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enzymes are immobilized on a surface and 
monitored using fluorescence microscopy. 
By using substrates that become fluorescent 
only after enzymatic catalysis has taken place, 
product generation can be observed in the 
presence of high substrate concentration. A 
vanishingly low surface density of immobi-
lization allows enzymes to be spatially well 
separated and allows time series of turn-
overs catalyzed by a single enzyme to be 
recorded. The turnover rate is measured in 
real time by counting the number of fluor-
escence bursts per time unit at the enzyme’s 
location. In college biochemistry classes we 
are taught to think about enzymatic kinet-
ics from the point of view of an ensemble: 
how much substrate is turned over by a given 
amount of enzyme after a certain amount of 
time. English et al. characterized the kinet-
ics of β-galactosidase at the single-molecule 
level and provided a framework for thinking 
about enzymatic kinetics not in the ‘classical’ 
Michaelis-Menten sense of relating enzymatic 
rate with substrate concentration, but from 
a single-molecule perspective by analyzing 
the waiting times between subsequent indi-
vidual turnover events as a function of sub-
strate concentration3. This approach allows 
researchers to think about enzymatic kinetics 
from a time perspective as opposed to a rate 
perspective—arguably a more intuitive way. 
Using enzyme cycling times instead of reac-
tion fluxes as the observable for enzymatic 
activity is particularly suited for dealing with 
the stochastic nature of data produced by 
single-enzyme experiments.

Perhaps the most surprising aspect emerg-
ing from these and other single-enzyme 
studies is that the turnover rate of a single 
enzyme can fluctuate significantly over time. 

How do multiple, different proteins combine 
to form functional multiprotein machineries? 
On the one hand, single-molecule techniques 
enable a direct and unobscured observation 
of intermolecular interactions in multicom-
ponent systems. On the other hand, there 
exists an inherent tension between the strat-
egy of observing individual molecules at van-
ishingly low concentrations and the need for 
proteins to be present at sufficiently high con-
centrations to form complexes. I will discuss 
recent developments in the single-molecule 
field that aim toward the characterization of 
multicomponent systems, and I will address 
some key kinetic and thermodynamic con-
siderations.

The fluctuating enzyme
A number of groups have recently visual-
ized individual catalytic turnovers of sin-
gle enzymes2,3,10,11. In these experiments, 

The ability to study the behavior of systems 
at the single-molecule level has had great 
impact on our understanding of the inner 
workings of biological macromolecules. 
Without the ensemble averaging inherent to 
bulk-phase biochemical assays, distributions 
of molecular properties can be characterized 
and rare subpopulations can be identified. 
For example, enzymes purified to homoge-
neity and obeying classical Michaelis-Menten 
behavior have been shown to display large 
variations in turnover rate at the single-
molecule level, both over time and between 
molecules1–4. A second important benefit of 
the single-molecule approach as it relates 
to understanding mechanistic properties of 
enzymatic systems is the ability to observe the 
temporal evolution of complicated biochemi-
cal reactions. The recording of these ‘molecu-
lar movies’ may reveal the presence of fleeting 
reaction intermediates whose existence is too 
short-lived to be visualized in an ensemble of 
asynchronous reactions. The strength of this 
approach is nicely illustrated in the study of 
the stepping behavior of individual molecu-
lar motors such as myosins, kinesins, RNA 
polymerases and helicases5–9.

Single-molecule tools promise to be par-
ticularly powerful in characterizing systems 
in which multiple binding partners interact. 
How is cooperativity in binding of a substrate 
to an enzyme regulated? How do multiple, 
identical proteins bind to form filaments? 
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properties of the system is that the concen-
tration of only the component that gives rise 
to the experimental observable needs to be 
low. The concentration of the other bind-
ing partner, for example, a substrate for an 
enzymatic reaction, can be varied over a wide 
range to provide experimental access to sys-
tems with many different binding and kinetic 
behaviors. As long as only one of all binding 
partners in a complex-formation process is 
present at a concentration much lower than 
the binding affinity between the partners, 
the binding rates and fractional occupancy 
are independent of the actual molarity of the 
low-concentration species. For example, the 
fractional occupancy of a binding site B with 
a ligand L is expressed as

c 
[B • L] 

[B     ] tot 

[L] 

K  +[L] d 

where Kd is the equilibrium dissociation con-
stant of the interaction and [L] is the concen-
tration of unbound ligand (equal to [Ltot] 
minus [B·L]). Under the condition [Ltot] >> 
[Btot], [L] can be approximated by [Ltot] and 
the fractional occupancy becomes independent 
of the concentration of binding sites.

Care should be taken, however, in directly 
comparing results of single-molecule binding 
studies with those obtained using bulk-phase 
assays. Binding studies in the bulk phase are 
often done at binding-site concentrations that 
are not insignificant compared to the equilib-
rium dissociation constant. As a result, a mol-
ecule with binding site B present in extremely 
low concentrations in a single-molecule 
experiment can reach a much higher degree of 
occupancy than each of the single molecules 
in a bulk-phase experiment at identical ligand 

single-site enzyme uses a substrate-substrate 
interaction through time to achieve coopera-
tivity, in stark contrast to the classical notion 
of allosteric interactions between multiple 
sites on a protein (with hemoglobin as the 
most well-known example). Potentially, 
this mechanism could be of importance in 
the regulation of the kinetics of complex 
networks of protein-substrate interactions. 
Future studies of enzyme kinetics, using both 
single-molecule and bulk-phase methods, 
are needed to further explore such dynamic 
cooperativity.

Cutting the trees
In a way, the single-molecule approach seems 
to represent a double-edged sword: observa-
tion of the kinetics of a biochemical reac-
tion with single-molecule sensitivity and 
resolution can most often only be done at 
vanishingly low concentrations of one of the 
reactants. In experiments in which fluores-
cence is used as a probe, the concentration of 
fluorescently labeled species typically cannot 
be much higher than 1 nM, which is much 
lower than the typical affinity between two 
biological binding partners. In other single-
molecule approaches, fluorescence is not 
used; instead, a mechanical force is exerted 
on a molecule and enzymatic activity is mea-
sured as a mechanical change in the system 
(for a review of different single-molecule 
approaches, see ref. 15). In these experiments, 
it is the mechanically manipulated molecule 
that is often present at extremely low concen-
trations (often as low as one copy of the mol-
ecule in the entire experimental volume).

The reason that these single-molecule 
experiments work and give a bona fide repre-
sentation of the kinetic and thermodynamic 

In Figure 1a, the turnover rate of a single 
β-galactosidase enzyme is depicted as a func-
tion of time. The turnover rate can change 
by as much as a factor of ten, and the typi-
cal timescales over which these fluctuations 
occur have been reported to vary between 
milliseconds and minutes2,3. It has been 
suggested that underlying such a memory 
effect are small conformational changes in 
the enzyme. This ‘breathing’ results in small 
changes in active site geometry that in turn 
would modulate the substrate affinity or 
the reaction kinetics. Other single-molecule 
experiments have confirmed the existence 
of such small conformational changes on a 
variety of timescales12.

The interconversion of an enzyme between 
conformational states each with different sub-
strate-binding properties can have dramatic 
consequences in terms of cooperative behav-
ior. Imagine a single-site enzyme with two 
initial states, one with a much higher affinity 
for substrate than the other. If the enzyme 
‘resets’ to the tight-binding mode after com-
pletion of a round of catalysis (Fig. 1b), a situ-
ation can be achieved in which the enzymatic 
activity displays a sigmoidal dependence on 
substrate concentration (Fig. 1c)13,14. This 
‘dynamic’ cooperativity would be apparent 
in a substrate concentration regime in which 
binding to the tight-binding state of the 
enzyme (k1[S] in Fig. 1b) occurs on a times-
cale faster than equilibration between the two 
states (indicated by the rate constants α and β 
in Fig. 1b). At lower substrate concentrations, 
the two states would have equilibrated before 
substrate binding, thereby resulting in a lower 
affinity on average.

This perhaps counterintuitive behavior 
results in a picture in which a fluctuating, 

Figure 1  Fluctuating turnover rates and binding affinities of enzymes. (a) Experimental trace of the turnover rate of a single β-galactosidase enzyme as a 
function of time. Blue and red traces each correspond to a single enzyme. The histograms represent the distribution of rates for each enzyme integrated 
over time. The difference between the means of the two distributions indicates the large variation in turnover rate between two enzymes. The fluctuations 
in the blue trace and the large width of the blue histogram indicate large fluctuations of the turnover rate of an individual enzyme over time. (b) Enzymatic 
reaction scheme with enzyme E in one of two conformational states, E1 and E2, each with different affinities for substrate S. Rate constants α and β indicate 
interconversion kinetics between E1 and E2. After binding of substrate S, enzyme-substrate complex ES is formed, turnover takes place and the enzyme 
reverts to the E1 state. (c) The steady state velocity of the enzymatic reaction depicted in b, with k1 = 100, k2 = 0.01, α = 0 and β = 1. The sigmoidal shape 
indicates cooperative behavior. a is from ref. 3; b and c are adapted from ref. 14.
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and dissociation on one and the same DNA 
molecule—a situation that is difficult to dis-
tinguish from a single highly processive event. 
The use of ‘trap’ DNA to bind the enzyme the 
moment it dissociates from its original template 
is a standard trick in the repertoire of bulk-
phase biochemistry to ensure that each enzyme 
only mediates one cycle of binding, enzymatic 
activity and unbinding. A shortcoming of this 
method is that even at micromolar trap con-
centrations, the average distance between the 
enzyme-substrate complex and a trap molecule 
is still many tens of nanometers. After dissocia-
tion from its substrate, diffusion can bring the 
enzyme back to its original substrate where it 
can undergo another burst of enzymatic activ-
ity, thereby giving rise to inflated processivity 
readouts. The real-time observation of the 
interaction between enzyme and DNA at the 
single-molecule level provides a much more 
direct readout of enzymatic properties and 
gives a significantly less convoluted view on 
parameters such as binding rate, turnover rate, 
processivity and dissociation rate21.

Assembly and functioning of large 
multiprotein machineries
The field of single-molecule biophysics has 
seen tremendous advances in the study of indi-
vidual enzymes and the understanding of their 
catalytic mechanisms. In a biological context, 
most of these enzymes function in concert with 
other enzymes in multiprotein complexes, so 
an important future direction will be the use 
of single-molecule techniques to unravel the 
orchestration of large macromolecular assem-
blies. As indicated above, studying the interac-
tion between a protein and its substrate at the 
single-molecule level is readily achievable by 
decreasing the concentration of one of the two 
to a level amenable to single-molecule detec-
tion techniques. Upon introducing more bind-
ing partners to form a larger complex, however, 
the concentration of every additional compo-
nent needs to be at least comparable to the Kd 
between that component and the rest of the 
complex to ensure proper association of all the 
binding partners.

In practice, the members of a multiprotein 
complex all need to be present in sufficiently 
high concentration to allow complex forma-
tion at reasonable timescales. Some experi-
ments on larger, multi-enzyme complexes have 
already been successfully done by maintaining 
protein concentrations sufficiently high to 
mediate complex formation and by keeping 
the substrate concentration low. For example, 
the activity of prokaryotic DNA replication 
machineries has been characterized by measur-
ing the length of individual DNA substrates as 
the replication complex, containing a helicase,  

binding partners. Whereas the first criterion is 
easily met in single-molecule experiments, the 
latter is often difficult to achieve because of a 
need for a ‘single-molecule’ concentration of 
at least one of the components. Before inter-
actions between proteins are characterized at 
the single-molecule level, altered concentration 
requirements should be tested at the ensemble 
level for their ability to support appropriate 
reconstitution of the biological activity under 
investigation. More generally, single-molecule 
experiments can often only be designed prop-
erly and executed successfully if a significant 
amount of biochemical information is already 
known. In particular for larger, multiprotein 
complexes, a good understanding of affini-
ties and rate constants needs to exist before 
the right single-molecule conditions can be 
chosen. Of the many possible observables in a  
single-molecule experiment, at least one should 
be chosen such that a direct comparison with 
bulk-phase data is possible. Whereas single-
molecule experiments can give great insight 
into the distribution of a particular molecular 
property, the mean of that distribution should 
be consistent with data from conventional  
biochemistry.

In some cases, however, a direct comparison 
can be misleading, and average values obtained 
from single-molecule experiments may pro-
vide a more accurate readout of the activity of 
a system than results from bulk-phase experi-
ments. For instance, measurements of proces-
sivity of nucleic acid enzymes, such as DNA 
polymerases, are challenging to obtain at the 
ensemble level. The use of ensemble-averaging 
techniques to measure processivity values is 
often complicated by the occurrence of mul-
tiple consecutive events of binding, synthesis 

concentrations (Fig. 2a). An example of a sys-
tem that is reported to display starkly different 
behavior in single-molecule and bulk-phase 
experiments is the binding of the Escherichia 
coli histone-like nucleoid structuring protein 
(H-NS) to DNA. H-NS plays a role in both 
structuring DNA and regulating transcrip-
tion in Gram-negative bacteria16. The protein 
exists as a dimer, with each subunit containing 
a DNA-binding domain. After initial binding to 
the DNA of one of the DNA-binding domains, 
the protein mediates loop formation by an 
interaction of the second DNA-binding domain 
to a distal site on the duplex. Interestingly,  
single-molecule magnetic tweezer experiments 
that measured the length of individual DNA 
molecules as a function of H-NS concentration 
resulted in the observation that H-NS induces 
a rigidification of the DNA molecule17. This 
observation was in contrast to previous studies 
that demonstrated a compaction of DNA upon 
association with H-NS18. In a polemic series of 
letters following the publication of the original 
single-molecule paper17, it was argued that a 
large excess of protein over DNA led to a rapid 
saturation of the available binding sites on the 
DNA and caused the DNA to stiffen before 
intrastrand contacts could be made and loops 
formed (Fig. 2b)19,20.

In general, there can be many reasons why 
single-molecule and ensemble biochemi-
cal experiments may give rise to conflicting 
answers. It is important to be continuously 
aware of the large concentration differences 
between in vitro single-molecule experiments 
and bulk-phase assays. Experimental condi-
tions of binding assays need to fulfill both the 
criteria of a sufficiently high ligand concen-
tration and an appropriate stoichiometry of 

Figure 2 Fractional binding in single-molecule and bulk-phase experiments. (a) Fractional occupancy 
of binding sites as a function of concentration of binding sites [B] for three different values of Kd. The 
ligand concentration [L] is held constant at 2.5 × 10−7 M. At a fixed ligand concentration, each of 
the binding sites will be maximally occupied when [B] decreases to the single-molecule limit. In this 
regime, the fractional occupancy is not sensitive anymore to changes in the ligand concentration or Kd. 
Figure adapted from ref. 20. (b) Fractional occupancy of DNA by H-NS increases as DNA concentration 
decreases at constant H-NS concentration. Where a bulk-phase biochemical assay may report on a low 
occupancy at high DNA concentration (left), a single-molecule experiment with as little as one DNA 
molecule may give rise to significantly altered binding properties (right). In the case of H-NS, a high 
occupancy could inhibit the formation of intrastrand loops in the DNA substrate.
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labeling strategies find their way into single-
molecule biochemistry will hopefully lead to 
a situation where single-molecule approaches 
can be routinely applied to large complexes in 
physiologically relevant settings.
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the fabrication of microfluidic reaction 
chambers whose dimensions are significantly 
smaller than the resolution limit of optical 
microscopes25. More recently, researchers 
have been able to capture fluorescently labeled 
binding partners in small (100–200 nm),  
surface-tethered lipid vesicles and study their 
interactions through single-molecule FRET 
measurements27,28. The volume of a 100-nm 
vesicle is two orders of magnitude smaller 
than that of a diffraction-limited, confocal 
excitation focus and thus allows proteins 
to be visualized at the single-molecule 
level at much higher concentrations. These 
approaches are opening the way to studying 
interactions between molecules that have 
Kds much weaker than previously thought to 
be accessible by single-molecule techniques. 
Extrapolating the strategy of increasing the 
local concentration of binding partners while 
maintaining a low number of fluorescently 
labeled species in the observation volume, one 
can envision methods where binding partners 
with a weak interaction are covalently cou-
pled through a tether. Physically constraining 
the distance between two proteins to a few 
nanometers will enable the single-molecule 
characterization of weak interactions with 
Kds in the millimolar regime.

In summary, single-molecule techniques 
have allowed researchers to approach the 
concept of multi-site binding and assembly 
from an entirely different perspective. Single-
molecule enzymology demonstrated dynamic 
effects that were hidden from view entirely by 
ensemble-averaging techniques. The flipside of 
the coin is the requirement to work at concen-
trations much lower than those used in bulk-
phase biochemical experiments and perhaps 
also much lower than physiological concen-
trations. Whereas for simple binding reactions 
with a limited number of binding partners 
this is not necessarily a problem, with more 
complicated systems there exists an inherent 
tension between the extreme experimental 
dilutions on the one hand and the limited 
affinities between proteins on the other. The 
pace with which new physical tools and novel 

primase, DNA polymerases and single-strand 
binding proteins, duplicates the parental 
strand21,22. The different elastic properties of 
double- and single-stranded DNA, and the 
looping of the DNA by the replication machin-
ery, make it possible to derive enzymatic activ-
ity by monitoring small changes in the length 
of individual DNA molecules23. The dynamic 
properties of replication complexes containing 
up to a dozen protein components have been 
studied using this method.

The next logical step in the single-molecule 
characterization of large multiprotein com-
plexes is the use of fluorescence techniques 
to understand the microscopic details of how 
the proteins interact in larger complexes. For 
example, single-molecule fluorescence reso-
nance energy transfer (FRET) can be used 
to probe subtle distance changes between 
components24. However, the requirement 
for high protein concentration is seemingly 
incompatible with single-molecule fluores-
cence detection. When imaging the fluores-
cence of labeled protein, it is only possible 
to detect individual proteins when the con-
centration of labeled species is around a few 
nanomolars or lower—a concentration lower 
than the Kd of most protein-protein interac-
tions. This upper limit represents the concen-
tration at which one molecule is maximally 
present in one optical detection volume. The 
development of physical techniques that fur-
ther reduce the observation volume in fluo-
rescence microscopy may lead to a loosening 
of this requirement25,26. An exciting direc-
tion is the development of optical schemes 
that reduce the physical size of the excitation 
volume created by a laser focus. Not only will 
this method increase the spatial resolution 
in fluorescence microscopy, with obvious 
impact in many fields related to imaging, 
but it will also significantly lower the num-
ber of emitting fluorophores contributing to 
background signal and allow single-molecule 
experiments at higher concentrations26.

Another strategy is the reduction of the 
physical volume that contains the reactants. 
Early work in this direction revolved around 
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