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Fluorescence Spectroscopic Studies of DNA Dynamics
Bethe A. Scalettar

Abstract

Random solvent induced motions of DNA are manifest as nanosecond torsional
oscillations of the helix backbone, nanosecond through millisecond bending deformations
- and ovérall rotational and translational diffusion of the polymer. Cellular processes
may superimpose coordinated energy-dissipative motion on this Brownian background.
Fluorcscéncc spectroscopy is' used to study this spectum of DNA motions. The
| fluorescent probe, ethidium monoazide, is covalently bound to the nucleic acid. The
steady state fluorescence depolarization data indicate that the covalent monoazide/DNA
complex exhibits internal motions characterized by an average angular amplitude of
26 degrees. This result confirms reports of fast torsional oscillatons in ‘noncovalent’
ethidium bromide/DNA systems. A new polarized photobleaching recovery technique
(FPR) is used to monitor slow DNA reorientation. The FPR data reflect both the
rotational dynamics gf the polymer and the reversible photochemistry of the dye. To
isolate the reorientational motion of the DNA, the FPR experiments are run in two
modes that differ only in the polarization of the bleaching light. A quotient function
constructed from the data obtained in these .two modes monitors only the rotational

component of the FPR recovery. In specific applications those bending deformations
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of long DNA molecules that have characteristic relaxation times on the order of 100
microseconds have been resolved. The extent of unresolved, rapid motion is quantified
with a ‘wobble’ model. A fluorescence correlation technique that relates fluctuations
in particle number to center-of-mass motion is used to measure translational diffusion
coefficients of the plasmid PBR322 (D = 1.7 x 10~} and a short oligomeric DNA
(D = 10"79-;"—‘;). A theory that déscribes angular correlaton in systems exhibiting
cyclic, biolog'ically directed reorientation and random Brownian rotation is developed.
The angular oomzlaﬁon function exhibits an exponential decay that is modulated by a

periodic term arising from the nonrandom force. DNA/RNA polymerase, muscle and

flagellar systcms'to which the analysis is applicable are discussed.

?{ & st
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Chapter 1

Introduction and Overview

The dyriamic chara;tcrist’ics of macromolecules influence many important biological
phenomena. For example, the physical interactions between nucleic acids and proteins are
modulated by conformationé.l fluctuations in the two interacting species. The packaging
of viral qucleic acid into phage heads and the folding qf éhromatin require that the DNA
be a flexible (bendable) molecule. This dissertation research has probed the nature of
macromolecular dynamics and its influence on the mechanisms that underlie important
biological proccssés, particularly those involving DNA. It is hoped that the experimental
tools and theoretical ideas presented here will find continued application in studies of
biological systems and will thcrcﬁy help further deepen our understanding of the role of
molecular dynamics 1n cellular events. | |

The experimental component of this research has centered primarily on the
development of fluorescence methods for monitoring slowly relaxing (microsecond and
longer) DNA motion. A special significance may be attached to the longer-lived
components of biomolecular motion because a numbér of fundaméntal cellular processes
have been hypothesized to invplvc slow macromolecular reorientation. As an example,
let us consider the phenomenon of transcription. During transcription the enzyme

RNAv polymerase binds to the DNA template and produces an mRNA molecule that is
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complementary to the template (see figure 1). As depicted in the figure, the insertion of the
correct complementary bases into the growing mRNA chain hinges on ‘thc establishment
of hydrogen bonds between the incoming RNA béscs and the DNA. Therefore, as the
polymerase proceeds down the helical template there must be a relative rotation of the
two molecules.(1) The turning frequency or period of this motion can easily be estimated
from the known rate of transcription in in vivo or in vitro systems. The pen'od is fouﬁd
to be on the order of 100 milliseconds. It would be of considerable scientific significance
if one could label DNA or the enzyme with a fluorescent tag and then study the slow

reorientational motion of transcribing RNA polymerase/DNA complexes.

Slow molecular rotation may also underlie the mechanism by which RNA polymerase
searches for the transcriptional start signal, the promoter. Specifically, it has been
suggested that the enzyme does a one-dimensional search for the promoter by spiraling
down one of the grooves of the DNA.(2) This phenomenon could also be studied with

the spectroscopic techniques that are discussed in the coming chapters.

Finally we note that biologically associated rotational motion is not confined to
processes that invoivc nucleic acids. It has been elegantly demonstrated that long-
axis flagellar rotation underlies bacterial locomotion,®) and éome experimental evidence
suggests that repetitive reorientation of ‘myosin S1 moieties occurs during muscle

contraction.(4)

The spectroscopic approach adopted here has many advantages over alternative
techniques; the fluorescence method is very sensitive and selective and it is relatively

easy to attach a fluorophore rigidly to nucleic acids (via intercalation). However, the most
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widely exploited fluorescence method of monitoring molecular reorientation, fluorescence
depolarization, will only resolve motions that relax characteristically in <100 nanoseconds
(see chapter 3). 'I'here‘fore, this work has centered largely on the | development and
ihil:ial application of two fluorescence methods that are sensitive to more slowly relaxing
rotational motion—polarized Photobleaching Recovery and Correlation SpectroScopy. We
have demonstrated that these techniques can be used to monitor DNA reorientations that
are 10)0 tmes longer-lived than those probed in a depolarization experiment. Therefore
the data presented here, when combined with the results obtained in depolarization work,

help establish a complete, integrated fluorescence description of DNA dynamics.

Our experimental studies have led rather naturally to complementary theoretical
work. For example, we have shown theoretically that angular correlation measurements
will reveal the presence of cyclical biological rotation even if the driven motion is
superimposed on a background of random Brownian rcoricntétion. Our studies of DNA
dynamics in spatially consuéincd systems have also led us to hypothesize that when
DNA is suspended in a gel-like matrix the larger amplitude bending deformations of
the molecule are suppressed. Therefore, local conformational fluctuations and long-
axis rotational diffusion are believed to constitute the major reorientational motions of a
sterically hindered polymer. If this hypothesis turns out to be correct, it may be possible
(using constrained systems) to monitor slow biologically directed rotational motion in the

absence of compeﬁng large amplitude intramolecuiar DNA deformations.

The basic construct of this thesis is as follows. The work has been both experimental

and theoretical in nature. The purely theoretical work is discussed in chapter 4 after
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reviewing what is known about DNA dynamics in chapter 2 and introducing the
fluorescence techniques that were used in the experimental studies in chapter 3. Chapters
5, 6 and 7 will then contain the bulk of the experimental work with the photobleaching

and correlation techniques. Chapter 8 contains concluding remarks.



Figure 1

Proposed mechanism underlying the phenomenon of transcripion. The enzyme
RNA polymcfase (depicted by the two ovals) will contact the double-stranded helix (the
DNA molecule) and copy the DNA into the single-stranded mRNA. An 18 base region
surrounding the point of interaction between fhc enzyme and the DNA is in a locally
unwound state. RNA polymerase inserts a base into the growing mRNA if the hydrogen
bonding between the DNA and the mRNA is correct. Therefore, as transcription proceeds
the proper orientation of these two molecules mugt be maintained. Because DNA has
a helical structure there must then be a relative rotation of the enzyme/mRNA/DNA
complex. It has been suggested that rotation occurs because RNA polymerase exerts a

torque on the DNA that causes it to turn. For more detail see reference 1.
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Chapter 2
Historical Backgroﬁnd of DNA Dynanﬁm

Once it had been demonstrated that DNA played a fundamental role in biological
processes, a major effort was directed at characterizing the motion of nucleic acids in
solution. Here we first describe the development of an experimental ‘picture’ of DNA
dynamics. Theoretical models of DNA motion will be considered separately. In reality
there has, of course, been considerable interplay and ideological exchange between the
experimental and theoretical branches of the field.
2.1 Experimental History
2.1.1 The Average Conformation of DNA in Solution

Electron micrographs of dry DNA typically reveal long cylindrical molecules that
bend gently over distances of many hundreds of angstronis. Such pictures provided
some of the first unequivocal evidence that DNA was a semi-flexible rod-like polymer.
A number of years passed, however, before séicntists began to monitor the structural
characteristics of DNA in a solution envirc}nment like that found tn vivo.

In thé early 1960’s hydrodynamic measurements of. the sedimentation coefficient,
590, and intrinsic viscosity, [n], of DNA provided compelling evidence that ‘long’ DNA
molecules are also bent or coiled in solution. (Note that because s, monitors the rate

at which a molecule sediments it is sensitive to shape and that [n] will also depend on
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conformation).(1) As.an example, consider the sedimentation and viscosity data of Eigner
and Doty in figure 2.(2) The curves were fit to a relationship of the form sJ, « (Mw)=
and [n] « (M W)ﬁ (see figure 2). The experimental dependence of sedimentation and
viscosity on molecular weight differs from that predicted theoretically for a rigid rod or a
random coil.(>~4) It is suggested, then, that (in the size regime examined by Eigner and
Doty) neither a rigid-rod nor a completely fiexible coil description of DNA conformation

1s correct.

It was found instead that the molecular weight dependence of DNA sedimentation
can be described by modeling the polymer as ‘semi-flexible.’(4) Very short pieces of
DNA do behave more or less like rods but as the molecular weight of the polymer
increases the flexibility of the DNA has a substantial effect on its sedimentation properties.
The characteristic length at which the DNA begins to assume a coiled conformation is
- termed the persistence length, a, of the polymer. Hearst has used sedimentation data
to demonstrate that the persistence length of DNA in solution is 500-600 angstroms.(4)
(The 100 angstrom variation.is attributable to salt effects; low salt concentration leads to

a more extended, rigid DNA).

Total infcnéity light scattering measurements confirmed the conclusions drawn from
the hydrodynamic data. Light scattering can be used to extract another important shape
parameter—the radius of gyration. The radii of gyration extracted from a number
of scattering studies are consistent with a coiled picture of DNA conformation. (5)
Nevertheless, it is worth nqting that scattering studies of DNA dimension have suffered

somewhat from problems associated with low angle data extrapolation.
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In conclusion static measurements of DNA shape indicated that the polymer is bent
in solution (if it is more than about 200 base pairs in length). The root mean square bend

per base pair of DNA is about 6 degrees.(S)
2.1.2 The Dynamic Conformation of DNA

The hydrodynamic and spectroscopic Iexperiments discussed above provided valuable
information about the time averaged conformation of the DNA molecule. Soon
:investigators began to dire<.:t their efforts toward characterizing solvent induced DNA
motions and the temporal variation in DNA conformation. Quasi-Elastic Light
Scattering (QELS) has figured pr§minendy in time resolved studies of DNA dynamics.
In the QELS experiment the autocorrelation function C(7) (see chapter 3) of the scattered
light is measured as a funct.ion of scattering vector, q. The correlation function is expected
to decay as predicted by the relationship C(r) = ezp(—2¢2Dapp).(?) For small scattering
angles it was found the the decay of correlation is governed by the center of mass motion
of the DNA (i.e. D,,p = _D° where Db is thé translational diffusion coefficient of
the DNA).(7) However, at larger scattering angles the loss of correlation is dictated
primarily by scgmental or bending motions of the polymer. For relatively long pieces of
DNA the light scattering approach has resolved bending deformations in the microsecond
and millisecond time regimes.(8) The data have been adequately interpreted in terms of

theoretical models of polymer dynamics to be discussed in section 2.2.

The birefringence (or dichroism) decay technique also proved a fruitful method of
monitoring relatively slow microsecond and millisecond bending deformations of DNA.

In the birefringence experiment the polymer is oriented either with a flow or an applied
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electric field. The orented sample then possesses a different index of refraction, n,
(or extinction coefficient, €) along directions ‘parallel and perpendicular to the alignment
axis of the DNA. This difference in refractive index can be monitored as a function of
time after an orienting ‘pulse.” The rate of decay of anisotropy in n or e will revéal
the temporal characteristics of Brownian rotational and bending motions. Callis and
Davidson have conducted thorough studies of DNA dynamics with the flow dichroism
technique.(®) Their results afe generally in agreement with the QELS studies. The Callis
and Davidson work led to an empirical relationship between Brownian relaxation time,

7, and DNA molecular weight (M.W.):
T = 5.0 x 10714 (M.W.)1-6%0-1, (2-1)

More recently evidence pointing toward the existence of very rapid (10-100
nanosecond) torsional oscillations in DNA has begun to mount. Torsional oscillations
were first detected in fluorescence depolarization studies of ethidium-bromide/DNA
complcxes.(m) This technique is discussed in detail in chapter 3; here we merely note thét
the depolarization experimént involves creating an anisotropic angular pattern of excited

" dye molecules and then monitoring the reorientation induced decay of the anisotropy.
Depolarization experiments of Wahl et al.,{!°) and others, in the early 1970’s revealed
a sub-microsecond decay in anisotropy that could not have its origin in more slowly
relaxing Brownian rotaﬁons or bending motions. It was postulated, therefore, that DNA
undergoes torsional motions about its long axis. Barkley and Zimm have developed a
continuum theory of DNA torsional flexibility.(11)

Magnetic resonance studies of rapid DNA reorientation have served to confirm the
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conclusions of the depolarization experiments althoﬁgh, in general, the amplitude of fast
motions detected in either nuclear magnetic resonance (NMR) or electron spin resonance
(ESR) studies is substantially larger than the corresponding fluorescence result. In a
standard nﬁagnctic resonance experiment, line widths can be used to monitor molecular
rotation. If reorientation is f#st (on the time-scale of the technique) the absorption lines
appear sharp. If the system is static they are broad. For long DNA molecules it was
found that the lines were narrow and that their width did not vary appreciably with
DNA length.(12) This result implicates a local motion such as twisting as the principle

determinant of Line width.

The current estimate of the root mean square amplitude of DNA torsional motion is

8 degrees per base pair.(6)
2.2 Theoretical Models of DNA Conformation and Motion

Theoreucal treatments of DNA flexibility and dynamics generally model the mlﬁa
either as a discrete set of beads connected together by Hookian springs or as a
continuously bending chain (see figures 3 and 4). The models serve both to correlate
flexibility with the average dimensions of the macromolecule in solution and to make .
predictions about the temporal and spatial characteristics of polymer dynamics. Here
we discuss four well known models of DNA fiexibility and present their important

conclusions.
2.2.1 The Freely Rotating Chain and Wormlike Coil Models

The Kratky-Porod wormlike coil is the continuum extension of a very simple stick

model of flexible polymers—the freely rotating (FR) chain (see figure 3a).(13—14) A
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freely rotating polymer is composed of N stick subunits of length, 1. The 7** subunit is
oriented along l: In the model the angle, 8, between l—; énd l:_l is fixed and independent
of ¢. Subunit ¢ can, however, undergo unhindered azimuthal rotation about subunit § — 1;
hence this chain is called freely rotating.

The FR model can be used td calculate important measures of polymer dimension—
the mean square end to end length, (R?) and the persistence length, a (where () denotes
ensemble avcfage). For the freely rotating'chain, (R?) is defined, quite naturally, by the
expression

N —
(R%) = (D_L]*). (2-2)
=1
It is easy to show that, for the FR chain,

14a 2a1-oF

B =N~ N =

(2-3)

Here a = cos 0 The persistence length (see figure 3b) is the average sum of each bond’s

projection onto the direction [; (in the limit that N becomes infinite). Hence

N :
a':.}:n:o('z:l{-ll). (2—4)
. i=1 .
The persistence length of the FR chain is simply
l _
= —. 2-5
o= | (2-8)

We now allow the bond length { of the FR chain to approach zero while maintaining
the persistence length and contour length L = NI at their prcdetérmincd values. This
limiting process yields the Porod-Kratky worm-like coil. For this model one has the

important relationship(13-14)

(R%) = 2L{1 ~ 2(1 - ezp(~ )] (2-6)
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Note that as the persistence length of the polymer becomes very large, i.e. the molecule

" become very stiff, expression 2-6 reduces to the appropriate rigid rod relationship
(R?) = L2 (2-17)
2.2.2 The Rouse-Zimm Model
We now move to a dynamic model of polymeric molecules first introduced by Rouse
and Zimm.(25-17) In the Rouse-Zimm (RZ) description the polymer is composed of a
set of beads that are connected by .springs (see figure 3c). Each bead moves under the
influence of Brownian, viscous drag and harmonic restoring (transverse and longitudinal)
forces. The dynamics of the contour of the polymer is represented by the combined
motion of the beads. If we let Z contain the x components of the position vectors of each
of the N beads, the Rouse-Zimm equation of motion will read
m%=—f%—o!&f{ fgrwn. (2-8)
In equation 2-8, f is the friction factor, m is the mass of a bead, ¢ A is a matrix
that describes the restoring forces, and fB,own is tﬁc Brownian force. The solution
for the temporal and spatial characteristics of the polymer conformation is written as a
superposition of the normal modes, n, of the equation of motion. The normal modes are
simple sinusoidal functions. An equation that describes temporal variation in the normal
coordinates follows directly from 2-8. |
The normal mode equation of motion is most easily solved in the long wavelength
limit, i.e when % << 1. In this limit it can be shown that the relaxation time, 7y, of
mode n is given by the expression(}?)
2RZ,

Tn—

= —2X 2-9
m2n2D, ( a)
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and that the equilibrium mean square displacement, {(62), of mode n is

NER%
672n?

(67) =

(2 —98)

Heré Rg is the radius of gyration of the polymer. The Rouse-Zimm model has been
extensively used to interpret both dynamic light scattering and birefringence data.
2.2.3 The Hearst-Harris Model

Hearst and Harris extended the RZ model of polymer dynamics by introducing chain
stiffness into the equation of motion.(8) The Hearst-Harris model was formulated in both
a discrete and a continuum form. In the continuum picture, the position, Z, of a point
on the polymer is descﬁbcd parametrically i.e. £ = Z(s,t) where s is a contour distance
along the length of the chain. The equation of motion for Z(s,t) contains the Brownian,

viscous and restoring terms of the RZ model and a stiffness term proportional to 2 °z

det°
The full equation of motion is
3%z 8z  9*t %z =
—— -_— T T KT = rown{S, ). 2-
at? + fat + ‘G5t "Bs2 Fproun(s,1) (2 - 10)

Here p is the chain density, and € and & are, respectively, the force constants for bending
and stretching of the chain. The solution of 2-10 can also be formulated as a normal
mo/dc expansion.

Both equilibrium and dynamic properties of the polymer can be extracted from the
Hearst-Harris model. It can be shown that for long chains the relaxation times and‘mcan
square amplitudes of the modes have the same form as in the RZ model.

2.2.4 The Tuna-Fish Can Model
In the Tuna-Fish Can model the polymer is viewed as a linear array of connected

~

rods(19) (see Figure 4). In general the macromolecule will rotate and deform under the
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influence of global and internal Brownian motions. The evolution of macromolecular
orientation can be followed by defining a local set of body fixed axes for each subunit.
It is assumed that the mean square angular displacements (A2) and (AZ) about the
transverse (x and y) body axes are the same. We note in passirig that if the polymer were
rigid (A2) and (A2) would be proportional to an appropriate diffusion coefficient and
the time. However, for a deformable macromolecule this standard result does not hold.

A diffusion ¢quétion that governs tﬁc temporal evolution of thc fracton, f(®), of
a given subunit at orientation ¢ (in the laboratory frame) is then written down. This
equation contains effective time dependent diffusion coefficients. Angular correlation
functions for the Tuna-Fish molecule (related to those discussed in chapters 3 and 4) can

then be calculated.
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Figure 2
Viscosity and sedimentation data of Eigner and Doty. The sedimentation data in
figure 2 .ﬁt the expressions s3q o (M.W.)%32% for 3 x 10° < M.W. < 4 x 10° and
s90 o (M.W.)0-49% for M.W. > 4 x 10°. The predicted relationship between s3, and
molecular weight is s3, o« (M.W.)%* for a long random coil. Therefore the DNA is not
behaving strictly like a random coil (nor a rigid rod). However, the data do .manifest a
vql.xasi random coil sedimentation 1:lationship at the higher end of the molecular weight
spectrum. For the smaller DNA molecules the plot is more accurately described by a rod
model. Similar considerations hold for the imrinsic viscosity. Adapted from Reference

2.
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Figure 2
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Figure 3
Schematic representation of the persis_tencc Ienérh (3b), a section of a freely rotating
(FR) polymer (3a) and a bead spring (RZ) macromolecule (3¢). In (3b) the persistence
length, a, of a stick (FR) polymer is shown. The persistence length is the average sum
“of the projection of each bond on the direction of the first bond (for an infinitely long
molecule). Therefore, a measures the extent to which the contour of the polymer persists
in the original direction. For the FR chain (in 3a) the azimuthal angle ¢ assumes all

values with equal probability while @ is fixed. Adapted from References 1 (3a,b) and 17

(3o). .
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Figure 3

Transverse
component

a. Section of a freely rotating (FR) chain
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¢ Section of 2 bead spring (RZ) macromolecule
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Figure 4

The Tuna-Fish Can representation of polymer reorientation.. In this model the
macromolecule can exhibit a wide speéuum of rotational motions. However, it is assumed
that the mean square angular displacement about the x and y body axes is the same i.e.
‘thc polymer maintains a mean local cylindrical ‘symmetry.. Expressions for the angular
correlation of a twisting, bending and diffusing ‘Tuna-Fish’ molecule have been derived.

Adapted from Reference 20.
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THE ROD (or TUNA FISH CAN) MODEL

TWISTING .
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Chapter 3
Fluorescence Spectroscopy as a Probe of Rotational Motion

Here we present an overview of the basic principles that underlie three of the most
widely utilized fluorescence methods of monitoring molecular motion: depolarization,
photobleaching and correlation spectroscopy. The physics that describes all three
techniques is very similar. Fundamentally all fluorescence experiments utilize light to
induce electronic excitation of dye molecules. The cxcitcd_ state typically decays away
after several nanoseconds and, concurrently, a fluorescence photon is produced. It is this
photon that is experimentally detected. The probability that an excitation beam photon is
absorbed by # dye ﬁolwdc is determined by the angle between the transition moment,
&, of the fluorophore and the polarization of the exciting quantum of light. Specifically if
light with polarization direction p impinges on a sampie, the absorption probability will.
be proportfonal to(2) | |

(- $)% = cos®9 - (3-1)

where @ is the angle between the unit vectors & and p. It is apparent from equdtion 3-1 that
fluorescence spectroscopy can be used to monitor rotational motion because reorientation
of the dye molecules will lead to changes in the angle ¢ and associated variation in the
emitted fluorescence. Let us look atbthe specific way that the depolarization téchnique

monitors rotation induced changes in 4.
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3.1 Fluorescence Depolarizatioo

In a time resolved fluorescence depolan'zation experiment the sample is typically
hit with a short pulse of plane polarized light. If the dye molecules do not completely
reorient during the pulse the number of excited molecules at orientation § will be greatest
for small anglcs and will épproach zero for =90 degrees. The components of the
fluorescence emission parallel, Ijj, and perpendicular, I, to the direction of polarization
of the exciting liglht are then followed as a fonccion of the time, t, after the pulse. The
component of the fluorescence along an axis is simply proportional to the square of the
projection of the emission d1polc on the given direction.

It is qualitatively clear that (if the absorption and emission moments of tﬁe dye
are parallel) the intensity of the parallel component will' be bigger than that of the
perpendicular component for small t and that I | and I, will approach one another
~ as molecular rotation leads to the reestablishment of an isotropic angular pattern of
fluorescing molecules. It is also important to realize that the number of excited molecules
will decay as a function of time because the excited state has a finite (=~ 10 nanosecond)
lifetime. When the effects of lifetime and rotational diffusion are combined it can be

shown that for spherically rotating particles(*)

I= [+ Eerp(-6D, (22 £ = )1ezp(——) (3 — 20)
L=~ Zenp-sDud E25E N2 -

and that the anisotropy
ik (3-2¢)

=" =
0 =1 2
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is given by the expression

2¢g
r(t) = ;ezp(_ﬁprott)lsﬁfyf_—l]. (3 - 2d)

In the above expressions £ is the angle between the absorption and emission moments,
D,ot is the rotational diffusion constant of the moleculé, and 7, is the fluorescence
lifetime of the dye. It is typical in a time resolved fluorescence depolarization experiment
to monitor 1(t) and- to fit the data to find the rotation rate.

Fluorescence depolarization has provided a wealth of data on molecular motion.
The chief disadvantage of the technique is that the signals Iy and I, will disappear
with a characteristic time 7, and, hence, depolarization will not resolve microsecond and
millisecond macromolecular motions.

The temporal constraints ihat exist in depolarization experiments stimulated an
interest in developing fluorescence techniques that can probe more slowly relaxing
molecular motions. Fluorescence Photobleaching Recovery (FPR) and Correlaﬁon
Spectroscopy (FCS) are two such techniques. Both the FPR and FCS methods have been

-primarily applied to the study of translational diffusion. We now review the way in which
rotational and translational motion manifest themselves-in FCS and FPR experiments.
The FPR approach will be considered first because of analogies that can be drawn with
fluorescence depolarization experiments.

3.2 Fluorescence Photobleaching Recovery

In the fluorescence depolarization experiment a short pulse .of thf was used to create

an anisotropic angular pattern of excited molecules. In a photobleaching experiment the

sample is also hit with a short pulse of light, however, the FPR flash is so intense that
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excited molecules are actually bleached (i.e. they become non-fluorescent) with some
probability. Because the establishment of the non-fluorescent state depends fundamentally
on the absorptiqn of light, a polarized bleach beam will create an anisotropic angular
concentration of fluorophore by preferentially destroying dye molecules whose absorption

moments are parallel to the polarization of the light (see section 3.2.1).

After the dye molecules have been hit with the bleach pulse, an atteruated probe
beam is directed onto the sample and the temporal dependence of the fluorescence
excited under weak illumination is monitored. During the probe phase of the experiment
rotational motion leads to the return of a unifonn angular distribution of dye; the changes
in dye distribution are manifest as systematic changes in the fluorescence signal. Because
this work includes one of the first polarized FPR studies of microsecond rotational
motion, a reasonably detailed description of the thcory that describes the polarized FPR

experiment will be presented.

There are essentially two versions of polarized FPR theory. The first, developed
by Smith et al .,(2) provided a framework within which to interpret FPR measurements
of ‘slow’ rotatioﬁal relaxﬁtion rates. In the Smith treatment the characteristics of thé
FPR data were described by a thcoreticéi model which attributes post-bleach anisotropy
decay purely to molecular rotation. Here we ﬁrsi review the theoretical ideas developed
in reference 2. We then discuss a theory of polarized FPR that has been extended to
deal with a more complex system in which there exist both rotational and, competing,
~ nonreorientational processes in the sample.(34) This generalized theory is the one that is

applicable to the microsecond FPR study of DNA dynamics studies conducted here.



30
' 3.2.1 Theory of Pure Rotational FPR

Polarized photobleaching expcﬁménts typically are conducted in two modes (see
figure 5). The fluorescent molecules are exposed to a very intense pulse of light that is
polarized along the y axis (parallel experiment) or the x axis (perpendicular experiment).
Immediately after bleaching (t=0), the intensity of the light is reduced by a factor of
~10,000 and the temporal dependence of the ﬂuércsccnce is thén monitored. The

polarization of the weaker (probing) beam is always parallel to the y axis.

Simple qualitative arguments make it clear that the fluorescence intensity, Fj(t),
should rise as a function of time when an experiment is run in the parallel mode. In a |
parallel experiment the intense pqlaﬁ@ light preferentially destroys dye molecules that
are aligned along the y axis at the time of the bleach. Moreover, during observation
the probe beam will preferentially excité fluorophores that are oriented parallel to the y
axis. Immediately after the bleach the number of fluorescent molecules ahgncd along the
observation axis is reduced and therefore, initially, the fluorescence emitted by the sample
under probe illumination is diminished relative to the pre-bleach level, Fy. Moreover, as
the bleached dyq molecules,begin‘to distribute themselves more uniformly over angular

space, the parallel fluorescence rises (see figure 5).

In a perpendicular (L) experiment, one expects to observe a photobleaching deéay
curve since there is minimal destruction of fluorophores whose absorption dipoles are
aligned about the observation axis (see figure 5); post-bleach molecular rotation serves,

therefore, to reduce the number of fluorescent molecules that are parallel to the x direction.

These statements can be made mathematically precise for simple systems.(2=4) The
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analysis shows that the photobleaching curves will exhibit a bi-exponential recovery/decay
in the parallel/perpcndicula; mode respectively. These predictions have been qualitatively
verified for a liposome-dil system in which the relaxation times were several hundred

milliseconds or longer.(2)
3.2.2 Theory bf Coupled Rotational and Nonrotational FPR

The above cescription of. photobleaching curves has assumed that reorientational
motion is the only physical process pfoducing recovery. However, there may exist
. other mechanisms by which the fluorescence can rccovcr.(3'4’) Axelrod has noted that
a bleached molecule (e.g. a dye-oxygen complex) might regain its fluorescent properties
because the establishment of the nonfluorescent state is reversible.(3) Wegener and Rigler
have suggested that if a complex multi-component system is under study the translational
recovery of one species may overlap the rotational relaxation of a different con:ponent.(4)
| The presence of competing recovery modes will clearly modify the predictéd_ form of
FPR curves. However, if we assume that only rotational processes are se_nsitivc to the
polarizatidn of the incident light, there is a relatively ;s_u'aightfqrward way to isolate the

component of the recovery that is derived from purely reorientational motion. (3-5)

Wegener and Rigler have presented a method for separating the contributions of
orientation dependent and independent phenomena. For the case where fluorescence is
gathered by 47 steradian collection optics, only nonrotational processes contribute to the
recovery if the observation beam polarization is rotated 54.7 degrees with respect to the
polarization of the bleach beam. The rotational motions are characterized from parallel

and perpendicular FPR experiments and an anisotropy function is derived that is valid in
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the limit of shallow bleaches.(4)

For the very common case of epi-illumination microscope optics and arbitrary bleach
depth (bleach depth in modé m is defined as &?Fiﬂg)-) Axelrod has derived expressions
for the ratio of parallel and perpendicular FPR data that likewise eliminates the orientation
independent processes. @ Since the experimental configuration used here is the same as
that analyzed in Axelrod’s treatment a more detailed review of his results is presented.

Consider the quantity R(t) defined as follows:

Fo— F_L(t)

=R RO

(3-3)

Recall that F denotes the pre-bleach fluorescence of the sample; F,(t) and Fy(t)
refer to the post bleach fluorescence at time t in the perpendicular and parallel modes
respectively. The ratio R(t) is predicted to start at a value 'iess than unity at t=0
(immediately after bleaching). This maxhemaucal statement can be reformulated in a
way that displays a clear analogy with the theory of pure rotational FPR. If R(0)<1 we
have Fo — F1(0) < Fo — Fj(0), i.e. the depth of bleach is larger in the parallel mode
than in the perpendicular. Hence, even if there exist nonrotational recovery modes for the
sample we still expect the deepest bleach when the observation beam polarization (i.e.
the direction of preferential excitation) is parallel to the direction of greatest bleaching.
(Note in figure 5 that the bleach is also deeper for a parallel experiment when only
rotat_ional recovery is considered). Then as time progresses and the bleached molecules
distribute themselves uniformly over angular space Fjj(t) and F (t) will approach one
another and the ratio will tend toward one. The time scale associated with the rise of the

ratio mirrors the purely reorientational processes in the sample.
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Axelrod has made quantitaitive predictions for the behavior of the ratio R(t) when the

system is immobile during the bleach and when the molecules undergo isotropic spherical

rotational dif_fusion in 3 dimensions (with diffusion constan; D, o) during the observation

period. His results for the opu'cél geometry used in these experiments are (see Appendix
1) |

R(0) = 0.20 | (3—-4)

and

A — Bezp(—6D,,t) — Cexp(—20D, t)

R(t) = .
(®) A+ 2Bexp(—6D,xt) — %C’ ezp(—20D,xt)

(3-5)

Here A, B and C cah be exprcsséd in terms of incomplete Gamma functions and a
- parameter that characterizes the depth of bleach. The ratio itself is relatively insensitive
to the dcpth of bleacﬁ. Expressions 3-4 and 3-5 are valid if the absorption and emission
dipoles of the dye are parallel and the numerical aperture of the microscope objective is
small.

To account adequately for the microsecbnd photobleaching data obtained from a
complex polymer like DNA, the assumption that the fluorophore is static during the bleach
must be modified. If the pulse is 10 microseconds long, thé small amplitude torsional
oscillations and bending deformations exhibited by nucleic acids will cause substantial
deviations from an instantaneous bleach pattern. In fact even for relatively simple systems
dye wobble will cause depolaﬁzation during a microsecond pulse of light. It is possible
mathematically to model the effect of fast, restricted motion during the bléach using a
. ‘uniform wobble in a cone’ model (see figure 6 and Appendix 1). A discussion of this

model can also be foﬁnd in reference 4. Qualitatively, the existence of motion during
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the bleach will cause an increase in R(0) becapse the distinction‘bctwcen the destruction
profile in the parallel and perpendicular modes is reduced when a fluorophore wobbles
and has increased probability of being destroyed by light of either polarization. If it is
assumed that a dye molecule explores a cone of half angle & uniformly during the bleach

then it can be shown that for the geometry used in these experiments:

[

1 -X
35 -
Z=x3+3x?2+1

R(0) = (3-6)

Here x = cosa(cosa + 1). Note that R(0) is indeed an increasing functién of a and
that if a=0 we recapture the result R(0)=0.20. Morcover,'if the fluorophore moves very
extcnsivel-y. during the bleach (i.e. a = 90 degrees), R(0)=1 and the FPR technique is
unable to- resolve the rotational mmv@ of the molecule to which the fluorophore is
attached.
3.3 Fluorescence Correlation Spectroscopy

Finally we discuss the FCS technique. The conceptual foundation of FCS differs
somewhat from that of FPR and fluorescence depolaﬁzation. In an FPR or depolarization
study the average fluorescence emitted by the sample, (), is measured; in an FCS
experiment the temporal variation in the signal about the mean, éi(t) = i(t) — (z),
is followed. It is intuitively clear that the fluctuations, 6:(t), will be manifest only if the
number of molecules under observation is ‘small.” Therefore, in a correlation experiment
the fluorescence emitted by <10¢ molecules is monitored.

In ‘an FCS experiment the autocorrelation function C(r) = (6:(t)é:(t + 7)) of the
fluorescence signél is computed. The autocorrelation function measures the similarity

between the fluorescence at a time t and this signal at a later time t+7. The temporal
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behavior of the correlation function mirrors the characteristic relaxation of the physical
processes producing the ﬁ}lorescence fluctuations. A physical. picture of the correlation
function is drawn as follows. Forv times 7 that are short relative to relaxation rates
1(t) = i(t + 7) and the degree of correlation is high (i.e. C(r) is large). As 7 increases
and the configuration of the system changés the similarity between (t) and it + 1)
will diminish; C(r) therefore decays with time. The rate at-which correlation is lost is
determined by the charactcriﬁtic relaxation of the underlying physical processes. Here
a brief review of the relationship between translational diffusion and the concentration
correlation function will be presented; rotational diffusion and angular correlation will

then be discussed in sorhewhat greater detail.
3.3.1 Translational FCS

Translational diffusion leads to fluctuations in the ﬁuorescenCe emitted by .a sample
that is illuminated in a small m'gion because molecules outside the area of excitation can
move into the beam and begin to contribute to. the signal and ﬁuoreScing dye can diffuse
out of the $pot (see figure 7). This physical statement can be made mathematically precise.
Ifitis assumcd that the sample>is illuminated with light having a nondiverging Gaussian
intensity profile I(r) = ;%%ezp(-%’i) @ is the radial cylindrical polar coordinate of a
point 7 from the position of maximal ‘li.ght intensity, wo is the e~2 radius of the illuminated

spot and P is the power in the beam), it can be shown that the translational correlation

function has the form:(©)

C(r) = (3—17a)
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where
w§

D= 1Dy (3-1b)
In 3-7b Dy is the translational diffusion coefficient of the molecule. An explicit
expression for the zero time value of the autocorrelation function, C(0), is

(i)?

c(0) = rwiLC’

(3-8)

Here C is the concentration of dye and L is the length of the sample. Note that the
commonly used TEMgo mode of a laser has a transverse Gaussian in'adiancc>proﬁle and,
therefore, the assumption that the beam is Gaussian is not very restrictive.

There are scvcr:«ﬁ important features to the above equations. First, the characteristic
time for relaxaﬁon of translational ﬂuctuatibns, Tp, is dependent oﬁ thé size of the
illuminated fégion of the sample, wo. The relationship 3-7b befwecn Tb and wg can
easily be rationalized if one recalls tﬁc twb dimensional éxpfession for a random walker’s
mean square displacement (r2) = 4Dot. If we take r=wq and t=rp equation 3-7b follows.
Second, if the decay of correlation has its origin in translational motion (or in fact any
number ﬂuctuaﬁoxi) the amplitude, C(0), of the correlation function and the mean of the |
signal, (1), will be related to the average number of fluorescing mélecules, N, as djététed
by. the equétion:

| cE _1

=N - (3-9)

Equations 3-8 and 3-9 are identical: substitution of the relationship N = nwiLC in
3-8 will yield 3-9. It is also worth noting that since C(0)=02 where o is the standard

deviation of the signal, relationship 3-9 is characteristic of a process that obeys Poisson
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statistics. The most important feature of equation 3-9 is that it provides a way to isolate
spurious, systematic sources of correlation. |
3.3.2 Rotational FCS "

The fluorescence signal can also fluctuate with time because the orientation of the
absorption and emission dipoles of the probes vary with respect to the directon of
polarization of the excitation beam and the dircctioh of observation. (It is assumed
in this discussion that translational motion is separable from molecular rotation because
molecules typically translate very slowly relative to their rate of reorientation).

We present a review of the quantitative relationship between angular variables and the
ﬂuorescencé autocorrelation function. A more complete discussion may be found in the
article by Aragon and Pecora.(?) The measured quantity is the fluorescence photocurrent
produced when photons impinge on the photocathode 6f a photomultiplier tube and an
electron cascade is released. The current from a population of N singly-labeled molecules
is given by. |

N
i) = geQ(A) Y n;(%) . (3-10)

i=1
where g is the gain of the photomultiplier, e the electronic charge, Q()) the efficiency
of the photocathode at wavelength A, and n;(t) the number of photons emitted per
second by the j** fluorophore. The basic quantity of interest is the ensemble averaged

autocorrelation function

C(r) = (8i(t)i(t +7)). | (3 - 11)

C(r) may be rewritten using the above expression for the photocurrent as

| . . |
C(r) = (6:(t)6i(t + 7)) = g2e2Q2(A)(Z 6n(t) Z én;(t + 7)). (3-12)

=1 =1
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This expression simplifies for a dilute solution in which the cross correlation terms, 1 # 7,
may be neglected. If we note that the ensemble average is the same for each molecule
N .
C(r) = Q2 (AN bnu(t)smi(t + 7)) = Ng®Q*(N)(bn(t)6n(t + 7). (3 - 13)
i=1 :
Finally, since the process under consideration is stationary, i.e., invariant under time
transiation,

C(r) = Ng?e2Q?*(A){5n(0)én(r)). (3 —14)

The number of photons emitted per second by a fluorophore, n(t), monitors the
orientation of the rotating molecule with respect to an external lab frame because ‘it
depends on the cosine of the angle between the polarization of the excitation beam and
the absorption dipole of the probe. If a particular direction of polaxiiat:ion of the emitted
fluorescence is monitored, then the expression for the photocurrent will also contain a
term depending on the component of the fluorescence in the direction of detection. In this
later case sensitivity to orientation is greater, but this extra complexity has no bearing on
the basic physical result; hence, we will assume isotropic detection of the fluorescence.

The mathematical expression for n(t) is discussed by Aragon and Pecora. They find

that the number of photons emitted per second by a fluorophore is given by

n) = L0 [ ey 2 eapl(Eypar, (3 15)
Tf —o0 v Tr

-~

Here gy is the fluorescence quantum yield of the dye, e()) is the extinction coefficient
at wavelength A, I is the incident light intensity, and 7 is the fluorophore lifetime. The
quantity 2(t) - p denotes the dot product of the transition dipole, £(t), and the constant

polarization vector, . The physical content of equation 3-15 is easy to understand. At



39
time t the number of photons/sec emitted by a dye molecule is given by the integral
over all earlier times ¢’ of the probabiiity of absorption of the polarized incident light,

(4(¢") - $)2Ioe()), multiplied by the probability that a photon absorbed at ¢’ will be

t—t'
s

1

reemitted as fluorescence at time t, >

ezp[—(:==)]. In the case of interest here the
ﬂuohescchcc emission is extremely rapid relative to the physical processes under study;
hence, it is an excellent approximation to assume that the emission probability is given by
its value in the limit that the fluorescent lifctimcv approaches zero. In this approximation
we have

lim L ezp—(C=L) =6 —) (3—16
77—0 Ty P 77 - - )

and
C(r) = NgzeéQ"’(/\)62(/\)9?13[((11(0) -B)*(2(7) - 9)*) — ((2(0) - §)*)?]. (3-17)

The correlation function must now be related to rotational diffusion. In chapter 4 one
method of determining the dependence of C(r) on the rotational diffusion coefficient is
presented. For the moment we mere'x note that the angular correlation of rigid cylindrical

molecules undergoing long-axis rotational diffusion will decay exponentially with time

ie.
. 4
C(r) « s";s £ ezp(—4v(br -1+ ezp(—br)))
4 sin? 2 4 3cos?f 1
2L coplalor =1+ eap(—) + £ (G- R (3-18)

In the above equation « is related to the moment of inertia of the DNA and the frictional
drag on the polymer and 3 is the angle that the transition moment makes with respect to

the long-axis of the helix. This formula is discussed in more detail in chapter 4.
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Figure 5

- Schematic representation of the different bleaching and excitation events involved
in the parallel and perpendicular modes of an FPR experiment. In the parallel mode an
intense 10 microsecond pulse of light (<=>) creétcs a cylindrically symmetric pattern
of bleached dye molecules about the y axis (we assume here that the system is static
during the bleach). The shading of the ‘darkness’ profile indicates that fluorophores
(absorption dipoles) that are parallel to the y axis at the time of the bleach are mosf
likely to be destroyed. In the parallel mode the observation beam («—) preferentially
excites dye molecules that are oriented along the direction of most intense bleaching. If
post-bleach molecular rotation alone eliminates any anisotropy in the angular distribution
of fluorophore the parallel mode FPR curve w111 cx'hibit a post-bleach recovery. |

In the perpendicular experiment the 10 microsecond pulse is polarized about the x
axis and therefore the bleach profile is also oﬁcntcci about the x direction. The observation
beam preferentially excites dye molecules whose absorption dipoles are parallel to the
y axis. In the perpendicular mode the post-bleach signal decays if molecular rotation
alone produces an isotropic disﬁibuﬁon of dye. The rotational cor;clation times can be
extracted either .£ror‘n‘the recovery of the parallel curve or the decay of the perpendicular

curve.
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Figure 5
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Figure 6
| Mathematical basis for the wobble model of fast internal motion in a macromolecule.
The absorption dipole is assumed to maintain an average angle 8o with respect to the
direction of polarization of the bleach beam (taken here as the z axis for mathematical
convenience). During the bléach period the absorption dipole uniformly explores a cone
of half angle a centered about éy. Therefore, the probability of absorbing the z polarized
light is not suicﬂy proportional to cos? § but must be comﬁutcd as the average of cos? ¢

over the cone.



Figure 6




Figure 7

The origin‘ of the translational FCS signal. The laser beam is assumed to define
an open illuminated (circular) region. A certain number of moleculcs are in the beamj
they are depicted as ovals. The smrounding area contains circular molecules that are not
fluorescing. Diffusive forces will cause ovals to move out of the illuminated region and
circles to move in. This motion leads to fluctuations in the number of molecules in the

beam and corresponding temporal variation in the fluorescence emitted by the sample.
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Chépter 4
‘Rotational Correlation in Biological Systems

The ubiquity of systems that display a éoupl'mg of random diffusion to driven rotation
(see chépter 1) has inevitably led to an _inte_rcst in spectroscopic probes for these motions.
In order to elucidate the operatii«: biological mechanisms it is desirable to distinguish
those components of a complex reorientation that have their origin in random fluctuations
from those that are in some sense biologically directed. Correlation measurements
are ideally suited to the task of discrimiriating random macromolecular motions from
repetitive reorientation. Here we have adoﬁted a Langevin-Operator approach to address
the analysis of rotational correlation in a biological system subject to purely diffusive
and driven rotational motion. It is démonstmted that, despite the existence of competing
modes of reorientation such as those arising from diffusion, correlation measurements
should reveal the presence of driven motion. Specifically, the power spectrum of noise

J

containing a repetitive rotational component should exhibit a resonance at characteristic

‘forcing’ frequencies. For the sake of concreteness a fluorescence correlation experiment

is considered although the concept of modulation is more generally applicable.
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4.1 Theory

In this work we have been motivated primarily by an interest in the motion of DNA
in solutioh. Hence, our model system is a cylindrical DNA subject to an enzymatic torque
and solvent induced Browﬁian rotation. The DNA is assumed to be labeled with one
~covalently bound intercalated fluorophore whose transition dipole makes a fixed angle
with respect to the long axis of the polymer; the orientation of the DNA is defined by its
spherical polar coordinates 8o and ¢ with respect to a set of lab fixed axes (see figure 8).
It is reasonable to assume that a long macromolecule‘ will have two equivalent diffusion
constants that are much smaller than the lohg-axis rotational diffusion coefficient. Hence,
for a system such as an actively transcribing RNA polymerase, rotational diffusion about
two axes will be negligible, while there will be a coupling of the long-axis rotational

diffusion of the enzyme-DNA complex and the driven motion.

In chapter 3 we discussed the relationship between angular variables and the
fluorescence autocorrelation function. It is apparent from equation 3-17 that orientational
information is contained in the autécoxrclation function {(&(0) - $)2(&(r) - p)?). Hence,
the basic mathematical problem is to follow the evolution 6f the quantity 4(t) - p in time.
.The solution is most easily formulated in a coordinate system whose z axis is along the
long axis of the macromolecule. Let (t) denote the angle of rotation of the absorption
dipole projection about this z axis in time ¢ (see figure 8); then the stochastic behavior
of ii(t) - p will be governed by the Langevin equation for 6(t). The Langevin equation.
will contain a term representing the Brownian random torque _and a driving torque. The

external torque-is assumed to be constant; this is probably not an unreasonable model for
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long-lived rotational phenomena such as flagellar motion or the transcription of DNA by

a processive enzyme such as RNA polymerase. We have

Iﬂgﬁ = —-fw(t) + L(t) + Lzt. (4-1)

Here f is the frictional factor, I is the long axis moment of inertia of a DNA molecule,
L(t) is the random torque, L., is the constant external torque and w(t) = %:1.
To compute expectation values from equation 4-1 we follow an operator technique for

solving the Langevin equation.(!) The idea is to generate the time dependent orientation

of the transition dipole with a rotation operator. Specifically, we write

A(f) = R()(0). (4-2)

Here, the rotation operator R(t) is given by the standard matrix expression

cosf@(t) —sinb(t) O
R(t)= | sinf(t) cosb(t) O01].. (4-3)
0 0 1

R(t) is stochastic because its matrix elements are random functions of the time. In fact,
by expressing £(t) in terms of ﬁ(O) and the rotation operator, the stochasticﬁty in the
problem is entirely confined to R(t). Hence, if we wish to co'mpute ensemble averages
of functions of 4, the problem reduces to the determination of the ensemble average of
R(t). We now proceed with the computation of (R(t)) for a fixed initial orientation of
the transition moment. Of course the c@uaﬁon of the correlation function will require
‘a second average over the initial distribution; this double average will be considered
explicitly later.

We move from the Langevin equation of motion for the basic physical variable

j
of interest, in this case the angle 4, to an associated equation for R(t). The equations
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governing the temporal behavior of these two quantities are related because the matrix

R(t) is explicitly defined in terms of 8. If R(t) is given by 4-3 then

—stnb(t) —cosf(t) O
dR(t) sin ; do(t)
—2 =] cosf(t) —sinf(t) 0| ——. (4—4)
dt ( 0 0 0 dt
Setting
0 -+ O ‘
J=1¢ 0 0 (4 -5)
0 0 O
we have the evolution equation
B = izl R, )

The equation 4-6 for R(t) may be related to the Brownian torque through the equation
of motion, that is the Langevin equation, for w(t). First note that equation 4-1 differs
’from the undriven Langevin equation by just the constant external torque. Tt is helpful
therefore to reexpress w(t) in terms of quantities characteristic of the simpler iaroblcm.
If we take the undriven equation, in which L. is zero, to ilavc a solution wo (t) then it

can be easily verified by substitution into 4-1 that

L
w(t) = wo(t) + ;;:t . (4-17)
Here b=f/1.
Upon substituu’hg expression 4-7 for w(t) into equation 4-6 we have
dR(t) _ . cht

It is advantageous to make the change of variable

R(t) = S(t) ezp(—iaJt) (4-19)
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where o = L.z:/Ib. It is apparent that S(t) will satisfy the equation

B — i), (4-10)

Comparison of equation 4-10 with the original evolution equation 4-6 for R(t) shows that
S(t) is nothing more than the rotation operator asSociatcd with the Langevin equation in
the absence of any driving torque. The average of S(t) is known.(1) The general method
used in obtaining the expectation value of S(t) centers around a power series expansion
in some small parameter characteristic of the stochastic diffcréntial equaton 4-10. This
approach is outlined in appendix 2.

For the stochastic equaﬁoﬁ 4-10 the power series method of determining the

expectation value of an operator yields an exact solution:

exp(—~(bt — 1 + exp(—bt))) 0 0
(S(¢)) = 0 exp(—vy(bt — 1 + exp(—bt))) O |].
' 0 : : 0 1
(4-11)

Here 4 = kpT/Ib? where kg is Boltzmann’s constant. Since R(t) and S(t) differ only

by the multplicative factor

cosat —sinat O
exp(—iaJt) = | sinat cosat O T (4-12)
0 0 1

we obtain the following expression for the expectation value of R(t):

cosat —sinat 0O 0 00
(R(t)) = exp(—y(bt — 1+ ezp(—bt))) | sinat cosat O | +| 0 O O
0 0 0 "\0 0 1

' ' (4—-13)

It is now possible to determine the temporal behavior of (sin 8(t)) and {cos §(t)). From
equation 4-3
(cos8(t)) —(sind(t)) O :
(R(t)) = | (sinf(t)) (cosb(t)) O ]. (4 —14)
0 o o1
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Upon equating associated matrix elements in equations 4-13 and 4-14 we obtain
(cos(t)) = exp(—~(bt — 1 + ezp(—bt))) cos(at) (4 — 154)

(sin6(t)) = exp(—~(bt — 1 + é:z:p(—bt))) sin(at). (4 — 15b)

The quantity of real experimental interest is the autocorrelation function of the
absorption probability. A determination of this average requires a knowledge of the
expectation values of the second powers of cosine and sine of §. This follows from the

matrix expressions for Z(t) and R(t). We have
((2(0) - 9)*(a(2) - 9)*) = (T (Q)H T p)* (™ (Q)RT () H*p)?). (4 - 16)

In equation 4-16 p*+(0) and R™*(t) denote the ‘transpose éf the matrices (written in the
molecular frame) representing (0) and R(t) respectively, p is a laboratory referenced
column matrix and H* is the transpose of the matrix that converts the coordinates of a
vector in the molecule fixed axes into the corresponding components in the laboratory

frame. We take p parallel to the laboratory z axis. An explicit expression for H is
' ( singo cos¢gcosly cosPosinby )

H=| —cospg sindgcosfy sindgosinbo

(4 —17)
0 —sinby cos by '

Once again note that the brackets in equation 4-16 rcally-dcnotc a two time average.
Upon performing the indicated matrix manipulations the desired autocorrelation

function may be expressed as:
((&(0) - §)*(a(r) - $)%) =

{(—#2(0) stn 8o + p3(0) cos 85)%[— sin 6p(sin 81 (0) + cos Iu2(0)) + cos 8ous(0)]3).

(4 —18)
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. The subscripts 1, 2 and 3 in equation 4-18 denote the 1, 2 and 3 components of the
vectors relative to the molecular axes. The initial distribution of the projection of 2 onto
the plane perpendicular to the long axis of the DNA is assumed to be uniform. Therefore,
when expression 4-18 is expanded all terms that involve odd powers of the components

of the transition moment average to zero and the correlation function becomes
(£ (0)P)2(A(r)-5)?) = (sin? é)(m(o)"’#z (0)2 sin 8o+111(0)223(0)? sin? 8 cos? fo)o
+(cos? 8)(u, (0)2/,i3 (0)% cos® 8y sin® 8o + ﬂg.(0)4 sin )0
+{cos 8)(4u3(0)%12(0)2 sin? by cos? 8o) o

+{13(0)?112(0)? sin? 8o cos? o + 13(0)* cos* bo)o. (4—-19)

In equation 4-19 the notation ()¢ explicitly indicates an average over the initial |
distribution.
It is clear from equation 4-19 that we need to know the expectation values of cos? §

and sin® 6. The higher powers of the trigonometric functions may be reexpressed as
2 1
cos“f = 5(1 + cos 20) (4 — 20a)

sin? 0 = %(1 — cos 26). ‘ (4 — 200)

It is now a relatively simple extension of the previous derivation of the averages of cos 6

and sin 0 to show that for any k
(cos k) = ezp(—k~(bt — 1 + ezp(—bt))) cos(kat) (4 — 21a)

(stn k6) = exp(—k?~(bt — 1 + ezp(—bt))) sin(kat). (4 — 21b)
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These results can be verified simply by repeating the mathematical steps outlined for £he
case k=1;b in this more general situation the relevant matrix generates a rotation by an
angle k6.

To determine the averages indicated in equation 4-19, we require the case k=2:
(cos26) = exp(—4~(bt — 1 + ezp(—bt))) cos(2at) (4 — 22q)

(sin20) = exp(—4~(bt — 1 + exp(—bt))) sin(2at). | (4 - 22b)

Inserting 4-22a into equation 4-19 and explicitly computing the initial averages the

correlation function 4-18 is found to have the form

« 4 .
((2(0) - §)%(ia(7) - §)?) 8";5 exp(—4~y(br — 1 + ezp(—br))) cos(2ar)
. 2 2 2
+4szn 16;03 A exp(—(br — 1 + exp(—br))) cos(ar) + :—5 360; A - %)2 + -;—
(4 — 23qa)

It can be shown that ((2(0) - §)%)? = £, therefore

4

C(r) x sin B exp(—4vy(br — 1+ eﬁ:p(—br))) cos(2ar)
4.;sz'n2 Bcos? B 4 3cos?f 1.,
+ 5 exp(—v(br —1+ezp(—b7))) cos(ar)-tzg( 5 —5) . {4 —23b)

Hnally, it is illustrative to examine the Fourier transform of the autocorrelation
function 4-23b. We focus attention on the time dependent term and compute the power
spectrum J(w) as

J(w) = /‘; - cos(wt)[sz.rllsﬂ exp(—4v(bt — 1 + ezp(—bt))) cos(2at)

4 sin? B cos? B

75 exp(—y(bt — 1 + ezp(—bt))) cos(at)]dt. (4 —24)
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If the exponential in equation 4-24 is expanded in powers of exp(—bt) and then the

integration is performed term by term it can be demonstrated that

sint Brp . 2§in4 Bp[1 + 4y — 1pTr(w + 20)?
30[1 4+ 73 (w +2a)?]  15[1 + 73 (w + 20)2)[(1 + 47)% + 72(w + 20)2]

J(w)

2 sin? B cos? Brp 2 sin? B cos? BrpA(l + v — p7r(w + a)z]
151+ 73 (w+)?]  15[1+ 73 (w+ a)?)[(1+7)2 +78(w+ a)2]

. (4—25)

Iri equation 4-25 7p = ;;% and 7p = % J(w) also contains four other terms that can be
obtained by replacing the quantity & by —e« in expression 4-25. |
4.2 Interpretation

The 'ﬁuorescencc photocurrent autoéorrelation function arising from a dilute sample
of cylindrical molecules subject to random Brownian and constant external torques is
given by equation 4-23b. This correlation function exhibits an exponential decay that is
modulated\ by a cosine term. The modulation frequency is & = L.,¢/Ib. The exponential
contribution arises from the random Brownian torque; in fact by setting L..+=0 we obtain

the purely exponential decay corresponding to the undriven case

C(r) x

ezp(—4v(br — 1 4 exp(—br)))

4 sin? B cos? 4  3cos?
lﬁs A exp(—~(br — 1 + exp(—br))) + (

- %)2. (4 — 26)

The oscillatory terms, on the other hand, are manifestations of the correlation that
would be observed from molecules moving under the influence of constant and frictional

torques. Consider the equation of motion of a cylinder in the absence of random torques

d
IE“’ = —fw(t) + Leas. (4~ 27)
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Under steady state conditions the angular acceleration is equal to zero, and the steady

state angular velocity has the form

fwsa = Leat (4 —_ 28(1)
L.
Wee = f*. (4 — 28b)

The modulation frequency appearing in equation 4-23b, a@ = Lest/Ib = L.t/ f, is
the steady state angular velocity. Hence, the sinusoidal term in equation 4-23b gives
the correlation that would be observed from a molecule subject to frictional and constant
torques, under steady state conditions. The second harmonic arises because the expression
for the probability of absorbing polarized light depends on the quantity (i(r) - §)%; there
is, therefore, a 2w,, periodicity associated with antiparallel orientations of the transition
dipole.

If the Fourier transform of the correlation function, the power spectrum 4-25 is
examined, it is apparent that there are pcaké or resonances in the spectrum at +tw,, and
+2w,,. Thus, characteristic driving frequencies are also manifest in the power spectrum
of the signal.

Finally we note that long cylindrical molecules such as DNA exhibit internal bending
and torsional motions that will affect the fluorescence photocurrent autocorrelation
function. As long as these motions are of reéuicted amplitude they should not destroy

the long time reorientational correlations discussed here.
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Figure 8
Coordinate sys'tem used to describe the orientation of a rotating cylindrical particle.
The absorption dipole ji(t) makes an angle § with respect to the long axis of the
polymer. A given DNA molecule has an angular orientation specified by its spherical
polar coordinates 6y and ¢Q with respect to the laboratory axes. The polarization of the
light, defined by p, is along the z axis of the laboratory frame. The DNA can undergo

coupled rotational diffusion and driven reorientation about its long axis.
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Figure 8

Y




59

References for Chapter 4
1. J. McConnell (1980) Rotational Brownian Motion and Dielectric Theory. Academic |

Press, New York, 136;



60

Chapter 5
Synthesis and Characterization of Fluorophore

The nucleic acid fluorophore ustd in the FCS and FPR experiments was an analog of
ethidium bromide called ethidium monoazide. The structures of ethidium and two of its
azide derivatives are shown in ﬁgune 9. It is apparent that ethidium bromide and ethidium
monoazide differ only in having, respectively, an arﬁino, NH., or an azide, N3, group
at the 8 position of the molecule. Ethidium monoazide was the chosen dye because
it is quite a good fluorophore and its covalent interaction with nucleic acids has been .
shown to mimic intercalated ethidium bromide-DNA complexes.(1=4) The work that has
been done to characterize the nature of the azide-DNA interaction will be reviewed in
secton 5.2 in conjunction' with the relevant information obtained from our fluorescence
experiments.

5.1 Synthesis of Ethidium Monoazide )

Graves et al. have published a protocol for synthesizing the azide that produces
the dcsiréd product in high yield.(!) The procedure is straightforward, with the caveat
that both the synthesis and isolation must be done in a darkroom under red safety light.
We present our adaptation of the protocol, noting p.roblems we encountered and their

solutions.

The following materials were required: 0.5 grams of ethidium bromide dissolved in
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40 milliliters of double distilled water (pH 1.6), sodium azide in water (™2 pg = 3),

NaNO, in water (-%O-n%ﬂ, pH = 3) and a stock of 10 normal NaOH. A pH meter and a

vacuum filter were placed in the dark room before the synthesis was started. The filtration

set-up utilized a large Buchner funnel and Whatman 50 grade, 7 centimeter diameter filter

paper.

Tte reaction was conducted as follows. The NaNO, was added dropwise from
a 10 ml glas§ pipet to a stirred, iced ethidium solmion. Stirring was continued
for approximately 5 minutes after addition of all of the NaNO,. The pH of the
ethidium/NaNOQ, mixture was checked and adjusted to about 2.5 if necessary. The NaN3
was then added drdpwise td the stirred ethidium/NaNO,, solution, and stirring was again
continued for several minutes after the addition was completed. The pH of the final
solution was then raised to 11.5 with a few drops of sodium hydroxide; the high pH
served to precipitate the product. The precipitated solution was then poured onto a pre-
wetted filter and the liquid removed under vacuum. The solid product was scraped from

the dry paper and stored, covered, in the refrigerator to await separation.

The azide was separated from diazide product and unreacted ethidium bromide on
a carboxymethyl cellulose (CMC or Cellex) cation exchange column. We discuss our
column preparation protocol in detail, particularly with regard to the elimination of small

particles that can cause clogging.

Approximately 100 grams of the original dry CMC stock were used to yield the
required quantity of appropriately sized Cellex particles. The resin was first hydrated by

placing 10 gram aliquots of CMC in 500 mls of 0.25 normal HCI and allowing the Cellex
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to-swell for 30 minutes. The resin was not stirred during the hydration procedure to avoid
particle breakage. The resin was then filtered and rinscd and the CMC suspended in 0.25
molar NaOH for 10 minutes. The Cellex was then filtered and rinsed, and the iniﬁal HCl

hydration and rinse were repeated.

The column was run with a standard phosphate buffer prepared at pH=7. (If the pH
of the buffer is greater than 4, the resin will be in the anionic form and can, therefore,
bind the positively charged ethidium molecules). Cellex was equilibrated with the buffer
and all the ﬁn¢ particles subsequently removed. The elimination of small resin material
was ac,colmplished by very gently stirring the buffer-resin mixture and then allowing the
solution(to settle a few minutes. The fine material did not have ﬁmev to sediment to the
bottom of the beaker and could therefore be decanted off the top. This procedure was
- repeated many times until all the residual resin sedimented within a few minutes of the

end of stirring. .

Even when the fine particles were meticulously removed, clogging was still a
problem. An adequate solution was to remove the fret from the column and replace
it with a little piece of lightly packed glass wool. With this dbne, a dilute solution of
buffer and resin was poured into é funnel at the tép of the column and the first 2-3
centimeters of Cellex were allowed to settle under gravity. The rest of the packing was

done under flow.

After the column was rinsed with buffer, the sample was loaded and fractions were
collected. The diazide was the first compound to come off the column and was identified

by its yellow color. The monoazide eluted next and was red-orange. There was very
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little diazide product. The success of the monoazide synthesis was verified by mass-

spectrometry and visible absorption.

The yield of monoazide was sufficient for all the work discussed in this thesis.
Product was stored in the dark and under refrigeration. Periodic checks assured the

integrity of the monoazide.
5.2 Characterization of Covalent Ethidium-DNA Complex

The azide reacts covalently with DNA upon exposure to light. During the course
of these studies a synthetic 18mer, calf thymus DNA, PBR 322 and phage Lambda were
labeled. To attain a desired dye-DNA ratio, a solution of nucleic .acid (several hundred
£ in Tris-EDTA buffer bH=7.5) was typically combined with a 2 to 3 fold molar excess
of azide. Intercalated complexes were formed in the dark and then covalent addition was
achieved upon exposure of the dye-DNA solution to room light for about 10 minutes.

The unreacted azide is cffccti\}ely removed by ethanol precipitation of the DNA.

At an early stage in this work we were concerned that the dye might be nicking the
nucleic acid. Therefore a sample of PBR 322 (primarily in th¢ closed circular form) was
labeled with fairly large amounts of the dye and a gel of the unmodified and labeled DNA
was examined. There was no détectable change in th_e banding pattern after photolabeling;
we conclude therefore that, under our conditions, DNA nicking is probably not a common

occurrence.

The nature of the covalent interaction can be elucidated by monitoring the
fluorescence properties of the photolysed dye-DNA complex. Garland et al. have

monitored the steady state and time resolved fluorescénce spectra of the azide and a
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variety of dye-DNA complexes.) (See also reference 5 for updated measurements).
In the prcscnc;: of DNA the fluorescence excitation maximum of the unphotolysed dye
exhibits a marked red shift and the relative fluorescence yield of the dye increases by a
factor of 20. Garland er al. have also shown that the fluorescence lifetime of the covalent
adduct is 10 times longer than that of unbound dye. All of these changes are analogous
to spectral shifts that are obsgrved when ethidium bromide intercalates into DNA.(2=4)

Therefore, it is highly likely that the azide is intercalated into the nucleic acid.

" In figure 10 below are shown the fluorescence excitation spectra we obtained for
solutions of the azide alone and photolysed oligomer samples. For the azide alone the
peak is at 462 nanometers (as reported in reference 5). The maximum shifts to about
510 nm if the dye is photolysed in the presence of DNA. Thc fluorescence emission
spectrum pf the covalent adduct was also monitored for a number of different excitation
wavelengths. The emission maximum of the dye was found to be 610 nm independent of
the wavelength of the exciting light. Therefore, it is likely that just one major fluorescent

moiety is formed upon photoreaction with DNA.

An accurate interpretation of the photobleaching data required a precise knowledge
- of the angle between the absorption and emission dipoles of the the covalent adduct. It
is generally believed that these moments are parallel for intercalated ethidium bllfomide
molecules; nevertheless the steady state polarization of the covalent adduct was monitored
to see if the dipoles are also parallel for the analog. The steady state‘ polarization, P, of
a sample that is rotatiohally immobile on the time scale of the fluorescent lifetime of the

dye is related to the angle between the absorption and emission moments, &, according
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to the relationship(®)
_3cos?¢ -1
T cos2£+3

(5-1)
If the .samplc is not romﬁoﬁaﬂy static the polarization will be influenced both by the
angle £ and the rnoﬁon of the fluorophore (see section 8.1). If the system is immobile
and £=0, P will attain the theoretical fluorescence maximum of 0.50.(6)

The steady state polarization of solutions of sonicated calf thymus DNA (x~ 500£2)
was monitored in a Spex Industries Fl'uorolog‘ 212T. The polarization over a wide rang;:
of wavelengths was determined by exciting the sample with vertically polarized light and
simultaneously collecting the vertically (VV) aﬁd horizont#lly (VH) polarized component
of the e@ssion. The sample is then excited with horizontally polarized light and the
emis;ion is again monitored in the vertical (HV) and horizontal (HH) directions. This
rather extensive amount of data is required to correct for differences in the degree to which.
diffraction gratihgs pass light of differing polarization.(”) Specifically, it can be shown
that the intrinsic polarization of a molecule is correctly determined by the expression(?)

H _

P= i!, @—ﬂv

<I<l=is
d<mk

n:ltt: :r:l:u
<)<

+
P is typically monitored for a range of wavelengths spanning the transition of interest;
a.pqlaﬁzation spectrum will establish a more accurate value for P and can also providc
evidence for energy transfer.

The experimental results for calfﬂ thymﬁs in Tris-EDTA buffer and in saturated
sucrose solutions are shown in figure 11. For the DNA in buffer the polarization was
found to be about 0.32. 'I'his} experimental result indicates either that there is some motion

in the DNA buffer system on the time-scale of 100 nanoseconds or that the absorption and
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emission moments are not parallel. However, the data from the DNA/sucrose solution
demonstrates that it is possible to attain a polarization that is very nearly the limiting
value of 0.5. Therefore the absorption and emission moments of the photoreacted dye
are in fact parallel and the reduced value of P in the buffer system is probably indicative

of some sort of nanosecond torsional motion or dye wobble in the nonviscous solution.
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Figure 9
The structures of ethidium bromide, and its monoazide and diazide analogs. The
synthesis of the monoazide and diazide proceeds, respectively, through diazonium and
bis-diazonium salt intermediates. Nucleophilic substitution then yields the azide product.

Adapted from Reference 1.
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Figure 10

Fluorescence excitation spectra of a solution of azide aloné and an 18 base pair
oligomer that has been vphotoreacted with the dye. Emission was monitored at 610
nanometers. The raw data have been smoothed. Note that the azide spectrum has the
characteristic peak at 462 nanometers and that the maximum for the covalent dye/DNA
solution is at about 510 nanometers. The relative height of the peaks in this figure means

nothing.
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Figure 11
Polarization spectra for a solution of labeled calf-thymﬁs DNA in TE buffer (11a)
and in a saturated sucrose solution (11b). Emission was monitored at 610 nanometers.
Corrected/baseline subtr#ctcd horizontal and vertical data sets were used in the calculation
of the polarization. Héwcver, the effect of sample scatter on the measured value of P
was not considered. Both sets of data were obtained at room temperature. Note that the
polarization near the maximum in the excitation spectrum of figure 10 (510 nanometers)
is 0.32 for the buffer so‘lution and increases to 0.44 in sucrose. This latter value .of P
is close to the theoretical maximum attained by a rotationally immobile fluorophore that
possesses parallel absorption and emission moments. The increase in noise at each end
of the two polarization spectra reflects a decrease in signal as one moves away from the

absorption peak at 510 nanometers.
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Figure 11a
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Chapter 6

Photobleaching Experiments on Phage Lambda DNA
6.1 Experimental Apparatus

Fast polarized FPR studies were conducted in the laboratory of Prof. Daniel Axelrod
at the University of Michigan because the experiments require a powerful laser and
specialized optical equipment that were not a part of the fluorescence set-up at Berkeléy.
A brief discussion of the essential features of the photobleaching apparatus follows (see
figure 12). The excitation beam is the 514.5 nanometer line of a 15 watt Coherent argon-
ion laser. _The.light that emerges from the laser 1s deflected into a set of diffraction spots
by an acousto;opt:ic modulator. Only the first order spot is directed through an aperture;
therefore, the intcnsit& of the laser light incident on the sample is controlled by varying
the amount of light sent into the first order deflection. During the bleach phase of an
experiment the modulator directs approximately 56 percent of the 514.5 nanometer light
(2 watts) into the first order; the probe beam is about 10,000 times less intense than the
bleach. ~

The photobleaching experiments were run in two alternate modes that differ in bleach
beam polarization (see the discussion in chapter 3 for motivation). The direction of light
polarization is controlled by a Pockels Cell. The light that is sent into the Pockels cell

has been circularly polarized by a quarter wave plate. The beam emerges plane polarized
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in one of two orthogonal directions. The probe beam always has the same polarization;
the bleach is parallel to the observation (probe) beam in one mode and perpendicular to

it in the alternate mode.

A series of secondary apertures are placed along the optical path. These extra
diaphragms serve to block any residual zeroth order light that has passed through the first
aperture. If zeroth order light is allowed to illuminate the sample the contrast (the ratio
of the intensities of the bleach and probe beams) is reduced. The contrast as well as the
ratio of bleach intensity for the two possible bleach polarizations can b; measured with

an analyzing photodiode and polarizer.

The exciting laser light is directed onto the sample through an inverted epi-
illumination microscope. The objective employed in these experiments had a 10x
magnification and a numerical aperture of 0.25. Typically the illuminated region was
3 microns in radius. The sample was mounted on fused silica to avoid background

luminescence from glass which will persist for about 100 microseconds after bleaching.

In all the experiments described here the sample was subjected to a 10 microsecond
bleach pulse. The fluorescence intensity emitted by the sample under weak illumination
was photon counted in intervals of 10 microsecond duration. The total experimental
time following the bleach pulse was 1500-1700 microseconds (150-170 points at 10
usec/point); the pre-bleach fluorescence level was monitored for 200 microseconds (20
points at 10 usec/point). Only one polarization component of the fluorescence is passed
to the photomultiplier tube. There is a 10 microsecond delay between the end of the

bleach and the onset of photon counting during the probe phase of the experiment. The



77

bleach-probe cycle was repeated a minimum of 3000 times on the same sample to assure
the statistical significance of the curves; signal to noise was also improved with a 5 point
cubic smooth of the data. As mentioned in chapter 3, the difference between the pre and
post-bleach fluorescence (normalized by the pre-bleach fluorescence) immediately after
the 10 microsecond pulse is referred to as the ‘depth of bléach.’ In these experiments
the depth of bleach was typically between 0.35 and 0.60. The numbef of photon counts
per sccdnd was about 150,000. The stage was minuiely trahélatcd between each .round

of pulse-probe to avoid cumulative bleaching problems.

Curve fits were performed by IMSL routine ZXSSQ. Data were fit to a single

exponential of the form A — Bezp(—t/1).
6.2 Experimental -Results

To test for the presence of nonrotational recovery processes (see section 3.2.2) in
the DNA samples all FPR experiments were run, under identical conditions, in both the
parallel and perpendicular modes. It was found thatr the perpendicular curves did not
exhibit a post-bleach decay (see figure 13). Therefore, the FPR data must be monitoring
more tilan pure molecular reorientation and we focus attention on R(t) to see what
information about DNA rotation can be extracted from the tempqral dependence of the

ratio.

Two classes of experiments were conducted in this study. First, we explored the
polarized FPR data obtained from an immobilized DNA system. This simple experiment
provides a test of the ability of the ratio method to monitor the bleach-induced anisotropy

-in the angular distribution of fluorophore. A value of R(t) that is less -than unity
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implies that the region of the sample under observation possesses (after the bleach) a
nonuniform angular concentration of dye. Therefore, if at time t the ratio is less than
unity, we conclude that the DNA molecule has not yet undergone complete post-bleach

reorientation.
6.2.1 Immobilized DNA Results

Lambda DNA was dried onto fused silica coverslips and then subjected to a 10
microsecond bleach followed by a probe of 1500 microsecond duration (150 points
at 10 psec/point). An example of the individual parallel and perpendicular mode
photobleaching curves obtained from such a sample is displayed in figure 13. It will
be noticed that both the parallel and perpendicqlar curves exhibit a partial post-bleach
recovery. The bleach is, however, twice as deep in the parallel mode. The ratio determined
from such an experiment is‘ shown in figure 14. Note that R(0) is about 0.5 and that
the ‘temporal evolution’ of the ratio for the dry DNA sample is indicative of a highly
immobilized system. The ratio is effectively constant over the entire 1.5 millisecond time
interval uﬁder examination, hence we conclude that, in this ‘sémple, there are no large

amplitude molecular reorientations that would allow the ratio to rise back up to unity.

6.2.2 FPR on DNA Solutions

We have also conducted a set of microsecond FPR experiments on DNA solutions.
An example of the data obtaiﬁed when phage Lambda (2 = in TE buffer) is subjected
to a 10 microsecond bleach is displayed in figure 15. The observation time was about
1500 microseconds. Note that both the parallel and perpendicular curves exhibit a partial

recovery and that, once again, the bleach is deeper in the parallel mode.
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The behavior of ratio changes markedly when the DNA is suspended in solution. The
initial value of the ratio increases to 0.87. Morcovcr, the rat_:io'is not ‘static’: after abo_ﬁt
300 microseconds R(t) has risen back up to unity. To make this statcmént more precise
a best-fit exponential has been drawn over the ratio. The exponential time constant, 7,
associated with the rise of the ratio was found to be 120usec; these three digits were

"estimated to be significant by the IMSL routine ZXSSQ. Both R(0) and 7 will be related

to the dynamic behavior of the dye-DNA complex in section 6.3.5.

The success of these FPR experiments hinged on the use of a low power objective
with a small numerical aperture. In our work with DNA solutions it was found that a
high power objective (n.&,?,O.SS) forces R(0) toward unity; no dynamic information can

then be extracted from the data (see section 6.3.4).
6.3 Discussion of FPR Data
6.3.1 Factors Affecting the Initial Ratio-

The measured value of ﬁ(O) for a dry DNA sy#tem, 0.5, deviates substantially from
the value of 0.2 predicted by a §imple model in which it is assumed that the dye is static 7
during the bleach, has parallel absorption and emission dipoles and the numerical aperture
of the microscope objective is small. The rather high measured value for the initial
ratio could have its origin in a number of phenomena. We discuss scvcfal possibilities.
Residual dye wobble in these ‘immobilized’ samples could force R(0) up to 0.5. If
the motion is adequately described by a wobble model, equation 3-6 predicts that the
fluorophore would have to explore a region of half angle 45 degrees to account for the

observed values of R(0). If the wobble is actually harmonic in character the uniform
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model will overestimate the extent of the motion contributing to the change in R(0). In
an oscillatory mode positions deviating farther from the mean should be weighted more

heavily because more time is spent near the extrema of the motion.

The numerical aperture of the microscope objective also influences the initial value
of the ratio. In these experiments with the 10x objective this lens effect should raise the

ratio less than 10 percent over the zero aperture value.(1+2)

For all immobilized samples the initial value of the ratio is found to be substantially
less than one. This fact argues strongly that an anisotropic angular distribution of dye is
created by the bleaching light and is detected during the probe phase of the experiment.
Moreover, if the system under study is expected to reorient rapidly (on the nanosecond
time scale) R(0)=1 (i.e. no anisotropy remains at the end of the bleach(®)). Most probably

some sort of residual dye wobble is elevating the ratio above the theoretical lower bound.
6.3.2 Statistical Significance of Results

It is importam.to demonstrate that the photon statistics in these experiments are
good enough to make the conclusions reliable. Here a detailed analysis of the data
obtained from the DNA solutions will be presented. Once it ha;c, been demonstrated that
the ratio is statistically different from unity for the solution samples it vﬁll be apparent
that the ratio results are also mgmﬁcant in the case of the experiments on immobilized
systems. Let us analyze the statistics of the first data point for the Lambda solution.
The total number of counts per second (pre-bleach) was about 150,000.‘ Hence in 10
microseconds the first bin accumulates about 1 photon. After an experiment is repeated

3,000 times there are 3,000455 counts at the first time point. Therefore the standard
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deviation in the counts divided by the pre-bleach is 0.012. The data were given a 5
point cubic smooth that improves the signal to noise by about a factor of /5.(4) If the
depth of bleach is 0.35 the relative uncertainty in the numerator, £e=F1) of the ratio

Fo

will then be Zaam = 00934 — 0,016. The depth of bleach is somewhat greater in the
parallel mode (see section 3.2.2) but for the purposes here it is sufficient to say that the
denominator is known to the same accuracy. The relative uncertainty in the ratio is then

Zet = +/2(0.016) = 0.022. Finally, we conclude that R(0) = 0.87 = 0.02.

The statistical uncertainty in the number of counts per time point also leads to an
unccrtainty in thé time constant associated with .the rise Vof the ratio. As mentioned
previously, the best fit 7 is estimated to be reliable to 3 digits.

6.3.3 Thermal Effects in 3 Dimensional FPR Studies

In any FPR cﬁperimenf it is necessary to analyze the magnitude of the light induced
thermal effects. Here we present a brief discussion of sample heating in three dimensional
FPR studies. In appendix 3 it is demonstrated that if the sample is infinite in extent the
bleach induced temperature rise, AT, at the position of maximal light intensity is bounded

above by the expression

9. ) '
AT = 3ecp At. (6—1)
wgTCpp

In equation 6-1 At is the length of the bleach, c,, is the specific heat of the sample, p is the
solution density, € represents the extinction coefficient of the dye, C is the concentration
of the fluorophore and wy is the beam waist of the Gaussian intcnsit);" profile of the laser
light.

We now use expression 6-1 to examine the importance of thermal effects in these
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experiments. The total laser power in the 514.5 nanometer line of the laser is 4 watts.
About 2 watts is typically diffracted into the first order spot during a bleach. The
beam waist was about 3 microns. The extinction coefficient of etﬁidium is approximately
5x 10%cm~1molar~1.(5) The dye concentration was about 1 micromolar and the sample
thicicncss was about 150 microns. The thermal parameters of the solution are taken to be
those of wafcr. It then follows that AT = 0.8° Celsius. This calculation indicates that

the DNA samples were not heated excessively by the FPR bleach pulse.
6.3.4 Effects of Numerical Aperture on the Ratio

During the early stages of the FPR work we tried to maximize the light intensity at
the sample by focusing the laser with a high power objective. However this approach was
eventually abandoned because lenses with a large numerical aperture tend to elevate the
measured value éf the ratio.(1:2) The origin of this effect may be understood as follows.
The theoretical analysis of polarized FPR assumes that all detected photons propagate
parallel to the z axis. Therefore, if the objective collects light traveling in directions that
deviate substantially from the z axis the raﬁo will differ significantly from the theoretical
zero numerical aperture limit. It can be shown that the ratio will increase as the numerical
aperture of the lens goes up.(2) Therefore, for mobile systems that have intrinsically
high ratios, and ample fluorescence, it is advantageous td focus the laser Hgilt with a low

-~

power objective.
6.3.5 Dynamic Interpretation of FPR Results

As discussed in Chapter 3, the temporal rise of the ratio is attributed purely

to rotational recovery mechanisms. Translational diffusion produces a polarization
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independent recovery that will not contribute to R(t). We first consider the possibility
that the dye or DNA exhibits substanﬁal reorientation during the period of time (20
microseconds) encompassing the bleach and the reopening of the photomultiplief tube.
Any such fast motion will affect the initial value of the ratio. The meagured value of R(0)
for a Lambda solution, 0.87, is substantially larger than the stati‘c R(O)=O.2O;7thereforc
the DNA n:iolccule and the reporter ethidium réon'em conéiderably during the bleach.
Within the confines of the wobble model an R(0) of 0.87 is indicative of motion in a
cone of half angle a = 70 dégrces. Again we note that the intemal dynamics of DNA
are fundamentally harmonic in character; hence a uniform ‘wobble in a cone’ analysis

probably does overestimate the extent of the motion during this initial 20 microseconds.

The reorientations that are assumed to be contributing to the temporal rise of the |
ratio are the larger amplitude bending deformations and the Brownian rotational diffusion
| éf DNA. We characterize the motions that contribute to the several hundred microsecond
FPerccow./ery with the Hearst-Harris (HH) model of the dynamics of a semi-flexible
rod-like DNA molecule. Remember that in such models the motiop of the contour of the
polymer is decomposed into a set of normal modes whose time dependence is given by
exp(—t/1,).C6~8) The spatial character of an HH mode is governed by an eigenfunction
of the differential equation that specifies the flexibility of the molecule. The normal
mode motions of the polymer can be thought of much as one envisions the modes of
a. string. The longest wavelength normal mode contains no nodes and corresponds to a
large amplitude motion of the entire molecule. Higher order modes contain progressively

more and more nodes and correspond to local motions of the macromolecule.
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Equations 2-9a and 2-9b express the characteristic relaxation time and amplitude of
a given Rouse-Zimm mode, n, in terms of measurable properties of the polymer. In the

continuum Hearst-Harris model these relationships become (in the random coil limit)(®)

2
=28y (6-2)
and
_ _{(Br®»
n= 3Dg72n2’ (6-3)

Here, (R?) denotes the mean square end to end length of a molecule and Dy is the
translational diffusion constant of the DNA. Phage Lambda consists of 50,000 base pairs;
the mean square end to end length of the molccule- is, therefore, approximately 2 um?.
We take Dy = 2 X 10‘8%":—:.(”) For the Lambda molecule equations 6-2 and 6-3 then
become

350 nanometers

(5n2)% = 7 (6-4)

and

30 mailliseconds
Tn =

2 . (6 —5)
Thus the relaxations monitored in thes¢ experiments are governed largely by modes
20 and higher. (Note that excluded volume effects have been ignored in this analysis.
However, because highcr order motions are less influenced by steric factors it is felt that
this description is reasonably valid).

'I'he correlation time associated with overall rotational motion of phage Lambda
DNA is expected to be many milliseconds. Therefore, Brownian relaxation of the entire

Lambda molecule probably is not the major mechanism underlying the anisotropy decay

monitored in this study.
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Figure 12

Apparatus used in fast rotational photobleaching experiments. The light source is a
Coherent 15 watt argon-ion lasef. The beam emerges from the acousto-optic modulator
as a series of diffraction spots. Note that the first order deflection is directed through an
aperture and onto the sample. During the bleacﬁ pulse about 2 watts of lasér power is
directed into the first order; the probe beam is abouf 10,000 times less intense than the
bleach.

To counteract depolarizing effects of the modulator the beam is sent through a plane
polaﬁzér; the light is then given a circular polarization by a quarter wave plate. At this
point the béam in incident on a Pockels Cell. The light emerges from the Pockels Cell in
one of two perpcndic.ular'plane polarized states. An analyzing polarizer and photodiode
(shown to the right of the optic train) are used to monitor the polarization of the light
that is output by the Pockels Cell. The photodiode can also be used to measure the ratio
of the bleach to probe beam intensity.

Finally, the light is directed onto the sample through a standard epi-illumination
microscope set-up. In our experiments the ethidium azide labeled DNA was mounted on
fused silica coverslips. In solution studies the sample was about 150 microns thick. The
objective was always focused onto the center of the sample to ensure that an image-plane
di.aphragm '(see figure) blocked most photons emitted by any silica-bound DNA.

A pblarizer passes one polarization component of the fluorescence on to the
\

phototube. The fluorescence photons are counted for intervals of 10 microsecond duraton;

the data is then stored in a NOVA 3/12 minicomputer.
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Figure 13
The parallcl and perpendicular mode FPR curves for an immébilized DNA sample.
The'pre-bleach fluorescence level is approximately 1 on the graph. Data were collected
in 10 microsecond intcrvais; therefore the entire x axis corresponds to an elapsed time
of about 1.6 millisecond. Note that both parallél (triangles) and perpendicular (circles)
fluorescence signals recover but. that the tleach depth is twice as large in the parallel
experiment. Even in the presence of nonrotational recovery mechanisms if the sample
retains some of the bleach pattern at an observation time t, the fluorescence signal at time
t must be lowest when excitation (i.e. the probe polarization) is along the direction of
greatest bleéching. This physical argument is equivalent to our mathematical statement
that R(O)=§.‘;:§;(8 is less than unity if the sample has not completely dcpolarized at
the end of the bleach period. If R(0)<1 then Fo — F; (0) < Fo — Fj(0), i.e. the depth

of bleach is larger in the paralle]l experiment than in the perpendicular.
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Figure 14

The ratio R(t)= ;,":) :?; : computed from the individual FPR curves shown in figure
13. As mentioned in the text R(0) is about 0.5, and in fact the ratio does not differ
significantly from 0.5 for the entire 1.5 millisecond observation period. Therefore, despite
the fact that the individual parallel and perpendicular FPR curves manifest some degree
of recovery, the ratio exhibits the static behavior one would expect from a rotationally

restricted sample.
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Figure 15
The parallel (15a) and pcrpcndicular (15b) photoblca;:hing curves and ratio R(t) (15¢)
for a soluﬁbn of phage Lambda at 2 mg/ml in TE buffer. Superimposed on the ratio
is a best fit exponential of the form A — Bezp(’T‘). Note the different characteristics
of the ratio when the DNA is in solution and when it is stuck on the silica slide (see
figure 14). When the molecules are in solution R(O) increases subs&nu’ally to 0.87 and
the ra_tio rises back up to unity as the DNA experiences rotational recovery. The time
constant associated with the rise of the ratio, approximately oné hundred microseconds,
must reflect rotation of a macromolecule because any small molecule like ethidium would

reorient in a few nanoseconds.
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Chapter 7
FCS Experiments

As mentioned in Chépter 3,FCSisa method of monitoring slowly relaxing molecular
dynamics. However, F.CS has not seen wide application primarily because the technique
suffers from signal to noise difficulties. The origin of the problem may be understood
as follows. Consider the quantity nf3—the average number of detected photons per dye
molecule per sample time. If an FCS experiment is run in the so-called ‘low count regime’
(i.e. nBZ<1) the signal to noise ratio for C(r) can be shown to be directly proportional
to nf.(1) Therefore in an FCS cxperimcht signal to noise will generally improve as the
light intensity and, consequently, nf increase. Unfortunately, an intense beam tends to

induce bleaching of the dye. The main obstacle in FCS work has, therefore, been the
limitation that fluorophore bleaching places on signal to noise.

In recent years our understanding of the phenomena that lead to photobleaching
has improved and ways to circumvent the problem have been discovered. It has
been shown, for example, that dye solutions qontaining a small quantity of an oxygen
scavenging chemical such as sodium dithionite will exhibit markedly enhanced resistance
to photobleaching(?) (see figure 16). This discovery should substantially alleviate the
signal to noise difficulties in FCS experiments. Improvements in the machines that

compute correlation functions have also extended the time domain that can be monitored
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with the technique. The first correlators that were built typically took several hundred
microseconds to carry out the multiplications and additions required to compute the
correlation function.(3) Therefore, at sampling times that were faster than about 100 usec
the machines became inefficient at processing and acquiring data. Correlators can now
routincly do real time sampling as fast as 100 nanoseconds.() It is our hope that the

FCS technique can now be fruitfully exploited in studies of macromolecular dynamics.

Here we will present some preliminary correlation .studies of the translational
diffusion of DNA. "I;llc translational diffusion coefficient is an important molecular
parameter because it is sensitive to size, shape and environment. These experiments
utilized an older Saicor correlator. In the future this work w111 be extended with a new,

more versatile Brookhaven machine.

FCS has been used to monitor both the translational moﬁon and flow of ethidium
bromide labeled DNA.(5) In the ethidium bromide-DNA system the polymer must be
heavily labeled with dye to mask effects from the‘ millisecond on-off ldneﬁcs of the

probe. In this study the DNA is covalently labeled and therefore we need not worry

about reversible binding of the fluorophore.
7.1 Translational Correlations and Beam Divergence

- Before the FCS data is presented andvanalyzcd it is important to note that the
fluctuation theory developed in chapter 3 (see equations 3-7a,b) may not accurately model
one aspect of these experiments. Recall that expressions 3-7a,b are valid only if the
radius of the beam does change appreciably as the light traverses the sample (i.e. beam

divergence is small). We will now make the concept of beam divergence mathematically
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precise and then calculate the extent of divergence through a typical sample.

As a Gaussian beam propagates it will spread. Specifically, if a TEMgo wave front
is focused‘down 10 a spot of size wy in the focal plane of a lens, the width of the beam
w(z) will increase with distance z from this plane. The functional relationship between

w and z is(7)

w(2) = wolt + ()] (7~ 1a)
where _ - ‘
' 2

zp = % (7 - 1b)

Here A is the wavelength of the light. Note that z,., the Rayleigh length of the beam, can
be thought of as the propagation distance over which the area of the spot doubles.

We now estimate z, . for the typical experiment dcscﬁbcd here. The objective
produces a spot of radius wg = 1um, and the wavelength of the light is A = 0.5154um.

‘We find

2
_7rw0 _

z, =

1r1pm2‘ ,
= =~ 6um. : 7-2
X 5l45pm  FT (7-2)

It is apparent that if a sample is more than several mi'c'roﬁs thick, the spread of the beam
will be significant and translational motion will not manifest itself precisely as predicted
by equations 3-7a,b.

There are several ways to eliminate the beam divergence problem. One possibility
is to make the sample very thin. We did not have much success with thin solutions; the
DNA may have been sticking to the slides. Therefore, typically samples that were several -
hundred pgm in thickness were studied. We finally decided to put an image plane aperture

in front of the phototube; the aperture obstructs most fluorescence except that which
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originates from a small z distance around the focal plane of the microscope objective.(8)
'
Note however, that even with an aperture in the system, light collection extends over

=~ 10 pm in the z direction; thercfore, the translational FCS data cannot be expected

rigorously to follow equations 3-7a,b.
- 7.2 FCS Apparatus

The apparatus used in the FCS experiments is shown schematically in figure 17. The
machine is actually used for translational photobleaching and correlation spectroscopy.
~ The light source is a 4 watt chel'argon-ion laser. The beam 1s spatally filtered to
ensufe that its profile is truly Gaussian. .The light is then incident on two sets of beam
splitters ﬁat are used to switch between bleach and probe illurﬁination in photobleaching
experiments. For the FCS work the f)&msplitters are simply a source of light that is
directed onto a photodiode. The photodiode output follows variations in the laser light
intensity aﬁd is subt;acted from the fluorescence current (as discussed below). A lens,
L, of focal length f=30 cm directs the beam into a st#ndard epi-illumination microscope.
This lens can be translated along the direction of light propagation; the size of the spot
in the focal plane of the microscope objective varies as L is moved. The objective used
in thé translétional_ FCS experiments had a 50X (or 75X) magniﬁcatjon and a numerical
aperture of 0.65 (or 1.00). Glass microslides (obtained from Vitro Dynamics Inc.) of
several hundred microns in ﬁﬁclmess held all samples. As mentioned earlier an image
plane aperture passes primarily the fluorescence emitted by dye molcculés that a1;e w1thm

5-10 microns of the focal plane of the objective.

In the FCS work the photomultiplier tube was operated in the analog (or current)
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mode. Analog detection was utilized because the Saicor correlator could not process
photon pulses. The output of the PMT was sent into a pre-'ampliﬁer. An amplifier is used
to scale the magnitude of the fluorescence signal to the output of the diode; these two
signals are then fed into a differential amplifier. The output of the differential amplifier
is the difference of the two inputs (x100); the differential amplifier serves to eliminate
laser fluctuations. Finally, the signal is filtered to remove hign frequency electronic noise
and the correlation function is computed.

In the experiments described here the correlator sampled the fluorescence photocur-
rent in 500 usec or 1 millisecond intervals. The correlation function was computed
using a standard algorithm.(3) The filter was set for a bandwidth of 300 or 1000 hertz.
Data were given a S point cubic smooth.®) Curve fits were performed by IMSL routne
ZXSSQ. |
7.3 FCS Experimental Results

To demonstrate that a decay of correlation had its origin in translational motion
the data were subjected to the follewing tests: (1) The time conetant had to exhibit an
approximate quadratic dependence on the size of the illuminated region of sample. (2)
The amplitude of (‘1.(’;) had to decrease as the number of fluorescing DNA’s increased.
(3) The time constant, rp, had to be independent of laser .power.

7.3.1 Translational Diffusion of PBR 322
In figure 18 are shown three representative correlation functions obtained from a
- solution of PBR 322 in TE buffer (=~ 10053). The dye to DNA ratio for these samples

was approximately 100:1. The illuminated region of the sample was varied in these

experiments by translating the lens L (see figure 17) from the position that produces the
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minimum spot size in the focal plane of the microscope objective. The data were fit
to the simple hyperbolic relationship of equation 3-7a. The best-fit ime constant is a
monotonically increasing function of spot size. Moreover, the amplitude of the correlation
function %{} decreases as the radius of the illuminated region increases. The quantitative
results are sumfnarized in table 1. Note also an important qualitative observation. The
noise, i.e. the Scatter in the data associated with a correlation function, iﬁcreases as
the beam is defocused. Finaly, the time constants were tested for dependence on light
intensity. The coxrelation time did not vary detectably under changes in laser power.

Each of these points will be considered in more detail in section 7.4.
7.3.2 Translation of an 18 Base Pair Oligomer

We also looked at the translational diffusion of a synthetic 18mer. Experimental
Qork with the 18mer waﬁ more difficult than with PBR because the ratio of dye to
oligomer had to be kept near unity. 'fhc data (not shown) were subjected to the tests
enumerated abov.e. Correlation decay was typically an order of magnitude faster than in

the PBR experiments.
7.4 Interpretation of FCS Data
7.4.1 Source of 'Correvlation Decay

It is important to demonstrate that the decay of correlation shown in figure 18 had
its origin in translational fluctuations. Indeed, during the early stages of the FCS work
it was found that the response function of the low-pass filter, line noise, etc. could all
be observed in the data. However, a corrélation function could always be idémiﬁed as

‘spurious’ when its amplitude and temporal variation were invariant under changes in
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dye concentration, spot size etc. When the instrumental difficulties were eliminated we
began to observe correlation data that varied systematically as the sample conditions were
changed.

The following characteristics of the correlation functions in figure 18 indicate that
the data do represent DNA translation. (1) As the size of the spot, w, and the number
of molecules in the beam, N = wmw?LC, increase the amplitude of the correlation
f_ unction falls and the time constant, rp, grows. This qualitative observation can be
made quantitative in the following fashion. If the data behave as predicted by equations

3-7 and 3-8 we anticipate that the product rp x C(0) = 4“1’;0 X ,“ﬁi)zc = ug);o + will

be independent of the illuminated area of sample. Therefore if the x and y axes for each
of the individual correlation functions in ﬁgui’é 18 are rescaled by C(0) (i.e. plot g((’;
vs. rC(0)) the resulting curves should superimpose.(8) The rescaled data are displayed
in figure 19. It is apparent that a universal curve is obtained from this procedure. (2)
The signal to noise is cléarly govémcd by light intensity; as the spot size increases and
the intensity at the sample decreases the scatter in the correlation data gr;)ws (all other
experimental variables are equal). Sinze in these studies nf < 1 this sort of variation
in noise with light intensity is consistent with our previous statement that the magnitude
of nB governs signal to noise in a fluctuation expeﬁmeﬁt (3) The time constants are
independent of laser power, therefore, dye bleaching was not the origin of correlation
decay. |

7.4.2 Diffusion Coefficient of PBR and 18mer

There are several ways to extract a translational diffusion coefficient from the FCS

data. If the beam waist is known Dy is easily determined from relationship 3-7b. The
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Gaussian waist can be measured quite accurately by translating a knife edge in front
of the laser light.(19) The value of wp for our fluorescence set-up was found in this _
manncf to be 0.75um. The PBR timé constant when the lens was positioned so as to
produce the minimal illuminated area was approximately 83 milliseconds (see table 1).

We find Do = 3 ':{)5823 =17+04x1078 ?:: . The error in this number was determined

from an analysis of multiple experiments. In the case of the oligomer there was more
scatter in the data; the diffusion coefficient was found to be Dg = 20 +£ 9 x 10“89;:‘—:.
Both of these values for Dy are in reasonable agreement with diffusion coefficients that

have been measured for similarly sized DNA’s using light scattering and sedimentation

techniques.(11=13) Note also that the above values for Do must reflect DNA motion

because the diffusion coefficient of an ethidium molecule is ~ 10~ ‘;”e‘: .

Alternatively it has been shown by Sorcher and Klein that measurement of 75 as a
function of spot size will yield Do.(*4) This approach was used to measure the diffusion
coefficient of ethidium bromide-labeled SV40 DNA. The value of D, obtained from this
method (for SV40) is in good agreement with that reported here for the similarly sized

PBR molecule.
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Figure 16
Plot of the temporal variation in the fluorescence emitted by the fluorophore
acriflavine in the absence (curve B) and presence (curve A) of Na2S>04 (0.02 Molar).
405 nanometer light from a 200 watt Hg-lamp was focused onto the sample through a 100x
objective. Note the very éubstantia.l reduction in the rate of irreversible photobleaching of
| the dye. This Na,S204 associated inhibition of bleaching has been reported for a large
number of important dyes including the DNA stains ethidium and acridine (see table).

Adapted from Reference 2.
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Figure 17

Optical apparatus used in the autocorrelation and photobleaching experiments. The
light source is a Lexel argon-ion laser. The interlock shutter is a safety feature. The beam
is spatially filtered to remove high frequency noise from the TEMgq Gaussian intensity
‘proﬁle. The light is then split into bleach and probe beams. The intensity of the two
beams can be independently adjusted (reduced) at the attenuator. A mechanical shutter
is placed in the path of each beam and will block or pass the light as desired. "The bleach
and probe light is then recombined at a second ‘beam-splitter.’

The photodiode monitors variation in the inteﬁsity of the exciiation beam. The
pin-hole blocks stray light. A lens of focal length =30 cm can be translated along the
optic axis. A-t_ one position of the lens the size of the lase;' spot at the ‘infocus’ sample
is minimized. As the lens is moved from this position the illuminated region of the
‘infocus’ sample grows.

Finally the beam is steered into a standard epi-illumination microscope set-up. A
dichroic mirror reflects the exciting laser light down towards the sample and passes
the longer wavelength fluorescence on towa;'d the p’hototube. The mirror-also serves
to block scattered laser light. An image plane aperturg restricts the effective sample
length over which fluorescence is collected. The fluorescence signal is then incident on

a photomultiplier tube. Electronic processing then proceeds as described in section 7.2.
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Figure 18
Autocorrelation data obtained from a solution of PBR 322 in TE buffer (100£2). The
unit of time along the x axis is 1 millisecond. The three fluctuation measurements were
made for different positions of the lens L and hence éorrcspond to diffusion in spots of
distinct radii; w. The correlation function 18a was obtained when the lens was positioned
so as to produce the smallest illuminated area in the focal plane of the objective. The
data displayed in 18b and 18c correspond to progressively larger beam spots. Note that‘
(z) does not change as the lens is moved and, therefore, we do not explicitly distinguish

between C(r) and the normalized autocorrelation function C(7) = %’Q
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Figure 18b
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Figure 18¢
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Table 1
Tabulated best-fit amplitudes and time constants for the correlatdon functions

displayed in figure 18.

minimasl spot intermediate spot large spot
Amplitude = 4.9 2.9 1.16
C(0)
Time Constant | 83 milliseconds 121 milliseconds 367 milliseconds
=%p

CO) x T 407 | 3’1 426




113
Figure 19

Rescaled versions of the PBR correlation functions displayed in figure 18. The
circles, triangles and crosses correspond to data sets 18a, 18b and 18c respectively. The
scaled ordinate is g ;); the abscissa is 7 x C(0). The three scaled curves superimpose

indicaﬁng that the data in figure 18 follow relationships 3-7 and 3-8.
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Chapter 8
Condusions
In conclusion we summarize the fluorescence data and its dynamic interpretation.
Extensions of this work will also be considcred. |
8.1 Experimental Results
The data obtained in the steady state ﬁuoresccnce depolarization and photobleaching
experiments demonstrate that photolysed ethidium monoazide/DNA complexes exhibit -
nanosecond and microsecond internal motions. The temporal and spatial extent of the
very fastest components of DNA reorientation can be inferred from the depolarization -
data. An effective angular amplitude, «, for the motion of the complex during the lifetime
of the excited state can be extracted from the- sfcady state anisotropy r (see sccﬁon 3.1)
by invoking the relationship(t)

3(cos?a) - 1
2

I -

1'H=1'0[

Here r( is the limiting anisotropy of the molecules in a very viscous solution. The
anisotropy and polarization (see section 5.2) are equivalent quantities and are related to

one another through the expression(1)

3_P° (8-2) |

- The steady state polarization of photolysed azide/DNA complexes in dilute buffer .
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solutions was found to be 0.32. The conespcgnding values for the anisotropy and angular
amplitude were calculated from equations 8-1 and 8-2; the values are 0.24 and 26 degrees
respectively. We note in p;ssing that the displacement o0 = 26 degrees is derived from
calf thymus data; however, the extent of fast local motion in DNA is not ckpcctcd to
vary extensively for different types of the nucleic acid. It is highly probable that small
amplit\;de torsional oscillations of the DNA backbone, such as those postulated to exist
in ethidium bromide/DNA systeins, are responsible for the fast, partial depolarization

observed in the steady state polarization experiments.

We now move beyond the t;mpoml resolution of the fluorescence depolarization
technique and examine microsecond DNA reorientation as revealed in this FPR work. In
the FPR experiments described hcre, the bleach pulse was 10 usec long. Therefore, we
could not resolve rotational motions which relax in less than 10 micmscconds.b It was -
possible, however, to calculate an approximate ‘wobble’ amplitude for motion during the
bleach phase of the FPR experiment. For the large molecule phage Lambda we found
that the DNA reoriented in a cone of half angle @ = 70 degrees during the period
encompassing the bleach and the reopening of the phototube. Fast torsional oscillations
of the helix backbone and some of the fmaller amplitude: normal mode deforﬁxaﬁons of

the DNA molecule are most likely responsible for the relaxaﬁon detected in this time

regime.

In the FPR experiments we could resolve still longer lived components of Lambda
reorientation. The temporal characteristics of slow DNA rotation were revealed in the

rate of decay of the bleach-induced anisotropy in the angﬁlar distribution of dye. It was
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possible, in these first experiments, to detect Lambda motions that relax characteristically
within 120 usec after bleaching the samiale. Bending deformations of the polymer
(modes 20 and higher) contribute substantially to this longest resolved component of
DNA reorientation. Note that both the empirical Callis-Davidson formula (see equation
2.1) and the Rouse-Zimm/Hearst-Harris expressions 2-9, 6-3 predict the existence of still
moré slowly relaxing deformations and/or Brdwnian rotations; these motions were not

detected here.

Finally, rates of translational diffusion can also reveal interesting features about
the size, shape and .environment of biomolecules. In this work we report fluctuation
measurements of translational diffusion coefficients of a covalently labeled plasmid PBR
322 (Do = 1.7 x 10782 and an oligomeric DNA (Do ~ 10~7<Z). The data are
in agreement with results obtained in earlier ﬂubréscence correlation experiments that
utilized intercaléting _dyes. This FCS approach should prove particularly useful when it

is desired selectively to monitor the motion of one species of molecule immersed in a

| complicated multicomponent biological system.
8.2 Potential for Future Work

We have utilized fluorescence spectroscopy to map out a wide spectrum of DNA
rotational a.nd translational »motions. A number of interesting extensions of this work
can be considered. As the resolution of the polarized FPR method improves‘ it should
be possible, with this technique, to follow the temporal evolution of an even broader
range of DNA reorientational motions. As mentioned previously, angular correlation

measurements hold the potential for revealing new and interesting characteristics of
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microsecond and millisecond macromolecular rotation. Finally, a number of important
biological systems, such as the RNA polymerase-DNA complex, await investigation with

the experimental tools and theoretical concepts discussed here.
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Appendix 1

Deﬁmtion of Equation 3-6.

Throughout this mathcrﬁatical discussion the polarizations of the parallel and
perpendicular mode bleaching beams will define the directions of the laboratory z and y
axes. The polarization of the probe beam must then be parallel to z. (Note that thesé
choices for the dirccﬁon of the bleach and probe beam polarizatibn are not the same as
the convention established in chapter 3 or Appendix 3. However, we- make this change
so that all angular variables can be interpreted as spherical polar coordinates). In our
experimental configuration onlyv the z component of the fluorescence is passed to the
_ photomultiplier. |

" Consider an absorption dipole that wobbles in a cone of half angle a during the
bleach pulse and the first (10 usec) interval over which excitation counts are collected.
The cone is centered on an axis whose polar and azimuthal angles 1n the laboratory frame
are 0¢ and ¢¢ (see figure 6). The orientation of the absorption moment (not the cone) is
time dependent and will be denoted by (4,4).

We analyze the effect of wobble on the initial ratio in the ‘weak’ bleach limit. The
probability that the dye molecule is bleached by z polarized light is then proportional to
thé ensemble average of cos? @ over the wobble cone. Similarly the probability that the

fluorophore is bleached by y polarized light is proportional to (sin? 8 sin? ). Moreover,
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if it is assumed that the average orientation of the transition moment does not change
significantly as the phototubé reopens and the first set of observation counts is collected,
the excitation of the dye molecule by the probe beam is also proportional to the average of
cos? 8 over the bleach cone. Finally énly the z component of the fluorescence is actually
passed to the photomultiplier; therefore the detection geometry will also inu-oduce a
factor of {cos?8) into the expression for the fluorescence signal. (We assume here that
the absorption and emission moments are parallel). The problem is, then, to evaluate
{cos? 6) and (sin?4 sin? ¢) and to determine what effect these quantities have on the
initial ratio.

It is most convenient to compute the required expectation values in a coordinate
system whose z axis is along the average position of the transition moment (6o, ¢o). It
is necessary, therefore, to establish the relationship between the coordinates of a point in
the laboratory and wobble frarﬁes. The laboratory axes are coincident with the wobble
axes after a counterclockwise rotation through an éngle %E + ¢o about the laboratory z
axls, this first rotation is then followed by a cognterclockwise rotation of 2w — 8, about
the new x axis. Thus the coordinates of a vector relative to the molecular (primed) axes
are related to the components of the vector in the laboratory (unprimed) frame by the

matrix equation (1)

T singdg cosdgcosby sinbgcosdo z’ :
y|=| —cos¢o cosbpsingg sinfgsindo v . (41 -1)
z 0 —stnfg cosfg 2z '

We require the quantities (sin? 8 sin? ¢) = ((¥£)?) and (cos? 6) = ((Z)?). Hereris
just the conventional radial polar coordinate of a point. The transformation equation Al-1

can be used to rewrite these expectation values in terms of primed (wobble) coordinates.
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‘We have

z=—sinboy’ + cosfyz’ (A1 -2)

and

y = — cos ¢poT’ + cos bp sin doy’ + sin by sin po2’. (A1-13)

Moreover, if (8’,¢') specifies the orientation of the transition moment in the molecular

frame

' =rsinb cosd’; y =rsinbd’sing’; z=rcost'. (A1 —4)

After substitution of the relationships Al1-4 into equations A1-2.and A1l-3 the resulting

expressions for z and y can be used to demonstrate that
(sin20 sin? ¢) = cos®$o(sin26' cos® ¢') + cos? Oy sin® $o(sin? 8’ sin? ¢')

+ stn? 8o sin? do(cos® 8') — cos ¢o cos by sin po(sin? @' cos ¢’ sin ¢")

— stn 0 sin o cos do{sin 8’ cos 8’ cos ') + cos b sin B sin? o(cos 8 sin b’ sin ¢')
(41— 5)
and
(cos? 0)' = sin? 00‘($in2 8" sin® ¢') + cos? By {cos? 8")
—2sin 8q cos 8o(sin 0’ sin ¢’ cos 8'). (A1—6)
The simplification achieved by the transformation into the molecular frame is now
evident. Evaluation of éxpressions Al-5 and A1-6 simply requires computation of the

ensemble average of functions of molecule-referenced angular variables. These averages

will be the same for all transition dipoles; if the expectation values were evaluated in the
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laboratory frame the answers would, of course, depend ori the average orientation of the
wobble axis.

- The expectation values are easily evaluated analytically for the case we consider i.e.
the uniform motion model. In this case it is clear that the amount of time spent in a
small area dn' about (¢’, &') is simply proportional to the area d€2’. Hence the averages
in equations AI;S and A1-6 are calculated as integrals over dQ}’ = sin6'd8’d¢’. The
probability of finding Aa dipole with a given orientation is normalized to the total area of
the cone. The limits of integration are simply 0 < §’ < ¢ and 0 < ¢i < 2. The last
three terms in expression Al-5 and the final .integml in A1-6 all vanish when qS" ranges
from O to 2zr. After explicit evaluation of the nonzero integrals it can be shown that

. . 1 1
(sin? 6 sin® ¢ — -?:) +3 (41 -17)

osa+1)
2

(sin? 0 sin? ¢) = cosofe

and

1
3

cos acosa + 1)
. 6

(cos?8) = (3cos? 8y —- 1) + (A1-8)

We now use these uniformly avemgcd angular quantities to compute the initial ratio
as a function of wobble angle. Recall that R(0) is defined as

- 1- £0

R(0) = = .
(0) Fo——F"(O) 1_ﬂF(o_°)

The quantity %,{91 .is given by (suppressing common factors) the following expression
(see below for rationale)

Fi(0) _ 2% [T(1 — fa(sin?8 sin? $))(cos? 6)2 sin Bodfoddo
Fo 02" Jo ((cos? 8)2 sin 65dfodéo) ’

(A1 - 10)

Here fgp is a bleach parameter that is proportional to the intensity of the incident laser

light. (An analogous expression for 551.%9) can be obtained from the relationship above



126
by replacing sin @ sin ¢ by cosd). The first term in equation A1-10 is proportional to
the number of fluorescent molecules with average orientation (8, ¢o) at the end of the
bleach period. The second and third angular averages (written together as {cos? 0.)2 in
A1-10) reflect the probability of exciting a wobbling dye molecule with polarized probe
light and the contribution of the z component of the fluorescence to the measured signal.

The last step in the calculation involves inserting the expressions for the wobble
averaged angular quantities imo the equations for % and % and then computing the
integrals over 6o and do. Equatioh A1-9 can then be used to find R(0) as a function of

o,
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Appendix 2

The Stochastic Operator Method
Suppose, a general stochastic quantity of interest, X(t), is governed by some evolution
equation
dX(t |
—?(l = eO(t) X(t). (A2-1)
‘Here, epsilon is a small parameter and O(t) is some operator. It is possible to expand

X(t) as

X() = Y ér ). (42 - 2)

Here, the f*(t) are stochastic operators that satisfy (f*(t)) = 0. The mean value of X(t)

will satisfy some non-stochastic differential equation of the form

HXE) _ i
_—dt_ = D EQ)X (1)) (A2 - 3)

Here the QF(t) are non-stochastic: they are equal to their average.
One may find expressions for the 01¢(¢) by substituting the power series for X(t) and
{X(t)) into the basic evolution equation for X(t) and then equating powers of epsilon.

The general expressions for the expansion coefficients in terms of integrals over the

operator O(t) are given in reference 1 of chapter 4. It is shown that

a'(t) = (0(r)) (42 - 4)
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22() = | (0(0(2) ~ (OW)XO(:hets. (42-5)

The expressions for the higher expansion coefficients Q(t) are more complicated
functions of the operator O(t), but in general the Q(t) are expressible in terms of integrals
over ensemble averaged products of O(t). The Q(t) are evaluated for a specified O(t). -
Once the 1*(t) are determined the equation of motion for (X (t)) may be integrated to

find the ensemble avérage of X(v).
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Appendix 3

Derivation of Equation 6-1.

'An exact calculation of the maximal temperature rise in a three dimensional
_absorbing sample that is illuminated with light having a diverging Gaussian intensity
| profile is complicated. Therefore in this analysis of thermal cffccts we make two
approximations both of which will lead to an overestimate of the maximal bleached
induced temperature increase. First, the divergence of the beam is neglected. Second,
we compute an approximate AT given by the product of the initial rate of temperature

increase multiplied by the length of the bleach pulse.
The temperature distribution is governed by the inhomogeneous diffusion equation

A(7¢)

Cpp

___aTg, i kV3T(7t) = (43-1)

In equation (A3-1) A(rt) is the power per unit volume deposited by the laser beam at

point  at time t and « is the thermal diffusivity of the medium. If the heat source has a

nondiverging Gaussian intensity profile A(F,t)=4EGE ezp(=2 ’) Here r is the standard
4] (4]
radial cylindrical distance of point 7 from the position of maximal light intensity.
We compute the temperature profile by integrating the three dimensional free space

Green’s function of equation A3-1 over the inhomogeneous term A(7t). The Green’s
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function of (A3-1) is

1 —(F— )2

G(F—ri,t—t er t>t
* )= o Pl =y
GF-rt—t)=0 t<t. - (43-2)
Hence the solution of (A3-1) may be written
~ ¢ 1 WValla (rl t’)
T(0,t)= | dt' [ &r’G(0—#,t —t) 2 (43 —3)
0 Cpp )

For our particular choice of A(7t) equation A3-3 reads

70 —B/ dt'/ dz/ [47rlc(t—t’)] [4r,(i :,)2 J ezp( 2:2) |

(43 ~ 4)
where B_:_:gf_}:‘, If we make the change of variable 8 = \/W it follows that
- 4xB ©o ﬂ ’2ﬂ2
T(0,t) = ~——= d, d dr' =
©) [47m]‘;‘ -3 ﬁ/ z/ r'r’ ezpl—r’ (4n+ 2)] p( 4k )-
(43 —5)

The goal is to detcrmiﬁc the bleach iﬁduced temperature rise, AT, at the position
of maximal beam intensity (r=0). The following approximate relationship holds AT =
ST At where 4L is the rate of temperature increase at t=0 and r=0; At is the length of
the bleach. The derivative of the temperature with respect to time may be determined

from the chain rule. It follows that

daT 1 _; 4nB
t7 3

o0
bl ' —r'2 Z)]e 3-6
Z =2 Tt e dz' / dr'r ea:p[ r (4K.t wg)] e (A )
Evaluation of the integral over r’ yields the following expression
o0
i _ nBt~3 (47m) H / dz'—; - (43 -17)
dt —o 3 + o
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Finally we compute the integral over z’ and find

(A3 —8)

Note that the rate of temperature increase at r=0 is maximal at t=0. An upper bound

for the bleach induced temperature rise is therefore

9.2¢CP

AT = 2BAt = ==
TWHCpP

At. (43 -9)

More precisely the following explicit expression for T'(0,¢) holds

2.3¢eCP 8t
In(l1+ —). -
27Kepp n{l+ wd ) (43 - 10)

T(0,t) =

Equation A3-9 is merely the short time limit of (A3-10).

[ 2]
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