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Abstract

Tethered particle motion is an experimental technique taitnoconformational changes
in single molecules of DNA in real time. This article revies@me recent work on theoretical
problemsinherentin the interpretation of TPM experimgndsh in equilibrium and dynamical

aspects.

1 Introduction

Molecular biophysics attempts to explain life processesifgerstanding the behavior of individ-
ual macromolecules. Broadly speaking, past work has rere¢g) traditional light microscopy,
which can discern the actions of individual objects, in pblpgical conditions and in real time, but
is limited to scales bigger than half a micrometer, (b) e@timicroscopy and x-ray diffraction,
which resolve fractions of a nanometer but give little imf@tion about dynamics, and (c) elec-
trophysiology, which gives detailed dynamic informatiout kvith an indirect readout, applicable
mainly to one class of molecular device. The recent risermflesimolecule biophysics has comple-
mented these approaches, in some ways combining theigiseenVorking at the single molecule
level allows us to see differences in behavior between rdiffemolecules, as well as making it
possible to extract detailed kinetic information.

Tethered particle motion (TPM) is an experimental techaigumonitor conformational changes
in single molecules of DNA in real time. In this techniqueaggke colloidal particle (typically half

a micrometer in diameter) is attached to the end of a DNA nuideof interest (the “tether”); the
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Figure 1:A DNA molecule flexibly links a bead to a surface. The motionh& bead’s center is observed and tracked,
for example as described in Refs. [1, 2]. In each video fratme position vector, usually projected to the plane,

is found. After drift subtraction, the mean of this positieector defines the anchoring point; the veatatiscussed

in this article is always understood to be the drift-sulitrdc projected position, measured relative to this anolgori
point. The length of this vector is called In this cartoon, the conformational change of interesb@plformation:
Regulatory proteins, for example dimers of lambda reprresksdind to specific “operator” sites on the DNA. A loop
forms when two (or more) such dimers subsequently bind tb e#twer. A closely related system involves the lactose
repressor protein, LacR (also called Lacl): LacR existoiatfon as a tetramer, which has two binding sites for DNA.
Looping occurs when such a tetramer binds first to one, thénet@ther of two distant operator sites on the DNA. In

each case, recent experiments have sought to determinelties \of the time constantsr andr..s for loop formation

and breakdown.llc scartoon

other end is fixed to the microscope coverslip, and the iiaguthotion is passively observed. This
review will outline the basics of the method, then turn to ensecent applications to the kinetics

of DNA looping.

2 TPM technique {s:tt}

The TPM technique uses the motion of a large, optically kedé object (a bead) to report on
changes in a nanoscale object of interest (a DNA molecule®. change of interest could include
the progress of a processive motor that walks along DNA, dlsaséoop or kink formation on the
DNA as proteins bind to it (Fig. 1). Experimental aspectawblementing the technique, including
the attachment of the DNA of interest to the mobile bead atemteand the immobile surface at
the other, are discussed in the original articles, inclgd8) 4, 5, 6, 7, 2, 8, 9, 10, 11].

Once the DNA/bead constructs are created, typically theyattached to the surface with a

density small enough to prevent mutual interference, ygel@nough that ten or more beads are
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simultaneously visible in a microscope frame. The teth&eals are then observed, for example
using differential interference contrast microscopy. Dhservations are typically at video rate,
either gathering light throughout the entire frame timeigglly 33 msec), or (with an electronic
shutter) for some fraction of the frame (for example, 1 msi¥ [Automated data acquisition
software can then track one or more beads in real time, desizing each bead’s motion; again
details are available in the articles cited above. Someamphtations do not track individual
trajectories, instead observing the blurred average inwdigeach bead [5, 10]; this review will
focus on particle-tracking implementations, e.g. [6, 2].

Real-time tracking allows the experimenter to accept @atépdividual beads prior to the start
of datataking. For example, beads stuck to the surface isplal little or no Brownian motion and
can be rejected. During datataking each bead’s image i fite standard form to infer its position
projected to the microscope focal plane; some experiméssraport on the third component of
bead position [7]. Each bead wanders about an averagequpsis anchoring point; Fig. 2 shows
a typical time series for the bead'’s distance from its arialggpoint.

Typically at least several acceptable beads will surviesdhinitial cuts in a single microscope
frame; the experimenter can select those for tracking, theerve their motion for an hour or more
(Fig. 2). This simultaneous acquisition confers some atdwgs over other single molecule meth-
ods: First, it allows a degree of parallel processing, iasieg experimental throughput. Second,
as described later the availability of multiple time seri@stime registry, assists in the removal
of instrumental vibration and drift. The very long observattimes available open the possibility
of observing very slow kinetics. In contrast, other singleleésule measurements such as Forster
resonance energy transfer are limited in duration to tle¢iife of a single flurophore.

After datataking, data must generally be be examined fturs of the particle-tracking soft-
ware: Occasional individual outlier points can be deletetnfthe time series or replaced by the
mean of flanking points, whereas time series where the tigcboftware loses a bead altogether
must be discarded or truncated. Next, some correction neuspplied for the effects of instrumen-
tal drift. Slow drift can be partially removed by low-pasgdiing the bead position time series.
Most experiments take the additional step of running arglidvindow over the data, typically of

4 s duration, and within each window computing the variarfdeead position, yielding a measure
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Figure 2: Typical time series of bead positions. DNA constructs oltéength3477 basepairs (bp) were attached

at one end to a glass coverslip and at the other480esnm diameter bead. The vertical axis gives the distance of the
bead center from its attachment point, as reported by pexttiacking software, after drift subtraction. The trabewn
passed the tests discussed in Ref. [2], for example the batgliminate doubly-tethered beads. The DNA construct
contained two sets of three operator sites. The two setsevbitgrs were separated B§17 bp. The system contained

cl repressor protein dimers at concentration 2Q0 repressor proteins bind to the operator sites on the DNA,tan
each other, looping the DNA as in Fig. 1. A sharp transition ba seen from a regime of no loop formation to one
of dynamical loop formation at650 s. The dashed lines represent the two valugs.ef corresponding respectively

to the looped and unlooped states; control data in thesetatesswas observed never to exceed these values. A brief

sticking event, indicated by the inverted triangle, wassea from the data prior to analysis. (Experimental datenfro
[12]) |f: FI GTI MERHO

of the amplitude of the tethered motion. This “varianceefilig” method has the advantage of
removing instrumental drift on time scales slower than thedaw width, but also degrades the
ability to see true dynamics in the bead on time scales féza@rthe window.

A better approach might be to include fixed (or “stuck”) beadthe sample, track them, and
subtract their position traces from those of the mobile bpadpractice, however, it is generally
not convenient to prepare such samples. An intermediathades to track several beads simul-
taneously, and to use their common mean position as a proxthéoabsent fiducial fixed bead
position. This “mean-bead” subtraction method can remowstrdrift motion, while preserving
information about truly random Brownian motion in the begatés [2, 12]. (The residual, unre-

moved instrumental motion can readily be characterizedrbgaring samples consisting entirely



T 3. T T T T T
0.004 | X - .
T ; )

E o003} /. . -

= . .
2 0002 /- ] 1
0.001 | /. \ ] 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700 800

p, M P, nm

Figure 3: Left: A typical observed probability distribution functiaR(p) for a 1096 bp-long tether (dots) is distinct
from that of a two-dimensional Gaussian with the same meaare deviation (curve). That is, the solid curve is the
function (2p/0?) exp(—(p/0)?), wheres = 211 nm. Right: Probability distributions (histogramd}(p) for tethers

of length L = 957, 2211, and 3477 bp (left to right). Dots: For each lendthtributions from several tethers are

represented in different colors. Curves: Predictions ftheoretical model described in Sect. 3.1, wjth- 43nm. The

. I distrs
bead radiusRye.a Was known to b&40 nm from the manufacturer’s specifications. (Data from [&].)

of stuck beads and applying the same analysis to them.)

Unremoved drift can make the distribution of bead positiappear stretched in the direction
of drift. Therefore, a final step of bead selection involvesessing the circular symmetry of the
observed bead positiorefter drift subtraction. Beads whose distributions have priacigxes
differing by more than 5% may be attached to the surface bytipieiltethers, or be otherwise
faulty; such traces should be rejected. The surviving bease equilibrium position distributions

that depend only on distance from the anchoring point; FEh@vs some examples.

3 Theory of tethered Brownian motion

3.1 Equilibrium fluctuations {s:ef}

The shapes of the distributions in Fig. 3 are not Gaussiad,tla question arises whether we
can predict them from first principles. Beyond such basigmelr science questions, arpriori

knowledge of, say, the mean-square bead excursion for sitefiers is useful for interpreting
experiments where the tether conformation is not known iraade. For example, tether length

may be changing in time, in a way we would like to measure, asoaegssive enzyme walks



along the DNA. Or, effective tether length may change ststbaly as proteins bind to the DNA,
kinking or looping it. A third motivation for such a theoredil study is that by comparing theory
to experiment, we gain confidence both that the experimentiking as desired and that the
underlying polymer theory, which we may wish to apply to othmblems, is adequate.

Although the end-end distribution of a semiflexible polyraech as DNA is a classical problem
in polymer physics, the present problem differs from that omseveral respects. For example, the
DNA is not isolated, but instead is confined between two seaDNA attached to a single planar
surface experiences an effective entropic stretchingefdree to the steric exclusion from half of
space; a similar effective repulsion exists between the BNéthe large bead. Far more important
than these effects, however, is the steric exclusion of #edlrom the wall. Ref. [13] argued
that the effect of this exclusion would be to create an emtrspetching force on the DNA of the
general formF.g = kpT/z for z < 2Ryeaq, Wherez is the height of the DNA endpoint from
the wall, Ryq.q is the radius of the bead, a7 is the thermal energy at temperatufe (For
z > 2Rpeaq the entropic force is zero.) Even if we do not measudirectly, this stretching force
affects the distributions of projected distance, redudisigpread.

Additional subtleties of the problem include the fact the polymer itself has two additional
length scales in addition to the bead radius, namely itsgierse lengtlf and finite total lengttL,
and the fact that we do not observe the polymer endpoint abluer the center of the attached bead.
Some of these effects have been studied in an analyticabfemm for the low-force case [14], but
for zeroapplied stretching force the steric constraints, not fukhatable in that formalism, become
important. For this reason Refs. [13, 2] developed a MontdoGzalculation method (a similar
method was independently used for a study of DNA cyclizatigpiCzapla et al. [15]).

The Monte Carlo code generated chains realized as stringstatfon matrices, all close to
the identity matrix. Each such matrix represents the aaigm of one polymer chain segment
relative to its predecessor and was drawn from a Gaussiatibdigon, as expected for bend angles
subject to a harmonic restoring torque [16, 17]. The widtlhef Gaussian bend distribution was
chosen to reproduce the persistence length of DNA, whicheither supposed to be known from
other experiments in similar solvent conditions, or takeraditting parameter. The biotin and

digoxigenin linkages attaching the DNA to bead and wall weeated as freely flexible pivots,



and so the orientation of the first chain segment, and thdieobead relative to the last segment,
were taken uniformly distributed in the half-spaces alldwg the respective surfaces. Once a set of
relative orientations was selected, the correspondinglatesorientations were found by successive
matrix multiplication. The spatial location of each chaggment was then found by following
the 3-axis of each orientation triad, and the chain and bez@ then checked for steric clashes.
Chain/bead configurations surviving this check were thaared into histograms of projected 2D
distance between bead center and the anchoring point. Thesponding distributions for bead
position are seen in Fig. 3 to fit the experimental obseruatiguite well after adjusting a single
parameter, the chain persistence lengtthe fit value accords with published values obtained by
force—extension measurement.

We can see the trends in the data more clearly if we reducagtrédtions to their root-mean-
square excursion, a quantity often used in experimentsdwacterize tethered particle motion. To
facilitate fitting the theory to the data, the RMS excursiadius was computed for one fixed value
of £ and a grid of different values d®y,..q and L in the range of interest, then summarized by an
interpolating function. Dimensional analysis shows tid@p?) /¢ can be written as a dimensionless
function of L /¢ and Ry.q/&, SO this calculation suffices to find the RMS excursion at@ny.,
and Ryeaq [2]- The resulting interpolating function can then be réafii to experimental data.

The above procedure works well for TPM data taken with a flagtter speed [2]. For longer
exposure times, however, the theory must be corrected twatéor the blurring of the image due
to Brownian motion during each exposure [11]. Fig. 4 showsohd] fit of the corrected theory
to excursion data for three different bead radii. The disaney between theory and experiment
may reflect unremoved instrumental drift, for example Higdttuency motion that the filtering
algorithm could not distinguish from true Brownian motiohlternatively, the effective bead size
may be slightly different from the nominal value, or effeety different due to surface irregularity.
Finally, hydrodynamic effects slowing the bead’s motionenttlose to the surface may set an

equilibration time scale longer than the observation time.
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Figure 4:Dots: Experimental values for RMS motion of bead center for thetifferent bead sizes: Top to bottom,
Ryeaa = 485, 245, and 100 nm. Each dot represents the average of approximately 20diff@é@ent observed beads
with the given tether lengthCurves: Theoretically predicted RMS motion, corrected for the bhg effect of our
long shutter time. The solid curves assugne- 50 nm; the dashed curve assunges= 47 nm. There areo other fit

parameters;ithe theoretical model uses values for bead diameter givehéoynanufacturer’s specification. (Data and

theory from [11].)|]c +calibrplot

3.2 Dynamics of tethered particle motion

The previous subsection discussed equilibrium bead fltiohg but for the study of dynamic phe-
nomena we also wish to understand thaamicsof tethered motion. A simple model captures
qualitatively the expected character of the motion [18]. iviagine dividing time into very small
intervals. At each time step, the change in bead positi@tivel to the previous step is a combi-
nation of a random, diffusive step (Brownian motion), pludederministic drift step determined
by the particle’s current position in an effective potelnivall. The potential well comes from the
entropic elasticity of the tether. The friction constant ftee deterministic component of the mo-
tion is related to the diffusion constant for the Browniamgmnent by the Einstein relation. If we
roughly model the potential as that of a Gaussian chain, ttheeproblem becomes the fluctuations
of an overdamped harmonic oscillator, which can be solveti#inally for the RMS excursion and
the temporal autocorrelation function [19].

Indeed, experimental data for the equilibrium excursiatrgiution and the 2D autocorrelation

function conform to the qualitative forms expected from #vve description (namely the Gaus-



sian distribution and exponential falloff in autocorredat respectively) [18]. However, for more
detailed comparison of theory to experiment we would needctount for many modifications
to the simple picture. For example, the friction and diffusconstants are much bigger than the
values from Stokes’s law, due to wall-proximity effects. rN® the motion in the third (height)
direction decoupled from projected-plane motion, as assuim the simple model above. Nor is
a DNA tether’s entropic elasticity well represented by theu&sian-chain formula. For all these
reasons, prediction of TPM dynamics from first principles idaunting task. But we can at least
be fairly confident that whatever this motion, on video timalss it will have a Markov property:
Each step will be drawn from a distribution depending onlytioa position at the start of that
step (not on previous steps). Refs. [12, 20] extracted tigdesistep probability distributions from
pairs of adjacent video frames, found a convenient paran@presentation for these empirical
functions, and then showed that they could be used to gengiraulated TPM data with the same
equilibrium and dynamics over long times as the real dataow{img the dynamics of tethers that
are not undergoing discrete conformational changes setstaige for investigating tethers tlzae

changing, for example by loop formation.

4 DNA looping

4.1 Background

All cells use genetic regulatory mechanisms that involvaprag other things, the formation of
loops in DNA similar to the one shown in Fig. 1. Particularlglirstudied cases involve bacteria, for
example the lactose metabolism and lambda phage genetihewi21, 22, 23, 24]. Reconstituting
DNA looping behavioiin vitro, and studying its dependence on physical parameters oysiens,

is thus an important step in clarifying the mechanism of gesgailation. A particular puzzling
aspect of regulation by looping is that even very short logpsresponding to tightly bent DNA,
seem to form readily. In some cases, DNA-bending proteipgapto assist in loop formation; in
others, specially flexible or pre-bent DNA sequence may twdp But a number of experiments

appear to point to a surprising rate of loop formation eveth@absence of such assistance.



4.2 TPM measurements of looping

TPM experiments are beginning to shed new light on loopindL[38B, 25, 9, 12, 10, 20, 26, 27].
These experiments appear to be exempt from some of the cxitiggden corresponding DNA cy-
clization experiments. Moreover, by watching repeateg fmomation and breakdown in real time,
they can yield not only equilibrium constants but also cgpmnding rates, allowing us to quantify
separately the kinetic barriers to loop formation (such &#bending energy) and breakdown
(controlled by the unbinding kinetics of regulatory proteiand their operator sequences in the
DNA) [9]. Finally, the TPM technique allows us to monitor @gie molecule continuously as we
change its surroundings, for example before and after ttitiaid of the regulatory proteins [12].
Looping events are sometimes clearly discernible by ey@ennicroscopy, and in any case
can be seen as sharp transitions in the time series aftésdbfraction (Fig. 2). But a glance at
the figure makes it clear that the interesting looping ttéorss are partially obscured by the bead’s
Brownian motion. Sect. 6 below will outline some new statadt methods to draw conclusions

about looping from such data.

5 Theoretical models of DNA looping

5.1 Equilibrium calculation of looping J factor

Before discussing looping kinetics, however, we again hb&gth equilibrium. Classical works
pointed out that the equilibrium constant for looping, ar dgclization (ring formation), can use-
fully be decomposed int@) a binding constant for free operator DNA fragments to bindh®
repressor protein, and) a “J factor” contribution, describing the effect of the DNA chabining

the two operators [28, 29, 30, 31]. Thefactor can roughly be regarded as the concentration of
one operator in the vicinity of the other. Its overall depemee on the length of the intervening
DNA between the operators can be qualitatively understsagffecting two competing phenom-
ena. First, a shorter tether confines the second operatoaistaller region about the first one,
increasing the effective concentration. But if the reqiiit@op is too short, then forming it will
entail a large bending elastic energy cost, depressingrfteapility by a Boltzmann factor. For

these reasons, the cyclizatiohfactor exhibits a peak at DNA length about 300 basepairs. [32]
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Later work extended Shimada and Yamakawa’s calculationanymvays, using a variety of math-
ematical techniques [32, 33, 34, 35, 36, 37, 38, 39, 40, 4143215]. Recent work has attempted
to extract the looping/ factor fromin vivo experimental data [44, 45], but any such determination
contains uncertainties due to the complex world insideiadicell.

To clarify the situation, other experiments cited earliavdrsought to quantify looping vitro.
Confronting these experiments with theory has requiredaadoulations to incorporate the specific
features of TPM. For example, shortening the DNA constroctdases the entropic force exerted
by bead-wall avoidance, discouraging looping [13]. To skatva measurement of TPM looping
equilibrium tells us, Ref. [27] calculated the expectedaloooncentration of one operator near
the other, based on a particular mathematical model of DN&teeity. Those authors chose a
harmonic-elasticity model (a generalization of the tiad#&l wormlike chain model), to see if it
could adequately explain their experimental results, ooiif the contrary, some non-harmonic
model (for example the one proposed in [46, 47]) might beciaidid.

As in Sect. 3.1 above, the nonlocal steric constraints @idta Monte Carlo approach. The
authors of Ref. [27] modified the Gaussian sampling methdtined in Sect. 3.1 to generate
many simulated DNA chains, apply steric constraints [18 eeport what fraction of accepted
chain/bead configurations had the two operator sites el 7 nm (the distance between op-
erator centers in the LacR—DNA complex, as seen in Proteta Bank structure 1LBG). The
standard elastic model as an isotropic rod is inadequatthéodescription of DNA loops only a
few helical repeats in length (see for instance [15]), soatliors modified the elasticity model
to account for bend anisotropy and bend-roll coupling. Thercgeneration accounted for bead—
wall, bead—chain, and wall-chain avoidance, but not cltdiain, which is much less important for
the short tethers used in TPM experiments.

The result of the simulation was that the loopisidactor for short loops was less than 0.015
times as great for the constructs with interoperator sgeaiound 100 bp as for those with spacing
around 300 bp; this ratio was about a hundred times smablerttie experimentally determined ra-
tio of 1.7 at optimum helical phasing [27]. The authors cadeld that the hypotheses of harmonic
elasticity, plus a rigid V-shaped protein coupler, could explain their results. One possible ex-

planation, for which other support has been growing, is ttexreate hypothesis of DNA elastic
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breakdown at high curvature [46, 47].

6 Determination of kinetics and event detection by hidden M&kov

modeling {s: dk}

The experimental determination of the fraction of time sperhe looped state seems to require
that we know the looping state of the DNA tether at every mamétime. Indeed if that informa-
tion were known, then we could also find the kinetic rate camst mentioned earlier, by tabulating
the dwell times for loops to form and break down and then §ttimem to exponential (or mul-
tiexponential) distributions. Unfortunately, data suehtlose in Fig. 2 do not admit an obvious
point-by-point determination of looping state, in part é#ese the probability distributions of bead
positions in the different looped states have large ovefiig 3).

One popular approach to this problem has been to run a shidindow across the data, typ-
ically of 4 s width, and within the window to apply the varianfilter mentioned in Sect. 2. The
filtered signal is local measure of the amplitude of the tettidBrownian motion; loop formation
and breakdown events are defined as time points where iesraggredetermined threshold [9], and
then dwell time histograms are generated. There are salifrallties with this window/threshold
approach, however [12, 20], including a strong dependehttee@nswers on the choice of window
size. One approach to (one part of) this problem is to cofmanissed transitions [9]. An alter-
native method, generally useful for obtaining kinetic agdikbrium constants from noisy data, is
hidden Markov modeling (HMM) [48], which uses no filter at.all

The key point in HMM is the realization that it is not necegstar identify unambiguously the
states at each time point. Instead, a kinetic model is ass@ion¢he underlying “hidden” Markov
process of interest (here the loop/unloop transitions)e Model contains a small number of un-
known parameters (here, the rate constahts (r.p, ) for loop formation and breakdown).
The model also assumes that given the underlying hiddee gtaihe probability distribution of
the observed quantity (here the bead posiiipis known. That is, we choose a transition matrix
T(qn+1lgn; @) and measure the conditional probabiliti®gr|q), for example by studying DNA

tethers that are forced to be permanently looped or unlaoped
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Figure 5: Evaluation oflog[P;..(O)] on a logarithmically-spaced grid ofs, 7.5 lifetimes corresponding to data

from Fig. 2 (from [20]).|]c Flaoatk

If we knew the exact states of the hidden variable at all tinjesi = 1,..., N}, then we
could find the likelihood, or the probability that a parti@utime series of the observed quantity,
{r;,i = 1,..., N}, would arise. This likelihood contains contributions frdroth the transition
matrix and the conditional probabilities. Since wen’t know the underlying hidden variable,
we marginalize it by summing the likelihood ovall possible time serie§g;}. Substituting an
actual experimentally observed time ser{es} gives its likelihood to have been generated from
the underlying model, as a function of the model’s pararmsetae unknown rates. If the available
time series is very long, we expect that this likelihd®@t &) will be very sharply peaked about the
true values of the rate constarts That is, our best guess for the system’s rate constante iseth
of “maximum likelihood” values.

Hidden Markov analysis has recently been brought to beahotop-counting single molecule
techniques such as FRET [49, 50]. To adapt it to TPM expetistequires a slight generalization,
however [12, 20], because the observed bead position, bdimgn of Brownian motion, has some
memory. Indeed, both the observed motion and also the ymigridden state have transition
matrices describing the Markov character of their time @tioh. Nevertheless, we can measure
experimentally the transition matrix for the observed ahle r, using control experiments, and
so reduce our problem to maximizing a likelihodt that depends only on two unknown rate
constants for the hidden state transitions. The resultingtfon generally displays a single smooth

peak (Fig. 5), and so can be maximized numerically by stahaeathods.
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