Preface

Steady progress in experimental techniques and imaging capabilities
has made the observation of individual atoms and molecules a routine
practice in many laboratories worldwide. Despite this fact, single-
molecule measurements remain difficult to perform and interpret.
The exceedingly weak signals arising from individual molecules
are more readily degraded and distorted by macroscopic-scale noise
sources than are most ensemble averaged signals. We accept these
difficulties since single-molecule experiments offer qualitatively
new information about the behavior of physical systems, informa-
tion unobtainable by traditional means. Observations of individual
molecules, nanoparticles and other nano-objects reveal the full extent
of their heterogeneity, be it for enzymes at physiological conditions,
or for fluorescent probes in supercooled molecular liquids. Even
more importantly, single-molecule signals open a window to directly
observe dynamical fluctuations at the nanoscale.

A variety of modern techniques providing single-molecule sen-
sitivity have been reviewed in the literature. The first methods
to observe single molecules were scanning probe microscopies:
STM (scanning tunnelling microscopy)! and AFM (atomic force
microscopy).? In biophysics, electrical conductivity measurements
can monitor the function of single ion-channels.> More recently,
optical spectroscopy and fluorescence microscopy*> have reached
single-molecule sensitivity. In spite of the differences in the experi-
mental approaches, the obtained single-molecule data share the same
characteristic features; the data is noisy and contains large and irre-
producible fluctuations. Depending on the experiment, these fluctua-
tions may be of primary interest or may frustratingly serve to obscure
amore interesting dynamics. Stated differently, single-molecule data
streams are inherently stochastic — a given single molecule data
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trajectory is apparently random and is irreproducible. However, as
we may extract statistically meaningful information from these data
streams, their fundamental irreproducibility is an asset as well as a
curse. While complex data treatments, analysis methods, statistical
indicators, etc., are required to ensure the robustness of our con-
clusions, the information gained is unique and is inaccessible by
ensemble-averaged measurements.

Statistical methods of data analysis applied to single molecules
should, to the extent possible, be unbiased and model-free. They
should eliminate the effects of noise, while retaining the significant
features essential to understanding molecular dynamics. A number
of procedures are currently in use to aid in this analysis, as summa-
rized in Refs. 6 and 7. The simplest way to evaluate the time-trace
of a single-molecule signal is to bin the signals by a low-frequency
pass filter, and compare the average signal value to thresholds. This
works well for slow variations, but the choice of bins and thresh-
olds is somewhat arbitrary. More systematic analysis tools, either
time-dependent (such as delay distributions, lifetimes, correlation
functions) or signal-strength dependent (such as photon-counting
histograms) do not involve any arbitrary parameter, but do average
the data in ways which can sometimes erase the useful information.
Finally, simple statistical indicators can sometimes answer a question
about the data. Examples are the Mandel parameter indicating devia-
tions from Poisson statistics in photon-counting traces, or indicators
of the renewal character of series of events. (Is the data consistent
with all events having been drawn from the same probability distribu-
tion?) Of course, an ideal analysis scheme would let the data “speak
for itself”, i.e. determine a model for the molecular dynamics based
solely on the collected data without prior hypotheses influencing the
final interpretation. This is seldom possible.

Since it is typically not possible to directly invert single-molecule
data into a complete model for molecular dynamics, it is impor-
tant to be able to model single-molecule experiments theoretically
and computationally. Theoretical predictions for a given model may
be compared to observables obtained experimentally, which allows
for the refinement of hypothetical models via the scientific pro-
cess. While most of the models currently used in the description of
single-molecule experiments are based on traditional physical pic-
tures (kinetics, diffusion, quantum mechanics, etc.), the observables
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available in single-molecule measurements are inherently different
from those found in ensemble-averaged experiments. The tools used
to predict ensemble-averaged experimental observables for a given
model’s dynamics are typically not well suited to determining the
statistical information obtained via single-molecule experiments.

The aim of this book is to discuss some of the theoreti-
cal approaches to single-molecule data evaluation and interpreta-
tion developed over the last 10 years. We focus on fluorescence
and mechanical measurements. We do not explicitly consider the
case of ion channels, which have been considered in some detail
previously.®® The following chapters consider specific theoreti-
cal and statistical problems unique to single-molecule systems and
single-molecule experiments. These problems range from the con-
ditioning of single-molecule data to enable effective analysis, to the
analysis of single-molecule data streams to the modelling of single-
molecule systems by simulation and/or analytical theory.

Faced with a raw data stream, the first problem encountered in
analysis is to identify which features are statistically significant. For
example, how many distinct levels or states are resolvable in flu-
orescence traces or mechanical displacement measurements. Yang
(Chapter 1) explains how to apply maximum likelihood criteria to
objectively assess experimental time series.

A similar problem is discussed by Plakhotnik in Chapter 2. In
particular, he outlines the procedure of Bayesian probability analysis
to estimate the probability that a given hypothesis or model is correct,
given experimental data and additional background information. This
contribution stresses the importance of a proper statistical analysis in
single-molecule measurements, where this step is much more crucial
than with ensembles.

In Chapter 3, Brown presents the generating function formalism,
which allows for the calculation of single-molecule experimental
observables using tools that are only slightly modified from tradi-
tional ensemble-averaged theories. The generating function method
applies to kinetic, stochastic and quantum-mechanical dynamics
schemes.

A similar approach is proposed in Chapter 4 by Sanda and
Mukamel to access multiphoton event probabilities and multipoint
correlation functions, which are connected to the susceptibilities
found in nonlinear optics. Here too, the formalism may be applied
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to classical kinetic schemes or to quantum-mechanical problems
described by a Liouville equation. Sanda and Mukamel also discuss
how to extend the formalism to non-Markovian and continuous-time
randow walk processes.

The contribution of Hummer and Szabo (Chapter 5) discusses
thermodynamic and kinetic properties of single molecules in mechan-
ical force measurements. They show how to extract information on
the free energy profile through non-equilibrium measurements, and
how potential energy landscapes translate into time-dependent rates
for breaking or unfolding reactions.

A common result of single-molecule measurements is long time
traces, in which transitions between different levels can be distin-
guished with suitable methods. The next step in the evaluation is
to interpret these changes as random transitions between states, for
example between conformational substates of a protein. Describing
these transitions as Markovian jumps between levels leads to kinetic
schemes, which can be evaluated theoretically to derive statistical
properties for comparison to experimental data.

The next chapters focus on relating experimental results to clas-
sical kinetic schemes. Gopich and Szabo (Chapter 6) show how the
kinetic-scheme formulation can be generalized to include the many
processes present in a single-molecule measurement. Among these
processes are: the complex photophysics of fluorescence, conforma-
tional evolution of single molecules, and translational diffusion of the
molecules through the focus of the exciting beam. They show how
experimental observables — the photon counting intensity distribu-
tion, waiting time distribution and related correlation functions —
can be generated in a consistent way accounting for all these effects.

Cao (Chapter 7) examines the general solution of kinetic schemes
represented by rate matrices and focuses on specific features in these
solutions, such as echoes, and other indicators, which can directly
give a priori information on the system, without the need for a full
solution.

Kinetic schemes obeying detailed balance give rise to exponential
relaxation, as do overdamped stochastic models. Several experiments
have found surprising oscillating behavior in the dynamics of single
protein molecules, which suggest that these simple models may be
inappropriate for the description of proteins. For example Lu et al.'”
found accumulations of diagonal correlations in the consecutive
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on-times of cholesterol oxidase enzyme, Edman and Rigler found
oscillations in the fluorescence of labeled horse radish peroxidase,!!
and Baldini et al. in the dynamics of fluorescent proteins excited
with two photons.12 Vlad and Ross, in Chapter 8, discuss two possi-
ble theoretical models that may explain these intriguing experimental
results.

Chapter 9, by Kolomeisky, considers the motion of molecular
motors. The stepping of the motors is represented as a sequence of
transitions in an open kinetic scheme, which leads to prediction of
their dynamical and kinetic properties.

In the preceding chapters, the complex dynamics of biomolecules
is described by kinetic schemes, i.e. a network of states connected
with rate constants. In most cases, however, even the topology of
this network is unknown. The determination of the relevant scheme
from experimental data alone is difficult, even impossible because the
same experimental data can correspond to several kinetic schemes
with different topologies and connectivities. This follows from the
information loss taking place when the molecule’s evolution in a mul-
tidimensional space is projected onto the few dimensions accessible
to experiment (e.g. intensity in the case of a fluorescence trace). In
Chapter 10, Flomenbom and Silbey discuss how to classify kinetic
schemes and reduce them to canonical forms, so as to select the sim-
plest class of schemes compatible with the data.

Single molecules provide unique insights into heterogeneities and
fluctuation phenomena which cannot be seen directly in ensemble
measurements. As Barkai discusses in Chapter 11, ergodicity break-
ing is a perfect example of a property which directly appears from
the behavior of blinking quantum dots and molecules in disordered
systems. Ergodicity is broken when the time-average of a single
molecule’s property, e.g. its emission rate, does not coincide with the
ensemble average of this property over many equivalent molecules.
These differences, obviously stand out in single-molecule data.
Ergodicity breaking can be strong, when each individual molecule
explores only a very small, disconnected region of the phase space,
or weak, when a large part of the phase space is explored by each
molecule, but sojourn times in microstates of the system obey fractal
power law statistics.

Statistical analysis, modeling and understanding of single-
molecule fluorescence and mechanical experiments have expanded
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spectacularly in scope and power during the last ten years. We hope
that the theoretical chapters collected in this book will be of use to
experimentalists as well as to theoreticians, and will facilitate the
necessary dialogue between them. Only a back-and-forth interac-
tion between experiments and theory can lead to a deeper under-
standing of fluorescence intermittency, conformational fluctuations,
and many other fascinating signatures of individual molecules and
nano-objects.

E. Barkai, F. Brown, M. Orrit and H. Yang
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