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Abstract
Recent advances in single-molecule enzymology are
reviewed. The theoretical underpinning of sincle-molecule
enzymatic behaviors is discussed and exemplified by
experiements and statistical analyses. In particular, the
manifestations of the Michaelis-Menten mechanism, the
kinetic scheme with sequential intermediates, and dynamic
disorder in single molecule data are presented. A survey of
current methods for single molecule enzymatic assays,
especially those based on fluorescence detection, is
presented as well.

Introduction
It is fair to say, due to the efforts of many groups, that the
single-molecule approach has changed the way biophysical
or even biochemical problems are addressed. Many new
insights derived from the approach are continuously
emerging.

What new information is available from the single-molecule
experiments? First, one can directly measure the
distributions of molecular properties, rather than the
ensemble average, by means of building a histogram of a
particular variable for many molecules. This is
straightforward conceptually, but tedious in practice. The
distribution can arise either from static heterogeneity or
dynamical fluctuations.
Second, and perhaps most important to biochemistry or
chemical biology, is the ability of single-molecule
experiments to follow biochemical processes in real time
and capture transient intermediates, which previously could
only be accomplished by synchronizing the actions of a large
ensemble of molecules in order to create detectable
concentrations of transient intermediates. This is
particularly useful for elucidating reaction mechanisms.
Perhaps one of the most beautiful examples is Kinosita and
coworkers’ direct observation of the discrete and stochastic
1200 rotation steps of the γ subunit in F1-ATPase [1], and
their most recent observation that the 1200 rotation step is
composed of a 900 step and a 300 step, corresponding to
the binding and hydrolysis of ATP, respectively [2]. Another
example involves the capture of ribozyme folding
intermediates by fluorescence resonant energy transfer [3].
Third, and perhaps least obvious, is that statistical
analysis of single-molecule trajectories provides detailed
dynamical information. Various methods of time series
analysis can be applied to evaluate the trajectories, the
results of which can be compared with physical models. The
statistical analysis can uncover information in the
stochastic trajectory that cannot be seen visually. This is
where theoretical work is needed in order to facilitate the
advancement of the field. I will touch on this subject below.
Meanwhile, techniques are still evolving, making
possible the development of many new single-molecule
assays, even in cellular environments. At the Spring School
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for Optical Spectroscopy and Microscopy of Single Objects
at Les Houches in France, organized by Orrit and
colleagues, I gave lectures on our latest experiments using
photo-induced electron transfer between flavin and tyrosine
to probe conformational motion of single enzyme molecules
at a broad span of time scales [4], as well as the new
development in CARS microscopy aimed at a point-by-point
chemical map of a live cell [5,6], and high resolution nearfield microscopy aimed at spectroscopic imaging of
biomembranes [7]. The readers are referred to the
forthcoming references for details. Here I would like to give
a general discussion of the principles of statistical analyses
of enzymatic turnovers of single molecules and the practice
of designing fluorescence assays of single-molecule
enzymatic turnovers.
The fundamental reaction mechanism in enzymology, the
Michaelis-Menten mechanism [8], is written as:

k1 →
k3

E + S←
  ES → E + P.
k2

where Vmax = k3[ET] is the maximum enzymatic velocity at
saturating substrate concentration, and Km = (k2+k3)/k1, is
the substrate concentration at which the enzymatic rate is
half of Vmax. Vmax and Km can be determined by measuring V
as a function of [S].
With ever increasing activities of single-molecule
studies, it becomes important to think of chemical kinetics,
in particular the Michaelis-Menten kinetics, on a singlemolecule basis. In a single-molecule experiment, an enzyme
molecule is immobilized by several means: (1) in agarose
gel [9] or polyacrylamide gel [10]; (2) tethering onto the
surface [1,3]; (3) trapped and manipulated by optical
tweezers [11,12]; (4) tethered on a surface and
manipulated by magnetic beads [13]. The dynamical
variable can be the fluorescence intensity of the enzyme
active site, as exemplified below, or the rotation angle of
shaft of the F1-ATPase[1], or the translational displacement
of kinesin on an microtubule [11].

(1)

Single-Molecule Enzymatic Reactions

An enzyme (E) and a substrate (S) form a complex (ES) with
a bimolecular rate constant k1. The complex can either
dissociate with a unimolecular rate constant k2 or form
product with a unimolecular rate constant k3. The kinetic
equations for the Michaelis-Menten mechanism are

d [E ]
= −k1[E ][S ] + k 2[ES ],
dt

(2)

d [ES ]
= k 2[E ] − (k 2 + k 3 )[ES ],
dt

(3)

d[P]
= k3[ES].
dt

(4)

Taking the cholesterol oxidase experiment as an example
[9], the active site of the enzyme involves a tightly bound
flavin adenine dinucleotide (FAD), which is naturally
fluorescent in its oxidized form but not in its reduced form.
Cholesterol is oxidized to cholesterone by the FAD via the
Michaelis-Menten mechanism (Figure 1 inset). FADH2 in the
enzyme is then oxidized by oxygen to regenerate FAD. As
shown in Figure 1, fluorescence of a single enzyme
molecule turns on and off as the FAD switches between the
oxidized and reduced states, respectively. Each on-off cycle
corresponds to an enzymatic turnover.

Conventional enzymatic assay on a large ensemble of
molecules measures the enzymatic velocity
d [P ]
V =
= k 3[ES ].
dt
By invoking steady state approximation of [ES],

d [ES ]
= k1[E ][S ] − (k 2 + k 3 )[ES ] = 0,
dt

(5)

and assuming the total enzyme concentration is [ET] = [E] +
[ES], one obtains the celebrated Michaelis-Menten
equation:

V = Vmax

[ S]
[ S] + Km

(6)

Fig. 1. Real-time observation of enzymatic turnovers of a
single cholesterol oxidase (COx) molecule catalyzing
oxidation of cholesterol molecules by oxygen. The emission
from a single COx molecule as a function of time is plotted.
Each on-off cycle in the emission intensity trajectory
corresponds to an enzymatic turnover. The MichaelisMenten mechanism of the enzymatic reaction is shown in
the inset. Adapted from reference 9.
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On a single molecule basis, the event of a chemical
reaction, if it occurs, completes on the sub-picosecond time
scale. We do not have sufficient time resolution in a singlemolecule experiment to dissect such an action, but only to
observe a sudden change in a dynamic variable. However,
the waiting time prior to such a reaction is long on average.
During this time, the molecule acquires sufficient energy to
reach the transition state in a unimolecular reaction, or
waits for combination with a diffusing substrate molecule in
a bimolecular reaction. Such a waiting time is stochastic in
nature, as shown in Figure 1. An individual event of a singlemolecule reaction is not particularly informative. However,
statistical properties of the trajectories, such as the
distribution of waiting times, contain dynamical information,
including the rates of the reactions.
Under conditions of single-molecule experiments, the
concentration of an enzyme, however meaningless to
define, has no bearing on the experimental observations.
This does not implicate the breakdown of chemical kinetics,
but rather necessitates a "single-molecule way of thinking”
about chemical kinetics, i.e. to consider the probability
rather than the concentration of the single enzyme
molecule.
Let us now first find the probability distribution of the
time it takes to complete an enzymatic reaction. To describe
the cycling of an enzyme molecule, we modify Eq. 1 to

k1 →
k3
k4

0
0
E + S←
  ES → E + P, E  → E,
k2

(7)

where E0 is the product of the first half reaction, which is
reset back to E in the second half reaction. For example, in
the cholesterol oxidase experiment, E (containing FAD) is
reduced to E0 (containing FADH2) by cholestrol (S) in the first
half reaction, and E0 is converted back to E by oxygen in the
second half reaction, which is known as the Ping-Pong
mechanism [8].
Let’s consider only the first half reaction. The
concentrations of E, ES and E0 in Eq. 2-4 are replaced by
the probabilities for finding the enzyme molecule in the
three states at time t:

dPE (t )
= - k 10 PE ( t ) + k 2 PES ( t ),
dt

(8)

dPES ( t )
= k 10 PE ( t ) - (k 2 + k 3 )PES ( t ),
dt

(9)

dPE o ( t )
dt

= k 3 PES ( t ).

(10)
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It is important to note that k10 = k1 [S] is the pseudo-firstorder rate constant, proportional to [S]. The relationship k10
= k1 [S] holds whether [S] is high or low. In contrast, in
ensemble experiments, a pseudo-first-order rate cannot be
used when [S] is comparable to or lower than [E].
The initial conditions for solving the coupled differential
equations Eq. 8-10 are
PE (0) = 1, PES(0)= 0, PEo(0)= 0,

(11)

with t = 0 being the onset of an enzymatic reaction and
PE(t) + PES(t) + PE° (t) = 1.
We can then evaluate the probability density, f(τ), with τ
being the time required to complete the first half reaction.
The probability for finding a particular t is f (τ) ∆t, which is
equal to the probability of switching from the ES state to the
E0 state between t=τ and τ + ∆τ, ∆PE°(t)= k3 PES(t) ∆τ, or

f (τ ) =

dPE 0 (t )
dt

t =τ

= k3 PES (τ ).

(12)

Solving Eq. 8-10 for PES(t) by Laplace transform with the
initial conditions Eq. 11 yields

f (τ ) =

k10 k3
{exp[(a + b)τ ] − exp[(b − a)τ ]},
2a

(13)

Where

a=

2
1 0
( k1 + k 2 + k 3 ) − k10 k 3 , b = - 12 (k 10 + k 2 + k 3 ).
4

f(τ) has an exponential rise followed by an exponential
decay. This expression was given in reference [9].

Fig. 2. Histogram of the on-times of a COx intensity
trajectory taken at a high substrate concentration (2 mM) at
which k3 is rate-limiting. The solid line is a single
-1
exponential fit with k2 = 3.9±0.5 s . Adapted from
reference 9.
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Returning to our specific example in Figure 1, emission ontimes refer to the times for the first half reaction to take
place. The probability density f(τ) is experimentally
measured by the histogram of emission on times (Figure 2
and Figure 3), providing the information regarding k10 , k2, k3.
Similarly, the histogram of emission off-times provides the
information about the second half reaction [9].

f (τ ) =

k10 k3
[exp( −k10τ ) − exp( −k3τ )]
0
k3 − k1

(14)

which has an exponential rise of the faster of k10 and k3,
followed by an exponential decay of the slower the two
rates. This is the situation in Figure 3.
Eq. 14 can be obtained in a different way by considering
the kinetic scheme involving two sequential steps [16]:

k0
k
E 1 → ES 3 → E 0 + P,

(15)

If the time interval for the first step is τ’, then the time
interval for the second step is τ-τ’.
τ

f (τ) = ∫ f1 (τ' )f 2 (τ − τ' )dτ'

(16)

o

is the convolution of two exponential functions, f1(τ’)= k10
exp (- k10 τ ’) and f2(τ-τ’)=k3exp [-k3(τ -τ’)]. Taking Laplace
transform of Eq. 16,

Fig. 3. Histogram of the on-times of a COx intensity
trajectory when k3 is not rate-limiting. The solid line is the
convolution of two exponentials (Eq. 14) with time constants
-1
-1
kI = 33s and k3 = 17s , k2 = 0. Adapted from ref. 9.

Such on and off histograms have been extensively used in
the ion-channel literature [14]. In the single F1-ATPase [1]
and the myosin [15] experiments, the dwell times between
consecutive steps are measured. Under the condition that
resetting E from Eo is fast (k4>>k3), the histogram of the
dwell times reflects f(τ) of the rate limiting step(s). The
discussion here also holds for nonenzymatic reactions that
have neither repetitive turnovers nor continuous trajectories.
The folding of a single ribozyme initiated by flowing Mg2+
ions through the system is an example [3]. The histogram of
the time required for the reaction can be constructed from
events of many individual molecules, provided that static
heterogeneity among the molecules is negligible.
Let us now consider a few limiting cases of Eq. 13.
When the k3 is rate limiting, the waiting time distribution is
a single exponential function, f(τ)= k3exp(-k3τ), with the
decay rate of k3 being the maximum turnover rate. This is
what one would expect for a Poisson process [14]. Figure 2
shows such a situation. Similarly, when the substrate
binding becomes rate limiting at low substrate
concentrations, f(τ) is approximately a single exponential
distribution with a time constant of 1/ k10 .
Another limiting case is when the dissociation rate of
the ES complex is negligible, k2= 0, Eq. 13 becomes

k 10
k3
f̂ (s) =f̂ 1(s)f̂ 2 (s) =
.
0
(s + k 1 ) (s + k 3 )
The inverse Laplace transform of

(17)

f√( s) results in Eq. 14.

The shape of f(τ) reveals mechanistic information. If
there is only one rate limiting step, f(τ) is exponential. A f(τ)
with an exponential rise and exponential decay indicates the
existence of a Michaelis-Menten complex (for either zero or
nonzero k2). In reality, the reaction may have more than one
intermediate,

k
k'
k' '
k' ' '
E→ E ' → E ' ' → E ' ' ' 
→ .... → E.

(18)

If the rates, k, k’, … are comparable, i.e. there are several
rate limiting steps, the distribution of τ becomes narrower
than that of one intermediate case. The distribution
provides the information about the number of intermediates
or rate limiting steps, even though the intermediate cannot
be observed directly.
Assuming that there are n rate limiting intermediates
and that the rates of the sequential steps are the same (k),
the dwell time distribution is

f (τ) =

k n τ n −1e − kτ
(n − 1)!

(19)

which is the convolution of n exponential functions p0(τ) =
kexp(-kτ), obtained by the inverse Laplace transform of
,.
[14].
In the limit of large n, f(τ) becomes a Gaussian distribution,
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for large n

(20)

which is a consequence of the central limit theorem. When
n approaches infinity, the relative width of f(τ), n / k , is
n/k

approaching zero. This is why a cellular or physiological
response involving many intermediates occurs within a
deterministic rather than stochastic time interval.
For trajectories with a limited number of turnovers, and thus
limited statistics, it is helpful to evaluate the width of the
distribution using the randomness parameter,

r=

< τ2 > − < τ > 2
,
< τ >2

(21)

without knowing f(τ). This method was introduced by Block
and coworkers [16]. For a one-step Poisson process, f(τ)
=kexp(-κτ), <τ>= 1/k, <τ2>-<τ>2= 1/k2 , therefore, r =1. In
general, 0< r <1. Assuming similar rates in n rate-limiting
steps, the variance of τ on the numerator of Eq. 21 is n/k2,
while the denominator is n2k2. Therefore, r~1/n. The more
rate limiting steps there are, the smaller the r is. r is zero
for infinite n. In practice, r gives the low limit of the number
of rate limiting steps. It was used to determine how many
ATP molecules are needed for an 8-nm step of kinesin [16,
11].
So far we have only considered the sequential
mechanisms in Eq. 1 and Eq. 18. Consider what would
happen for a "parallel” reaction mechanism as follows:

k1
k3

→
E +S←
 E+P
 ES →
k2

γ 1+ ↑↓ γ 1− γ 2 + ↑↓ γ 2− γ 3+ ↑↓ γ 3−
k 1'
k 3'

→
E'+S ←
 E ' S → E '+ P
k '2
'
↑↓ γ '− γ '2+ ↑↓ γ '2− γ '3+ ↑↓ γ '3−
γ 1+

E' '+S

k ''

1→

←
''
2
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(22)

k '3'
E' ' S →
 E ' '+ P

k

'' ↑↓ ''
' ↑↓ ''
' ↑↓ ''
γ − γ '2+
γ 2− γ '3+
γ 3−
γ 1+

E, E’ and E’’ can be viewed as different conformations of
the enzyme with interconverting rates, γx, among them.
Experimentally, we often do not have an observable to
distinguish them, except that they have different enzymatic
rates. This means, on a single-molecule basis, that the

enzymatic rate fluctuates with time. This general
phenomenon is called dynamic disorder [18].
Let’s consider what happens to the distribution f(τ). In
the case that k3 (or k1) is late limiting, if the interconversion
rates, γx, are faster than k3 (or k1), f(τ) should be single
exponential with the decay constant being the average of
the limiting rates for all conformers, <k3>. If γx < kx, f(τ) a
multiexponential (instead of single exponential) distribution
of p(t). In fact, in the ion channel literature, multiexponential
histograms of channel opening times were reported and
attributed to conformational fluctuation [19]. For singlemolecule enzymatic assays, the histograms of dwell times
usually do not have good enough statistics to distinguish
single or multiexponential distributions. In addition, the
distribution is a scrambled histogram, in which
interconversion rates (γx) are not reflected. What we need is
a way to evaluate how a dwell time is affected by its
previous dwell times.
A sensitive way to evaluate the dynamic disorder is the
autocorrelation function of the dwell times,
C(m) = <∆τ(0) ∆τ (m)>/< ∆τ2> =

∑ ∆τ(i) ∆τ(i + m) ,
∑ ∆τ (i)
i

2

(23)

i

where m is the index number for the turnovers and ∆τ(m) =
τ(m) - <τ>, with the bracket denoting the average along the
trajectory. The physical meaning of C(m) is as follows: In the
absence of dynamic disorder, C(0) = 1 and C(m) = 0 (m >
0). This holds for not only a one step Poisson process (k1 or
k3 rate limiting), but also the multiple intermediate case (Eq.
18). In the presence of dynamic disorder, C(m) has a decay,
with the initial (m = 1) amplitude reflecting the variance of
the rate among different conformations and the decay time
yielding the time-scale of the interconversion.
Figure 4 shows the C(m) derived from a single-molecule
trajectory of cholesterol oxidase with saturating substrate.
The decay constant is 1.0±0.3 s. Dynamic disorder of k3 is
evident. In contrast, at low substrate concentration, C(m)
has a spike only at zero time, indicating the absence of
dynamic disorder of k1. This experiment indicates that the
enzyme has at least two metastable conformations with
different k3. The variation of the rate is rather large, an
order of magnitude difference when assuming two
conformers in order to account for the C(m)[18]. Our recent
experiments indicated that there are more than just two
conformers, but rather a distribution of them [4].
This fluctuation of the reaction rate (k3), which is a nonMarkovian behavior (a memory effect), is the consequence
of ignoring the details of the conformations (E,E’,E’’..) and
grouping them into the species (E, ES, Eo) in the MichaelisMenten scheme (Eq. 1). When more details about the
conformations are known (e.g. Eq. 22), each kinetics step is
Markovian with a constant rather than fluctuating rate.
Single-molecule studies of dynamic disorder have been
the subject of increasing numbers of theoretical work [20-24].
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Fluorescent Substrate
The time for a small substrate molecule to diffuse in and
out of a diffraction-limited volume in aqueous solution is
about 10 µs-1ms. If a fluorescent substrate can bind an
enzyme molecule for a longer time, it can be detected.
Yanagida and coworkers reported the use of fluorescent ATP
derivative to monitor the ATP hydrolysis on a single myosin
molecule [26]. The problem with this type of assay is that
the substrate concentration has to be kept very low (~ nM)
in order to suppress the background fluorescence.
Therefore the turnover rate is diffusion limited. Total internal
reflection microscopy is preferred for this type of assay
because of its small excitation volume.

Fig. 4. Autocorrelation function of the on-times for a COx
trajectory at saturating substrate concentration. C(m) =

< ∆τ (0) ∆ τ (m) > / < ∆ τ 2 > =

∑ ∆τ (i) ∆τ (i + m)
i

∑ ∆τ (i)

, i and

i

m being the index numbers of turnovers. ∆τ (m) = τ (m) <τ>. The fact that C(m) is not simply a spike at m = 0
indicates dynamic disorder of k3. The time constant of the
decay gives the time-scale of the k3 fluctuation. Adapted
from reference 9.

Of particular interest are methods for unveiling the hidden
information regarding conformational states and their
chemical activities. We do not yet understand the
microscopic details of the conformations, except that the
barrier heights between the states are relatively high (~16
kcal/mole assuming an Arrhenius process with a prefactor
of 1012s-1), comparable to breaking and reforming a few
hydrogen bonds. The structure fluctuations influencing the
reaction rate can be either global changes of the entire
protein or local changes at the active site.
We expect the dynamic disorder to be a general
phenomenon in enzymology, which has been often masked
in ensemble-averaged measurements. Similar slow rate
changes have been inferred previously from other
monomeric enzyme systems, and hypothesized to be
relevant to physiological enzymatic regulation [25]. The
physiological relevance of the dynamic disorder
phenomenon, if any, will be best investigated by singlemolecule experiments in cellular environments.
In the past few years, more and more single-molecule
assays have been developed. No different from enzymology
in general, single-molecule enzymology is primarily limited by
the development of assays. Most of the successful assays
involve processive enzymes associated with molecular
motors. Fluorescent assays are still limited. Here I would
like to give an assessment of current methods for singlemolecule enzymatic assays based on fluorescence
detection, with the hope of stimulating more assay
development.

Fluorescent Active Site
The cholesterol oxidase experiment given above is an
example of this type of assay. The problem with the assay
is that photobleaching limits the length of trajectories. For
reasons we do not fully understand, cholesterol oxidase
protects the flavin so that it actually emits more photons
than dye molecules.

Fluorescent Product
Rigler and co-workers reported an assay of horseradish
peroxidase, which catalyzes the oxidation of the reduced
form of rhodamine to the fluorescent rhodamine by
hydrogen peroxide [27]. Many enzymatic reactions are
limited by product release. The up-holding of the fluorescent
product by the enzyme allows the detection of turnover
events. The advantage of this type of assay is that
photobleaching is not a problem, because the fluorescent
product molecules are continuously produced and diffuse
away from the excitation volume.

Fluorescence Resonant Energy Transfer
(FRET) Probe
Weiss and coworkers reported an assay for staphylococcal
nuclease using a FRET pair consisting of fluorescent labels
in the protein [28]. Enzymatic turnovers are monitored by
their synchronous conformational changes. Careful design
of specific labeling of the FRET pair is needed for this type
of assay. One needs to make sure that the endogenous
dyes do not interfere with the enzymatic reactions.
Photobleaching of the labels often limits the length of the
trajectory. Though little understanding of the photochemistry
associated with photobleaching of dye moleculesis
available, readers are referred to a review article by Seidel
et al on reduction of photobleaching [29].

Photo-induced Electron Transfer Probe
We have recently used photo-induced electron transfer
between excited states of flavin and tyrosine residues to
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probe conformational motions associated with enzymatic
reactions of flavoenzymes [4]. Complementary to FRET,
electron transfer probes conformational changes occurring
at a shorter distance (several Å) than FRET probes (several
nm). The electron transfer rate (fluorescence quenching
rate) is proportional to exp (-β x), x being the edge-to-edge
between the donor and the acceptor, and β~0.7-1.5 Å-1. The
electron transfer probes can be composed of a limited
number of naturally occurring amino acids or cofactors.
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that the material summarized above will be useful to the
ever-increasing single-molecule studies.

Acknowledgment: I thank former and current members of my
group, particularly Peter Lu, Haw Yang, Antoine van Oijen,
Guobin Luo, and Long Cai for helpful discussions, and DOE
and NIH for funding our effort on single-molecule
enzymology.

Rotation Trajectory
Kinosita and coworkers’ experiment on F1-ATPase tracked
the rotation trajectories of the γ subunit, the shaft of the
rotary motor. Although single fluorescence labels may be
used to track the rotation, particularly with polarization
sensitive detection, photobleaching limits the photon
counts. For this reason, a fluorescent actin fiber [1] or a
gold particle [2] was used. The strong signal of the latter
allowed the use of a high-speed camera to capture the
transient intermediates with a high time resolution. Another
example is the direct observation of the relative rotation of
RNA polymerase and RNA by using a magnetic and
fluorescent bead [30].

Translational Trajectory
Translational trajectory of possessive motor enzymes such
kinesin [11], myosin [15], RNA polymerase [31,32], DNA
polymerase [12, 33] and helicase [34] can be tracked by a
CCD camera. Without high spatial and temporal resolutions
needed to resolve individual enzymatic turnovers, one can
already extract much useful information from these assays.
When individual enzymatic turnovers need to be resolved,
the center position of a diffraction-limited spot can be
accurately determined within a couple of nanometers given
enough signal averaging. For example, the 8-nm steps of a
kinesin molecule can be resolved by viewing a tethered
bead and signal averaging the Brownian motion trajectory at
a low ATP concentration [35], or by tracking the bead with
optical tweezers with better accuracy [11]. The manipulation
by optical tweezers [11,12] or magnetic beads [33] allows
studying enzymatic reactions under constant and controlled
force loads. The mechanical manipulation in combination
with fluorescence measurements [26] can be particularly
informative. Many good assays have been developed using
optical tweezers and magnetic beads on motor proteins. I
have, for the most part, limited the discussion to
fluorescence work here.
Fluorescence assays on a single-molecule basis, though
prone to photobleaching, offer versatility, structure
sensitivity and arguably a higher time resolution. No doubt
more and more single-molecule assays will be developed.
Some may even be easier than ensemble assays. I hope
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