluorescent light emitted by these molecules passes through
the same dichroic mirror and is detected either by a photomultiplier tube, a sensitive charge-
coupled device (CCD) camera, or an avalanche photodiode (APD). Detection methods based
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on fluorescence usually provide better signal-to-noise ratios and, as a consequence, much better
sensitivity. Not only does state-of-the-art optical detector technology allow for the detection of
picomolar concentrations of fluorescent dyes in a cuvette, it permits the identification of individual
fluorescent dye molecules, a prerequisite for single-molecule experiments.

The identification of individual fluorescent dye molecules relies on the time-resolved detection
of single photons emitted by the dye molecule. With modern detectors, tens of thousands of
photons can be collected from a single fluorescent molecule every second, generating a large signal.
However, this advantage for single-molecule fluorescence detection is also its biggest disadvantage
because many types of molecules fluoresce or simply scatter light. Therefore, one must take care to
eliminate contaminations. The number of different (contaminating) fluorophores that are detected
can be limited by careful choice of the illumination source and the filter set, which restricts the
excitation and emission wavelengths to the dye of interest. Also, the size and the geometry of
the illuminated volume critically determine the number of contaminants that contribute to the
detected signal. Several types of microscopy, which were invented to address this issue (Figure 2),
are discussed in the following section. Once the contamination issue has been resolved, the only
remaining requirement is to ensure sufficient spatial separation between the enzymes so that they
can be inspected independently. In single-molecule studies, two is a crowd!

dCamera

Laser

Pinhole

Laser

Detector

In Out

Laser

Camera

a c

b

Figure 2
Principles of (a) objective-type total internal reflection fluorescence (TIRF), (b) prism-type TIRF, (c) confocal
microscopy, and (d ) a comparison of the illuminated areas in two-photon and single-photon excitation. In
TIRF, only molecules close to the surface are illuminated and therefore detected. In confocal microscopy, a
certain depth in the sample can be selected, and light from other layers is rejected by the pinhole.
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3.1. Total Internal Reflection Fluorescence Microscopy

The total internal reflection fluorescence (TIRF) microscope was developed in the 1980s to over-
come the problem of background fluorescence originating from molecules that were not bound
to the surface of a sample glass slide. The principle is based on the fact that light is totally inter-
nally reflected from the glass-water interface when it strikes the interface under low angles. An
evanescent wave of the light, however, penetrates into the water. This evanescent wave decays
exponentially with the distance from the surface. As a result, only molecules very close to the
surface (<100 nm) are excited. Therefore, the reduction of the penetration depth of the light
into the sample allows the number of excited fluorophores to be minimized, resulting in a lower
background signal.

TIRF microscopy was the first technique that showed single-fluorophore sensitivity applied
to an enzymatic reaction (37). Enzymatically active, Cy5-labeled fragments of the molecular
motor protein myosin were immobilized and localized on the surface, and the association-
(hydrolysis-)dissociation reaction of individual Cy3-ATP(ADP) molecules was recorded with a
camera. In contrast to freely diffusing Cy3-ATP, myosin-bound fluorescent molecules remained
immobilized for a certain time. This keystone experiment represented a significant breakthrough
for monitoring individual reaction events for the study of single enzymes. It has, however, one
major drawback. Both substrate and product are equally fluorescent; thus, enzymatic turnovers
cannot be fully quantified. That every binding event indeed corresponded to one catalytic reac-
tion event was proven only indirectly by comparing the dissociation rate in the single-molecule
experiment with the turnover rate for Cy3-ATP determined with ensemble measurements.

The power of this approach in the study of molecular motors has been demonstrated with a
number of follow-up experiments. For example, by combining the TIRF microscope with optical
tweezers, one can determine the time between the hydrolysis of one ATP molecule and the
generation of force by the myosin molecule (31). This knowledge fills a gap in our understanding
of the molecular mechanism of myosin. Similarly, Cy3-ATP-based experiments have also been
applied to dissect details of the mechanism of the rotary motor F1-ATPase (38, 39).

As in the above examples, TIRF excitation is coupled primarily with a CCD camera for detec-
tion. The advantage of this combination is that it allows a number of immobilized molecules to be
monitored simultaneously. However, this benefit comes at the expense of a time resolution limited
to the millisecond regime. Another disadvantage of TIRF, which is not shared by the techniques
described below, is that a TIRF microscope can detect only molecules close to the surface.

3.2. Confocal Microscopy

A confocal microscope uses a laser that is focused into a diffraction-limited spot to reduce the size
of the illuminated volume. Confocal microscopy shows a good signal-to-noise ratio and allows
one to precisely adjust the focus in the z direction (40). Such adjustment can be achieved through
the insertion of a pinhole into the emission light path in front of the detector. The pinhole blocks
all the light originating from areas that are out of the microscope objective’s focus. This strategy
prevents out-of-focus light from reaching the detector and improves both the contrast and the
resolution. The excitation light is also sent through a pinhole, ensuring that only the part of the
sample that is in the detection focus is illuminated, which limits unnecessary bleaching in other
parts of the sample.

Because the detection occurs in a single point, movement of the confocal volume over the
sample is required to acquire an image. This can be achieved either by scanning the sample over
a fixed beam (40) or by using mirrors to scan the beam across the sample. The latter approach
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greatly improves the speed at which an image can be produced. By moving the microscope objec-
tive up and down, one can image several planes in the sample (from tens to several hundreds of
micrometers deep) in succession to generate a three-dimensional image with a vertical resolution
in the (low) micrometer range. Therefore, it takes longer to obtain information about the position
of molecules on a surface, and the time to scan two subsequent images is slower than the frame
rate of a CCD camera. When the catalytic activity of an individual enzyme molecule is being
measured at a defined position, the time resolution of an APD detector—which is frequently used
in confocal microscopes—is superior. Individual fluorescent dyes can be identified with submil-
lisecond time resolution, which is better by at least a factor of ten than the best available CCD
cameras.

The first application of confocal microscopy to individual enzymatic turnover reactions is
described in a seminal paper by Xie and colleagues (8), who studied the enzyme cholesterol
oxidase immobilized in an agarose gel. The active site of this enzyme contains a cofactor that is
fluorescent in its oxidized form, but not in its reduced form. This cofactor is cycled between its
oxidized and reduced forms in every reaction cycle, so every redox cycle was detected as an on/off
cycle in the fluorescence measurement. Although this technique is certainly an elegant way of
examining an enzyme—as it does not rely on artificial labeling, which might interfere with the
enzyme’s behavior—it is not widely applicable because most enzymes do not have a fluorescent
cofactor.

The unique advantage of using the cofactor as the fluorescent reporter system is that one can
determine not only the time of one complete turnover cycle, but also the durations of individual
states along the turnover cycle (the oxidized, highly fluorescent state and the reduced, nonfluo-
rescent state, respectively). To obtain the desired kinetic information, the authors (8) converted
the fluorescence-intensity time trace into a binary on/off trajectory, which allowed for the deter-
mination of the durations of the oxidized (on) and reduced (off ) states, respectively. The simplest
method through which to perform such a conversion is to apply a threshold to the fluorescence
time trace. Any level above the threshold is considered on; everything below it is considered off.
The appropriate threshold level can be estimated from the photon-counting histogram. For traces
with a high signal-to-noise ratio, as in the case of the cholesterol oxidase experiments, setting a
threshold can be sufficient for separating the on and off levels. After the waiting times for the on
and off levels have been determined, kinetic information is then obtained from the levels’ respec-
tive probability distributions. The enzymatic turnover reaction may naı̈vely be considered as a
stochastic process characterized by an exponential decay in the waiting-time distribution. In this
case, one expects the data points to follow a linear pattern when plotting the histogram of the
waiting times semilogarithmically. The waiting-time distribution in this experiment (8), however,
deviated from this exponential behavior: More short waiting times were observed than would be
expected from a purely stochastic process, meaning that the rate of reaction was apparently not
constant in time.

More importantly, there was a correlation between successive on waiting times. This correlation
manifested itself in the observation that short waiting times were more frequently followed by short
waiting times and that long waiting times were more frequently followed by long waiting times.
This so-called memory effect was depicted by a two-dimensional plot in which each waiting time
was plotted against its preceding waiting time or the nth preceding waiting time (for an illustration,
see Section 4.1.2). Similarly, the autocorrelation function of the waiting times (explained in more
detail in the following section) shows a clear correlation over several waiting times. It is the observed
memory effect that leads us to conclude that the enzyme remembers its previous conformational
state and that the fluctuating enzyme model must be considered when describing this enzymatic
reaction.
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Autocorrelation analysis is applicable not only to the extracted waiting times. For cholesterol
oxidase, it was also directly used on the intensity time trace. It provides an additional analysis
method that does not require the use of a threshold. Similar to the waiting-time distribution,
the intensity autocorrelation function could not be fitted to a single exponential, which would
be expected for a first-order reaction. The intensity autocorrelation function thereby provides
additional proof that more than one rate constant determines the catalytic reaction of cholesterol
oxidase.

3.3. Fluorescence Correlation Spectroscopy

Autocorrelation analysis is normally used in fluorescence correlation spectroscopy (FCS), which
was invented in the 1970s (41–44). Although FCS is not generally applicable to experiments
on single enzymes, autocorrelation analysis is frequently used for single-enzyme time traces. In
FCS, the molecules under study are not surface immobilized; rather, they diffuse freely through
the confocal volume. The concentration of the sample is chosen such that there is only a small
number (typically 1–100) of fluorescent molecules in the focus at one point in time. Every gain or
loss of a fluorescent molecule in the focus causes the signal intensity at the detector to change. This
experimental setup causes the measured fluorescence time trace to contain contributions from a
large number of different molecules diffusing through the confocal volume. FCS, therefore, is not
really a single-molecule technique, although the detection of individual molecules in the detection
volume is certainly possible.

FCS allows one to measure the properties of molecules when the ensemble is in (dynamic)
equilibrium (Figure 3). Fluctuations in fluorescence intensity can be directly related to changes
in molecular properties originating from fluorescence blinking, intra- and intermolecular in-
teractions, diffusion, and even enzymatic reactions. The autocorrelation function describes the
fluctuations of the signal around the mean over a large range of time scales. It is defined as the
average of the product of the variation around the mean and the variation around the mean some
time τ later, divided by the mean squared:

g(τ ) = [δF (t)δF (t + τ )]
[F (t)]2

. (3)

Using this temporal correlation, one can obtain information about the time scale of the fluctu-
ations by fitting the autocorrelation function with a suitable physical model that describes the
origin of the observed intensity fluctuation. In studies of, for instance, the diffusion of molecules
through a detection volume of known size, fitting the autocorrelation function gives the average
diffusion speed (from which the hydrodynamic radius can be calculated) of the molecules and the
concentration of these molecules in the solution. Autocorrelation can be calculated in real time
by the multiple τ algorithm (45) or by simply binning the photons and correlating the binned
fluorescence time trace. Furthermore, one can correlate the photon-arrival times directly, which
allows the observation of correlations on a time scale faster than the bin size (46, 47).

Having worked in the area of FCS, Rigler and colleagues (9) performed a single-enzyme exper-
iment with the enzyme horseradish peroxidase (HRP) and analyzed the results with autocorrela-
tion analysis. Biotinylated HRP was immobilized on the surface of a streptavidin-coated cover slip.
After adding the fluorogenic substrate dihydrorhodamine 6G, which is converted by the enzyme
to yield the fluorescent dye Rhodamine 6G, the authors identified spots on the surface that had
a higher fluorescence intensity than the rest of the surface. Also, the fluorescence signal fluctu-
ated as a result of the enzymatic activity. Data measured at the position of these spots showed a
different autocorrelation function than did data from the surface itself, where the autocorrelation
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Figure 3
As molecules move in and out of the focus (d ) of a microscope objective, the recorded fluorescence intensity signal (a) fluctuates. By
autocorrelating this fluorescence intensity—either via correlation of the binned signal (b, left) or via direct correlation of the photon
arrival times (b, right)—one can obtain the autocorrelation function (c). Two parameters can be obtained from the fit: the correlation
time, which is related to the diffusion constant, and the correlation coefficient, which is related to the concentration. An increase in
concentration leads to a decrease in the correlation coefficient (e) because the passing of an individual molecule contributes less to the
total intensity and the fluctuation is therefore smaller. An increase in molecule size gives rise to longer correlation times ( f ) because
each molecule resides for a longer time in the confocal volume.

function was flat. Time traces of more than 100 enzyme molecules were recorded and analyzed by
autocorrelation. Within the duration of the experiment, the individual enzyme molecules showed
a large distribution of rates for the formation of the enzyme-product complex (static disorder).
Furthermore, as in the experiment with cholesterol oxidase, the autocorrelation functions could
not be fitted with a single exponential; rather, a stretched exponential was introduced to obtain
a good fit. A stretched exponential is characteristic of dynamic disorder, meaning that a large
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number of different rate constants contribute to the reaction of a single enzyme. This HRP exper-
iment provides additional proof that autocorrelation analysis is a powerful way to characterize the
behavior of individual enzyme molecules and that a similar fluctuating enzyme model probably
also describes the catalytic reaction of HRP. This conclusion is further supported by a subsequent,
more detailed analysis of the data (18).

4. STRATEGIES FOR SINGLE-ENZYME EXPERIMENTS

Following the breakthrough experiments described above, several other enzymes were analyzed
through the detection of either the turnover of a fluorogenic substrate or the redox state of
a cofactor. Despite the many approaches used, all these systems exhibit static and/or dynamic
disorder upon analysis, and each of the experiments has expanded our knowledge of single-enzyme
behavior. An issue that has been addressed in all these follow-up experiments is that of immobilizing
and identifying the enzymes on a surface. Every immobilization and labeling procedure may
introduce disorder into the system due to interactions with the surface or the label.

4.1. Surface Immobilization

In the following sections, we discuss the different immobilization methods and describe the main
differences between the experiments. We also describe attempts to avoid direct contact of the
enzyme with a surface, such as the encapsulation of individual enzyme molecules in micro- or
nanosized containers.

4.1.1. Nonspecific adsorption of the enzyme. Velonia et al. (11) deposited single molecules
of Candida antarctica lipase B (CalB) on a glass surface that was made hydrophobic by function-
alization with dichlorodimethylsilane. The enzyme molecules bound to the surface because of
hydrophobic interaction. To achieve localization of the enzymes, the authors labeled the enzyme
with a fluorescent dye; CalB does not turn over substrate molecules fast enough to allow for its lo-
calization from the accumulation of fluorescent product molecules in its proximity. After localizing
an individual enzyme and placing it into the confocal volume, Velonia et al. used the confocal laser
to bleach the fluorescent label, and individual turnovers were subsequently detected. A significant
fraction of the enzymes, however, were found to be inactive, possibly because the molecules were
partly denatured, a result of the interaction with the hydrophobic surface. Alternatively, some of
the lipase molecules, which naturally bind to hydrophobic surfaces, may have been oriented with
the active site toward the surface, thereby preventing any substrate molecules from entering and
reacting.

Despite the problems encountered in this experiment, the active CalB molecules were measured
for a much longer time than was possible in previous experiments (>20 min). As a result, by adding
fresh substrate solution with increasing concentration, the authors were able to study the same
single enzyme at several substrate concentrations. Above a concentration of ∼1 μM 2′,7′-bis-(2-
carboxy-ethyl)-5-(and -6-)carboxyfluorescein, acetomethyl ester (BCECF, AM) the addition of
substrate did not result in significantly higher enzyme activity. A Michaelis-Menten plot for an
individual enzyme molecule showed typical saturation behavior as predicted by Michaelis-Menten
kinetics, suggesting that the Michaelis-Menten equation is valid at the single-molecule level. The
determination of the Michaelis-Menten plot was complicated by the solubility limit of BCECF,
AM, which is relatively hydrophobic. The long time traces, however, did not only allow the authors
(12) to vary the substrate concentration, they also provided a high number of turnovers for the
subsequent analysis of the waiting times between individual turnovers. CalB activity shows the
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typical fingerprint of dynamic disorder as well as a very pronounced memory effect: CalB activity
is clearly separated in phases with very high activity and in phases where almost no enzymatic
turnovers occur at all. Surprisingly, the enzyme was predominantly inactive; the active phases
constituted only 3% of the overall measurement time (11, 14).

4.1.2. Site-directed enzyme adsorption via a “protein foot.” To overcome the previously
encountered problems caused by nonspecific adsorption of CalB to the hydrophobic surface, a
strategy to allow site-directed adsorption of the lipase from Thermomyces lanuginosa (TLL) was
developed (19). The lipase was “clicked” (i.e., coupled via 2+3-Huisgen cycloaddition) to bovine
serum albumin (BSA). A defined position was chosen for this coupling reaction in both proteins,
resulting in well-defined heterodimers. BSA is known to adsorb to hydrophobic surfaces, whereas
TLL is less hydrophobic than CalB. The TLL-BSA heterodimer, therefore, prefers to orient itself
with the BSA toward the hydrophobic glass when adsorbing to the surface. This strategy protected
the enzyme from surface-induced denaturation and ensured that the enzyme was oriented with
its active site toward the solution. The BSA also presented an anchor for the attachment of a
fluorescent label without any further modification of the enzyme itself. The authors localized the
labeled enzyme-BSA heterodimers by scanning the surface with the confocal microscope and then
adding a 1-μM solution of the fluorogenic substrate 5(6)-carboxyfluorescein diacetate. Nearly all
the enzymes, which were identified with the help of the fluorescent label, were active, and the
average turnover was 17 s−1.

Again, the analysis of the waiting times between turnovers revealed that the distribution of
waiting times was not completely random (Figure 4). Short waiting times were more often fol-
lowed by short waiting times, and long waiting times were most often followed by long waiting
times. For TLL, this memory effect lasts for more than 15 turnovers, which is an extremely long
time. This strong correlation provides a clear indication for the fluctuating enzyme model. As long
as the enzyme is in the same conformation, it produces product molecules with a characteristic
rate. Once it switches to another conformation, the rate changes. This TLL study was the first ex-
periment in which the enzyme was immobilized to the surface in a site-specific way. It is therefore
unlikely that any additional heterogeneities were introduced into the system by the experimental
design. Fluctuations in the rate constants must be an intrinsic property of the enzyme itself.
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Figure 4
Two-dimensional correlation histograms of events separated by n events. Scales on the x and y axes range
from 2 to 300 ms (logarithmic); the intensity range spans from 0 (blue) to 350 (red ) occurrences (linear). The
diagonal feature, which is clear in n = 1 and still present at n = 15 but not at n = 100, indicates the
correlation between events. Because of the memory effect, short waiting times are more often followed by
short waiting times, and long waiting times are more often followed by long waiting times. Reprinted with
permission from Reference 19.
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4.1.3. Site-specific and covalent enzyme immobilization. Site-specific immobilization was
also used for the single-molecule analysis of the enzyme nitrite reductase (NiR) from Alcaligenes
faecalis (48). NiR is a trimer with two copper centers per monomer, each involved in the catalytic
reaction. An electron is accepted from a donor molecule by the type 1 copper center, transferred to
the type 2 copper center, and subsequently used to reduce nitrite (NO2

−) to nitric oxide (NO). In
contrast to cholesterol oxidase, the copper cofactors are not fluorescent; neither are the substrate or
product molecules. A different detection strategy was therefore necessary. This detection strategy
was based on the broad absorption spectrum of the type 1 copper center when it is in its oxidized
state. The oxidized type 1 copper center acted as a quencher for a fluorescent dye (ATTO655) that
was coupled to the enzyme site-specifically in Förster distance to the copper center. As a result,
the ATTO655 dye was fluorescent in the reduced state of the copper ion. Measuring the change
in fluorescence emission of ATTO655 allowed the oxidation and reduction of the copper center
to be followed.

To achieve immobilization to the surface, a mutant of NiR containing a surface-accessible cys-
teine was prepared. This mutant was coupled to a mercapto-functionalized glass surface via a short
homobifunctional polyethylene glycol spacer with thiol-reactive end groups. In this experiment
(48), the ATTO655 label was used to identify enzymes on the surface. Autocorrelation analysis of
the recorded single-molecule traces yielded KM = 31 ± 17 μM and kcat = 6.5 ± 2 s−1. These
values correspond well to the values measured at the ensemble level (KM = 50 ± 20 μM and
kcat = 8 ± 1 s−1). This agreement proves that in this system the surface immobilization did not
result in an altered enzymatic activity. As in the above-described experiments, the turnover rate
of a single NiR enzyme varied over an order of magnitude, as indicated by the stretch param-
eter of the correlation fit. This result was intriguing because this enzyme is known from X-ray
spectroscopy to have nearly superimposable conformations for the reduced and oxidized states as
well as for the substrate- and product-bound states. The authors attributed the rate distribution
to local variations in the coordination spheres of the copper centers. If they exist at all, the con-
formational fluctuations may be restricted to the close surroundings of the copper centers rather
than to greater structural variations in the protein at large.

4.1.4. Enzyme immobilization via receptor-ligand interactions. Agreement of the kinetic
constants KM and kcat between single-molecule and ensemble experiments has also been found
for the enzyme β-galactosidase (13). Similar to the HRP experiment by Rigler et al. (9), biotiny-
lated β-galactosidase was used for the immobilization. In contrast to HRP, β-galactosidase was
not immobilized to the surface directly but rather to a streptavidin-containing bead, which was
subsequently deposited on a biotin-containing surface. The attachment to the bead provided an-
other interesting strategy with which to localize enzyme molecules because the bead can easily be
observed with difference interference contrast microscopy. Subsequent placement of the confocal
volume at the position of the bead allowed the turnover of the fluorogenic substrate resorufin-
β-D-galactopyranoside (RGP) to be recorded. RGP has a relatively high solubility in an aqueous
buffer; therefore, much higher substrate concentrations (up to 380 μM) could be used. Use of
these high-substrate concentrations required the autohydrolysis of the substrate to be considered.
Product molecules originating from autohydrolysis diffuse through the confocal volume and are
detected as product molecules generated by the enzyme. To account for this problem, a second
strong, defocused laser beam was used to illuminate a 100-μm-diameter area around the bead to
bleach any resorufin molecules in its proximity.

After the data at different substrate concentrations were obtained, the corresponding waiting-
time distributions of the off-times were analyzed. At very low substrate concentrations, the
off-times were fitted by a single exponential function, whereas they became increasingly
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multiexponential at higher substrate concentrations. This discrepancy can be explained with the
fact that at low substrate concentrations the diffusion of the substrate to the enzyme is rate-limiting.
Unfortunately, the substrate concentration could not be increased to KM or higher because the en-
zymatic reaction proceeded so fast that individual turnovers could no longer be resolved. Despite
the high solubility of RGP, the highest substrate concentration (100 μM) that could be used was
approximately one-fourth of KM (380 μM). On the basis of the available data points, an agreement
of KM and kcat for single-molecule and ensemble measurements was obtained, and the validity of
the Michaelis-Menten equation at the single-molecule level was affirmed. However, the shape of
the waiting-time distribution at saturating substrate concentrations remains undiscovered and is
difficult to determine with the currently available fluorogenic substrates because of solubility or
autohydrolysis problems.

4.1.5. Immobilization of the substrate. It is not necessary to limit an experiment to immobiliza-
tion of the enzyme; in some experiments, it is also possible—perhaps preferable—to immobilize
the substrate. Especially for insoluble substrates such as lipid and phospholipid layers, as well as
for high-molecular-weight substrates such as DNA, immobilization of the substrate provides an
important means of observing the catalytic reaction. For instance, the use of wide-field microscopy
allows one to simultaneously observe and track a number of individual phospholipase molecules
while they eat their way through a phospholipid bilayer (49). In this study, both the enzymes and
the phospholipid layer were fluorescently labeled so that the disappearance of the layer could be
related to the presence of an enzyme. Although the experiment did not yield the precise rate of
the catalytic reaction, it showed that the enzymes preferred the edge of the phospholipid layer,
revealing that these layers are cleaved starting from defects.

More direct information about the rate of the catalytic reaction was obtained for the cleavage of
DNA by the enzyme λ-exonuclease, which cleaves one strand of double-stranded DNA (dsDNA)
successively from its 5′ end, yielding single-stranded DNA (ssDNA). When DNA was stretched
on the surface under flow conditions, ssDNA appeared shorter because it coiled up. Because an
increasing fraction of the dsDNA was converted to ssDNA, the DNA shortened; this shortening
was detected by the movement of a bead attached to the DNA (10). This detection principle only
works with long DNA polymers—16 μm in this case—that are long enough to extend (well) beyond
the diffraction limit of optical microscopy. Analysis of the bead movement allowed the authors to
allocate the melting of the 5′ base as the rate-limiting step of the reaction and furthermore again
revealed dynamic disorder in the system. This experiment can be easily extended to fluorescence
detection by labeling the DNA strand. This approach was recently used in a detailed analysis of
DNA replication (50).

4.2. Gel Entrapment of Enzymes

The entrapment of enzymes in gels is a fast and easy way to immobilize enzymes. Gels possess
interesting qualities, such as their ability to retain molecules without binding them chemically.
They have a porous network for easy diffusion of substrates, and depending on the type of gel, the
properties of the pores can be fine-tuned if necessary. Entrapment in agarose gels has frequently
been used for biomolecules studied at the single-molecule level, for example in the Xie group’s
(8) experiment with cholesterol oxidase. Following gelation of an enzyme-containing agarose
solution, a polarization measurement showed that the enzyme molecules were freely rotating
while immobilized in the gel. This measurement demonstrates that the enzymes are not bound to
the polymer matrix and that the smaller substrate molecules can most likely freely diffuse through
the gel to reach the enzyme molecules.
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More recently, an agarose gel was used to immobilize the enzyme chymotrypsin for single-
molecule experiments with the fluorogenic substrate (suc-AlaAlaProPhe)2–Rhodamine 110 (51).
In addition to the typical fluctuations related to dynamic disorder another effect was observed:
Enzymatic activity switched off several times for a relatively long time before the activity disap-
peared completely. This behavior was attributed to a multistep deactivation mechanism that was
more complex than a simple transition from a fully active enzyme molecule to an inactive one.

Aside from agarose gels, sol-gels may be particularly well suited for the immobilization of en-
zymes. Owing to their excellent optical properties and controllable pore size, sol-gels have been ex-
tensively used for the entrapment of enzymes (e.g., lipases) for organic chemistry applications (52).
Interestingly, for sol-gels, changes in enzyme properties (e.g., increases in activity or stability) have
been observed, indicating that an interaction between the enzyme and the sol-gel takes place. This
interaction may be an unwanted effect. The analysis of sol-gel-encapsulated enzymes at the single-
molecule level may, however, be a way to study environmental influences on enzymatic activity.

4.3. Encapsulation in Containers

Individual enzyme molecules can also be encapsulated in micro- or nanosized containers such as
vesicles, micelles, emulsion droplets, polymersomes, and virus capsids. These containers can then
be fixed in space while the enzyme freely diffuses inside the container. This method of encap-
sulation may closely resemble biologically relevant conditions in which enzymes are frequently
confined in small concentrations in subcellular compartments. Alternatively, small and sealable
wells can be fabricated with micro- and nanofabrication techniques.

4.3.1. Encapsulation in a virus capsid. In an exotic but successful encapsulation strategy, indi-
vidual HRP molecules were incorporated into virus capsids (53). After removal of its RNA, cowpea
chloritic mottle virus (CCMV) particles turn into biocompatible containers with an outer diam-
eter of 28 nm and an inner-cavity diameter of 18 nm. The shell consists of 180 protein subunits,
which can be reversibly disassembled and reassembled by changing the pH and ionic strength of
the buffer. Following reassembly of the capsid in the presence of a low concentration of enzyme
molecules, a distribution of empty capsids and capsids filled with a single enzyme was obtained,
just as in the trendsetting emulsion experiment performed by Rotman (2). The virus capsids were
deposited onto a glass surface, where the capsid protected the enzyme from touching the surface.
Enzymatic activity inside the virus capsid was detected with a confocal microscope through the use
of dihydrorhodamine 6G as a fluorogenic substrate (Figure 5). The product accumulated in the
inner cavity of the capsid, and a direct analysis of single turnovers was impossible. Autocorrelation
analysis showed that diffusion of the product out of the capsid was almost 1000 times slower than
unhampered diffusion. The rate of diffusion was increased two- to threefold by raising the pH,
which swells the capsid and enlarges its pores.

Interestingly, in a control experiment in which fully assembled but empty capsids were mixed
with HRP, some enzyme molecules nonspecifically absorbed to the outside of a capsid; that is,
the capsid functioned as a so-called protein foot. The fluorescence intensity traces recorded from
those molecules showed single events because there was no possibility of product accumulation.

4.3.2. Encapsulation in emulsion droplets. The virus experiment reveals one of the main char-
acteristics of encapsulation in small containers. Unlike encapsulation in gels, in which substrate
and product molecules can diffuse more or less freely, molecules may become (partially) entrapped
inside the container together with the enzyme. This is not necessarily a problem: If the container
is permeable neither for the substrate nor for the product, product molecules accumulate as the

332 Claessen et al.

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
10

.3
:3

19
-3

40
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC03CH15-Rowan ARI 10 May 2010 21:50

1E–3
–0.1

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

A
u

to
co

rr
e

la
ti

o
n

Lag time (s)

HRP in CCMV capsid
Nonencapsulated HRP

P
S

E

E

P
S

cba

1010.10.01

Figure 5
Illustration of the enzyme (E; a) encapsulated in the capsid and (b) adsorbed on the outside of the capsid. (c) Autocorrelation analysis
reveals that the encapsulated enzyme (red ) is diffusion limited in its substrate supply, as judged from the fit of a diffusion model (solid
line) versus a single exponential fit (dotted line). In contrast, the enzyme on the outside (blue) fits to the single exponential (solid line), but
not to the diffusion model (dotted line), indicating normal reaction kinetics. Abbreviations: CCMV, cowpea chloritic mottle virus;
HRP, horseradish peroxidase; P, product molecule; S, substrate molecule. Reproduced from Reference 53.

enzymatic reaction proceeds, and the increasing product concentration can be determined as a
function of time. This can be achieved for the droplets of a water-in-oil emulsion, for example,
whose properties can be tuned such that all molecules in the water droplet are retained inside the
droplet. This is the approach, followed by Rotman (2), that was briefly mentioned in the intro-
duction. Rotman developed a method to study emulsified droplets made from an aqueous phase
consisting of a very diluted solution of β-galactosidase and an appropriate fluorogenic substrate.
At that time (1961), approximately 1 million fluorescent product molecules were needed for the
detection of the catalytic reaction in the droplets. Although Rotman tried to measure the same
droplets repeatedly every few hours, any dynamic disorder in the activity of individual enzymes
was well hidden by time-averaging. The water-in-oil emulsion method for single-molecule enzy-
mology was later rediscovered (54) and expanded with more modern technology, such as a CCD
camera. These improvements allowed for better time resolution and enabled the simultaneous
analysis of many droplets. Despite these improvements, the time resolution of this approach does
not allow the detection of single enzymatic turnovers. Although each measurement point repre-
sents a time average over many turnovers, fluctuations in the rate of product formation were still
detectable on a minute time scale, proving the validity of this approach.

4.3.3. Femtoliter array. The main disadvantage of the emulsion approach is that the droplets are
not monodisperse in size. This problem can be overcome with arrays of microsized wells. These
wells, whose volume is in the femtoliter range, can be prepared from various materials. They are
filled by pipetting a diluted enzyme solution containing substrate on top of the array and then
sealing the array with an appropriate lid. If the concentration is chosen correctly, one can deduce
from Poissonian statistics that approximately 90% of the chambers end up empty and that most
of the rest are filled with exactly one enzyme molecule.

The first such experiment was performed with wells etched into quartz glass to analyze the
catalytic activity of lactate dehydrogenase (55). Later, soft lithography was used to prepare wells
from polydimethylsiloxane for the analysis of β-galactosidase. Although these experiments rep-
resent primarily a first proof of principle, wells prepared in optical-fiber bundles have been used
for a more detailed analysis of the enzymes β-galactosidase (15, 56) and HRP (57). The approach

www.annualreviews.org • Single-Biomolecule Kinetics 333

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
10

.3
:3

19
-3

40
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC03CH15-Rowan ARI 10 May 2010 21:50

based on optical-fiber bundles has the advantage that accumulated product molecules are excited
by light traveling through the optical fiber. In the same way, the emitted fluorescence is recorded
by a CCD camera after returning along the same optical path. Investigators have used experiments
based on optical-fiber bundles to visualize the buildup of product molecules inside the wells by
repeatedly taking images for a period of time. The fluorescence intensity for each well was plotted
in time to obtain the average turnover frequency for each entrapped enzyme molecule.

In the β-galactosidase experiment (15), the average single-molecule KM of 76 ± 23 μM was
close to the value of 117 ± 23 μM found at the ensemble level. The average kcat value of 916 ±
58 s−1 also compared well with the value of 888 ± 87 s−1 obtained from ensemble measurements.
The distribution of velocities, however, was quite broad (coefficient of variation: 30%), indicating
that not all enzymes in the population had the same activity. Furthermore, despite a low time
resolution (seconds), fluctuations in the turnover rate were observed, indicating the presence of
different enzyme conformations with interconversion rates on the second time scale (15). In the
HRP experiment (57), the apparent substrate turnover rates for the single-enzyme experiments
were ten times lower than in ensemble measurements. These low rates were attributed to a more
complex reaction of the substrate Amplex R© Red, which requires a two-step reaction to form the
fluorescent dye resorufin. Whereas the first step of the reaction is enzyme catalyzed, the second
step probably takes place outside the enzyme and is therefore susceptible to side reactions. The
authors (57) point out that single-molecule data must be interpreted with care if the enzymatic
reaction does not follow a one-step reaction with 1:1 stoichiometry for each reaction step to yield
a fluorescent product molecule.

For all these measurements in impermeable containers or chambers, the size of the cham-
ber must be carefully adjusted to ensure that substrate molecules are not depleted too quickly.
Furthermore, depending on the choice of enzyme/substrate system, it is necessary to subtract
a background caused by either photooxidation/autohydrolysis of the substrate to form the flu-
orescent product (positive background) or photobleaching of the fluorescent product (negative
background). Photobleaching also defines the illumination intensity and the number of measure-
ment points that can be taken. If the fluorescent dye bleaches faster than new product molecules
are generated, no useful information can be obtained about the enzymatic reaction. In the HRP
experiment, for example, the excitation intensity was chosen to be very low so that only very noisy
single-enzyme time traces could be obtained. Despite these technical difficulties, the ability to
perform highly parallel measurements of many individual enzymes at the same time makes the ap-
proach very powerful, and novel information about the observed enzymatic reactions has already
been obtained.

4.4. Flow Assay in a Capillary

A third method that does not require immobilization of the enzyme is based on capillary elec-
trophoresis. When a capillary is filled with a very dilute enzyme solution, the individual enzymes
can be separated by centimeters. If this solution contains a fluorogenic substrate, fluorescent prod-
uct molecules accumulate in proximity to the enzyme. After a certain incubation time, the enzyme
and the generated product molecules are pulled through the capillary by electrophoresis. Fluo-
rescent product molecules are detected as they are swept past a photodetector, thereby making it
possible to determine how active each individual enzyme has been. With this approach, differences
in the rate of product formation during the incubation time were detected for the enzymes lactate
dehydrogenase (58), alkaline phosphatase (59), and β-galactosidase (60).

Initially, the incubation was performed while stopping the flow in the capillary. In the meantime,
the approach was further developed for use under continuous-flow conditions (61). Exploiting the
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Figure 6
(a) Schematic drawing of an enzyme (yellow) moving through a capillary. At different temperatures, it produces product molecules (blue)
at different rates. The product molecules move faster than the enzyme. (b) Simulated electropherogram arising from this bilevel
temperature arrangement.

fact that the enzyme itself moves slower than the product molecules, investigators used the flow
assay to vary the temperature along the capillary (Figure 6). With the product molecules running
ahead of the enzyme, they are constantly separated from the enzyme and arrive at the detector
in the order in which they were generated. Using this assay, researchers recorded a profile of the
activity of several enzymes as they moved along the capillary; the time resolution was on the order
of seconds. As a result of the variations in the temperature along the capillary, the shape of the
activity profile showed that enzymes work harder at elevated temperatures. However, they are also
more likely to become denaturated. A 20-s heat shock of 50◦C denatured 45 of 53 β-galactosidase
molecules. The surviving enzymes showed a 56 ± 10% residual activity, possibly caused by partial
denaturation of the tetrameric enzyme. An important feature of this method is that it can be easily
run unattended for large periods of time, allowing for the collection of numerous single-molecule
profiles, which is vital for attaining proper statistics.

In summary, the flow assay is another elegant way to perform single-enzyme experiments with
increased throughput, although again at the cost of a dramatically decreased time resolution.
An interesting option may arise from a combination of emulsion technology with a flow assay
based on microfluidics. The preparation and manipulation of emulsion droplets in microfluidic
channels is a fast-developing new field (62, 63). Generated droplets are monodisperse and, if
required, can even be kept stationary in the microfluidic system for a parallel kinetic observation
(64). The detection of a single fluorescent molecule in an optically trapped emulsion droplet has
recently been demonstrated (65). Through the use of high laser intensities, a product molecule
can be bleached quickly, and the use of emulsion droplets may allow the detection of individual
turnovers. In this context, new and exciting developments in single-molecule studies in droplet-
based microfluidic systems can be expected.

5. CONCLUSIONS AND PERSPECTIVES

Having begun with the emulsion experiment of Rotman in the 1960s, the field of single-molecule
enzymology has now advanced into the time-resolved age, and many different technological
approaches have been developed to study the kinetics of a single enzyme. Independent of the
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technological approach, differences in the activity between individual enzymes (static disorder) as
well as fluctuations in the activity of each individual enzyme (dynamic disorder) have been ob-
served over a broad range of time scales (up to seconds). In all cases studied, this disorder occurred
on a functionally relevant time scale and did not contradict the Michaelis-Menten equation. De-
pending on the biological question to be answered, each of these technological approaches has its
own advantages and disadvantages, and we currently do not know which approach will become a
broadly applied method for examining individual enzymes. One must choose between a single-
turnover time resolution combined with a low throughput or a highly parallel measurement with
a drastically reduced time resolution.

Experiments with single-turnover resolution can reveal information about dynamic disorder
in the activity of individual enzymes; for example, dynamic disorder may be observed as a nonex-
ponential decay of the waiting times between individual turnovers. Dynamic disorder is further
related to the observed memory effect, which indicates that different conformational states of an
enzyme determine its rate of catalysis and that the waiting times between turnovers are correlated.
This correlation is most easily explained with the fluctuating enzyme model, which has been in-
troduced to visualize that the enzyme changes its conformation. The applied methods of data
analysis, however, are still somewhat unsatisfactory. The autocorrelation function cannot provide
information about the sequence of events, and the determination of the series of waiting times
suffers from the problem of unambiguously assigning the on and off states in the time trace. In
traces with a good signal-to-noise ratio, on and off states may be easily identified via the commonly
used binning/thresholding approach. For lower-quality traces with a lot of Poissonian photon-
counting noise, however, a trade-off is required. The bin size needs to be defined: The larger the
bins are, the better the two states can be separated. At the same time, any fast events that occur
within fractions of the bin time are averaged out. Also, the fact that the threshold is set arbitrarily
is somewhat unsatisfactory. Lower-quality traces may benefit from a more objective method for
obtaining binary trajectories such as change-point analysis (66, 67), in which a generalized like-
lihood ratio test is used to find the intensity change points. On the basis of the obtained waiting
times for the on and off states, a number of groups of theoreticians are exploring the cause of
the observed disorder and are developing approaches that make use of sequences of waiting times
(21, 22, 68–71). These sequences may define certain (reoccurring) processes that take place while
the enzyme is sampling functionally relevant conformational states. These theoretical approaches
may allow for the reconstruction of an underlying kinetic scheme (69–71) or even of the energy
landscape (21, 22). The reconstruction of kinetic schemes and energy landscapes becomes highly
important when changes in activity are monitored as a function of regulation processes and muta-
tions (see Section 2). So far, a small set of mostly commercially available enzyme-substrate systems
has been used to show the usefulness of these different techniques. A clear correlation between
consecutive turnovers was shown for many of these enzyme-substrate systems, indicating that the
activity of an enzyme is not merely a stochastic process but rather is determined by conformational
fluctuations that may directly affect its biological function. We are optimistic that the developed
techniques will soon be used to explain how these fluctuations are influenced by mutations, ligand
binding, and environmental effects and to ultimately gain a better understanding of the energy
landscape and the structure-function-dynamics relationships that determine enzymatic reactions.

Leaving technological difficulties behind, the transition from in vitro to in vivo experiments
would represent a significant development. Measurements will be complicated by the very high
concentration of biomolecules in a cell and the scattering properties of tissues. To detect individual
molecules in a cell, detection methods with high spatial resolution and extremely low background
are required. Recent developments address both of these problems and may allow observation of
single-enzyme activity in a cell. To address the problem of resolution, investigators have developed
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several high-resolution imaging techniques that rely on the detection of individual fluorescent
molecules (72–77). The first examples of imaging in living cells have recently been published
(78, 79). On the basis of these technological developments, it may be possible to localize and
monitor individual enzymes in a living cell, making use of the possibility to detect individual
substrate turnovers. The problem involving a high fluorescence background in biological tissues
could be solved with two-photon microscopy (Figure 2d ). This technique exploits the quantum-
mechanically finite possibility that a fluorophore can absorb two (or more) lower-energy photons
nearly simultaneously (80). Usually, infrared light—which is less prone to scattering than visible
light—is used to excite fluorophores in the visible region of the spectrum. Moreover, the chance
of multiphoton absorption is high only in the focus of the beam. The light is not able to excite
molecules in other parts of the sample, thereby reducing these molecules’ contribution to the
background noise and making a pinhole superfluous. These advantages are further supported by
the fact that lower-energy light is generally less likely to photobleach or otherwise damage the
sample. Before the dream of detecting the kinetics of individual enzymes in a cell can become
reality, better fluorescent reporter systems need to be developed. In addition to fulfilling the
above-mentioned criteria, they need to be cell permeable and highly specific for the enzyme of
interest to ensure that no side reactions can occur. These are crucial requirements that, of course,
are not an issue with in vitro assays with purified enzymes.
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