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Abstract

The primary focus of the research presented here is the characterization of diffusion using
Fluorescence Correlation Spectroscopy (FCS). To understand the nature of the
anomalous diffusion observed in living systems, we characterized diffusion in complex in
vitro systems including the diffusion of proteins, random-coil polymers, or dyes in
crowded random-coil polymer solutions and the diffusion of polymer beads in agarose
gels. Anomalous diffusion is defined where the mean-square-displacement follows a
power law in time, <r(1)> o 1%, with & 1. We observed that diffusion of proteins in
dextran solutions is subdiffusive (& < 1) where « decreases with increasing dextran
concentration and molecular weight until it reaches a limit value of &~ 3/4. Because
subdiffusion implies a length-scale dependent diffusion coetficient, observations were
performed at multiple length-scales (0.2 — 1.5 um) which allow two complementary
methods of determining o from the power law relationship between the length-scale and
the diffusion time and from the width of the decay of correlation data at each length-
scale. We report the first direct observations of subdiffusion using these two methods.
For example, for the diffusion of polymer beads in 1.4% agarose gels, the value of
obtained from correlation decays increases from 0.82 to 0.97 as the observation volume is
increased, while the diffusion power law yields @ =0.92. The results are explained as a
cross-over effect between two diffusive behaviors, and the significance of such cross-
over behavior for live cells observations is discussed. The second focus of this thesis is
the characterization of the temperature dependence of fluorescent protein blinking and the
application of that dependence as a molecular thermometer. We demonstrate applications
of this thermometer in microliter samples, including the calibration of sample
temperature when using a temperature-controlled water immersion objective and to
measure the sample’s spatial temperature gradient.
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1. Introduction

The characterization of diffusion in complex media is of great interest to biophysics and
is the primary focus of the research presented in this thesis. The study of diffusion in
complex in vitro systems is used in order to shed light on biological processes involving
diffusion in vivo and experimental characterization of diffusion of tracers in cells is often
performed to probe the local cellular environment. This thesis presents studies
characterizing diffusion with interest in the phenomenon of anomalous, or length-scale
dependent, diffusion of proteins and other polymers. The second focus of this thesis is
the characterization of the temperature dependence of fluorescent protein blinking and the
application of that dependence as a means to measure local temperature in smal] samples
where conventional methods cannot be used. In both cases, the research was conducted
experimentally through Fluorescence Correlation Spectroscopy (FCS), a widely used
technique in biophysics and biochemistry that relies on the measurement of small
fluctuations away from the thermodynamic equilibrium. The studies presented in this
thesis, although carried out in order to explain phenomena of interest in biophysics, are
also relevant to other fields: the diffusion studies are of interest to polymer scientists and
the application of photophysical blinking is expected to be useful in microfluidics.

This introductory section (§1) seeks to provide sufficient theoretical and experimental
background material so that the summary of research (§2) and the manuscripts (§4) may
be understood by biophysicists who may not be familiar with FCS, diffusion, or
photophysical properties of fluorescent proteins. First, there is a background discussion
of diffusion. A description of basic diffusion theory is provided as background for
understanding the nature of a class of phenomena called anomalous diffusion (§1.1).
This part includes a derivation of Fick’s law which leads to the diffusion equation
(§1.1.1) followed by a discussion of the Stokes-Einstein equation (§1.1.2). Then a brief
discussion of a simple random walk model shows the equivalence of discrete random
walks and continuous diffusion (§1.1.3). Finally, the anomalous diffusion is presented to
model complex behaviors where Brownian theory is insufficient (§1.1.4).

Second, the theory is followed by a description of the importance of diffusion for the
study of biological systems (§1.2). A brief discussion of the role and importance of
diffusion in biological systems is presented (§1.2.1). A brief literature review of the
application of diffusion as a probe of cellular environments (§1.2.2) is followed by a
summary of complex diffusion behaviors that have actually been observed in live cells
(§1.2.3). The observations of complex diffusion in live cells will thus demonstrate a need
for studies of diffusion in complex in vitro systems to understand diffusion in live cells
(§1.2.4).

Since Fluorescence Correlation Spectroscopy (FCS) and the experimental methods used
to observe diffusion in live cells are based on the principle of fluorescence, the third
introductory section describes the basic properties of fluorescence and the photophysics
of fluorescent proteins which are widely used as in vivo tags to proteins of interest (§1.3).
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Specifically, the basic concept of fluorescence as a quantum mechanical phenomenon is
described (§1.3.1), followed by complications and limitations to observing fluorescence
fluctuations such as non-fluorescent triplet states (§1.3.2) and photobleaching (§1.3.3).
Having discussed fluorescence is general terms, then there is a more specific description
of the properties of green fluorescent protein and various blinking phenomenon observed
in fluorescent proteins (§1.3.4).

Finally, the last introductory section will describe FCS and the other fluorescence based
methods which are used by biophysicists to observe diffusion via fluorescence (§1.4).
Fluorescence Correlation Spectroscopy is given the most attention with detailed
descriptions of the theory of FCS (§1.4.1) and of the FCS experimental apparatus used in
the research presented in this thesis (§1.4.2). Only brief descriptions of the other methods
which are used to observe diffusion will be given, including Fluorescence Recovery After
Photobleaching and Particle Tracking (§1.4.3) with particular attention to their strengths
and limitations compared to FCS.
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1.1. Theory of Diffusion

In 1822, Joseph Fourier introduced the heat conduction equation (1), and soon afterwards
in 1827, Robert Brown discovered the phenomena now called “Brownian motion” when
he observed random movements of pollen grains under a microscope (2, 3). Fourier’s
work lead to the diffusion equation derived by A. Fick 1855 (4), while C. Weiner in 1863
gave an explanation for the Brownian motion based on the kinetic theory which was
supported by experiments by Gouy. A decade later, Boltzmann published his transport
equation in 1872 to describe collision processes which provided the basis for the
atomistic random walk approach to Brownian motion. Finally in 1905, Albert Einstein
unified the previous theories, and showed how observation of random walks can be used
to connect microscopic dynamics of atoms colliding with larger particles and
macroscopic observables like the diffusion coefficient and Avogadro’s number (5).

This section gives some of the basic theoretical background describing diffusion. We
start by deriving Fick’s Law and the diffusion equation and show how this leads to the
mean-square-displacement of particles growing proportionally to time, which is a
characteristic of Brownian motion (§1.1.1). Second, we derive the Stokes-Einstein
equation to demonstrate how the diffusion coefficient is related to the hydrodynamic
radius, absolute temperature, viscosity, and Boltzmann’s constant (§1.1.2). Further, we
consider a simple random walk to show how random walk models leads to the same time-
dependence of the mean-square-displacement is achieved as is found using Fick’s law
and the diffusion equation (§1.1.3). Finally, we discuss more complex systems where
non-Brownian motion is observed and we discuss several models of diffusion which led
to a particular type of non-Brownian motion called anomalous diffusion (§1.1.4).
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1.1.1. Fick’s Law, the Continuity Equation, and the Diffusion Equation

Fick’s Law states that the number flux of particles is proportional to the spatial
concentration gradient, where the proportionality constant is the negative of the diffusion
coefticient. To derive Fick’s law, suppose there is a non-uniform concentration
distribution, C(x) in the direction x, and a series of planes equally spaced by a distance /
perpendicular to x, as in Figure 1.1.1-A (see reference (6)).

Figure (1.1.1-A). Illustration of a non-uniform concentration distribution, C(x) in the
direction x, and a series of equally spaced planes, P, P, P, Pi2s, by a distance /
perpendicular to x.

The ideal gas theory of statistical physics specifies that the mean contribution of the
translational kinetic energy of a single particle which is free to move in the x direction is

given by mv_\,z /2 =kT/2, where m is the particle’s mass, & is the Boltzmann constant and
T'is the absolute temperature. Therefore between collisions, each particle has a root-

will collide with other particles and scatter, erasing the memory of the particle’s previous
direction and therefore the average velocity <vx> = 0. The average distance between

collisions is called the mean free path, /, and we let the average time between collisions
be At. If we denote the number of particles between planes P, and P..; as N, -, then the
net number of particles crossing plane P, in time A¢, denoted N,(f) is:

N(O=3(N o =N (1.1.1-1)
For particles diffusing in liquid media, the mean free path is very small due to the
presence of a high density of solvent molecules. Therefore if we let the distance between
planes become very small we consider the continuous limit where we may replace / with
dx to denote an infinitesimal spatial increment. Further, we denote where N(x,7) as the
number of particles between x and x — dx at time ¢, and by analogy with Equation 1.1.1-1,
we write the net number of particles crossing a plane located between x and x — dx during
the time interval As:

T(N(x—dx)=N(x))=—5 1L N(x). (1.1.1-2)
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If we denote A4 as the area of the plane, then the number flux, j(x), of particles across the
plane is then:

L —UINW
X)=—"7-""2"-—
J(x) A
Since the concentration of particles, C(x), is the number of particles divided by the
volume, then N(x) = 4-1- C(x), and the flux becomes:

J(x)==L12/ At C(x). (1.1.1-4)

Defining the diffusion coefficient, D, as 1/°/ At , then we have Fick’s Law for one

(1.1.1-3)

dimension:
j(x):—DiC(x). (1.1.1-5)
dx

Using similar arguments for 3-D diffusion, Fick’s Law may be written thus:

J =-DVC(7,1). (1.1.1-6)
Fick’s Law as given in Equation 1.1.1-6 is valid for isotropic media in which the structure
and diffusion properties at 7 are the same in all directions. But where the medium is
more complex, Fick’s law may fail to describe diffusion in the system (7).

We can derive the continuity equation independently from Fick's law by simply
considering the development of the system shown in Figure 1.1.1-A over time, that is, the
change in N(x) over an infinitesimal time step dt. If we assume that the only phenomenon
contributing to the change in the number, N(x.t), of particles over time located between
two arbitrary planes in space located at x and x + dx, is the flux, j(x.t), of particles through
planes located at x and x + dx, then:

ZN(x,0) = A-(j(x0) = j(x+dx.t)). (1.1.1-7)
SN | (lx+det) - j(x.0)
=— . (1.1.1-8)
A-l {
Then we arrive at the continuity equation for one dimension:
5, 8
—C(x,t)y =—— j(x,8). 1.1.1-9
5 Cx ) ™ Jj(x.0) ( )
Using similar arguments for 3-D diffusion, one may write the continuity equation thus:
o .. T
5C(r,z‘) =-V.j({7.1). (1.1.1-10)

The continuity equation given in Equation 1.1.1-10 states that the change in particle
concentration at a given time is equal in magnitude to the gradient of the particle flux. In
other words, the change in number of particles at a given volume is attributed only to
particles diffusing to and from that volume, or matter is conserved in this system.
Therefore the continuity equation is general not just for isotropic media but for any
system where particles do not undergo conversion to energy or to another particle
species. Therefore if there is a change in number of species due to chemical reactions,
the continuity equation does not apply and the change in C(¥,¢) over time will also

depend on the reaction rates and concentrations of the reactants and products.
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Substituting Fick’s law (Equation 1.1.1-6) into the continuity equation (Equation 1.1.1-
10) yields the diffusion equation:

% = DVC(7.1). (1.1.1-11)
Consider the non-equilibrium situation where N particles are at the origin at time ¢ = 0,
then the diffusion equation describes how the system will relax to equilibrium over time.
The initial condition is lim C(7,1) = N&(7) and the boundary condition is lim C(7,1) = 0.

The solution to the diffusion equation is:
C(F,t):—Le_4Df. (1.1.1-12)

(47De)"*

C(7,1)/ N represents the probability to find a particle at position 7 at time ¢. Therefore,
the mean-square-displacement of a particle may be calculated thus:

(F@)= [ mﬁe'i&dv

) (1.1.1-13)
1 2 - ’ 2
= =47 | rie *? .y dr=6Dt
(471Dt)3/‘ f
For d-dimensions, the mean-square-displacement can be generalized, thus:
<r2(r)>=2th. (1.1.1-14)

The mean-square-displacement is proportional to time, the characteristic of normal
diffusion, or Brownian motion.
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1.1.2 The Stokes-Einstein Equation

The Stokes-Einstein equation relates the macroscopic quantities such as the diffusion
coefficient of a particle and solvent viscosity to microscopic quantities such as the
hydrodynamic radius of that particle and Boltzmann's constant. We present here a
simple justification of this relationship using arguments presented in (6), followed by an
outline of Einstien’s more rigorous derivation (5). Consider again a sphere having an

initial velocity ofv ; = +JkT/m due to its kinetic energy and a zero average
velocity, <V.m> =0, as discussed in the derivation of Fick's law (§1.1.1). Now consider
that the sphere moves in a stationary continuous viscous medium where it may scatter off

particles in the medium and assume that the scattering occurs at an average time interval
At. The distance traveled between each collision may be written:

Ax:vat—liAtz ) (1.1.2-1)
' 2m

Here fis the average force of friction that acts on the sphere between collisions due its
contact with the continuous viscous medium. Noting that{v}n) = 0, the magnitude of the

average change in position between collisions is:

1 £ ,
Ax) =2 At”. 1.1.2-2
[< >; 2m ¢ )
Now we can define the drift velocity, v,
Ax
v =u~—f—m=i. (1.1.2-3)

‘T At 2m ¢
Here we have also defined the viscous friction coefficient, ¢ =2m/ At . Since the relative
speed of the sphere and the medium determines the force of friction, the magnitude of
this frictional force is equal to the force exerted by a flowing viscous medium with
velocity v, on a stationary sphere suspended in the medium. Stokes demonstrated that the
force of viscous friction of a sphere of radius, R, in a steady state flow of velocity v of a
viscous medium with viscosity 77 flowing around the sphere is equal to (8, 9):

f =6znRv. (1.1.2-4)
From Equation 1.1.2-3 we can write the viscous friction coefficient for such a sphere as:
{ =6mnR. (1.1.2-5)

Now we note our definition of the diffusion coefficient used previously in the derivation
of Fick’s law (Equation 1.1.1-5 for 1 dimension): D = 1/% / At . Note also that \<Ax>\ is

not the same as /, since / was defined as/ = v_, - Az. Multiplying the diffusion coefficient

with the viscous friction coefficient results in a relation independent of the mean free path
or the time interval (6):

C'D‘zﬂ-ﬂ“(iJzin—<v 2>-m—kT (1.1.2-6)
At 2At \ At <0 ' o

Now using Equation 1.1.2-5 we arrive at the Stokes-Einstein equation for the diffusion
coefficient published by Einstein in 1905 (5):
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D:—k—T——. (1.1.2-7)
6717R

Einstein arrived at this expression through more rigorous thermodynamic considerations,
thus (5): Because Brownian motion is an entropic effect at thermodynamic equilibrium,
there is no change in free energy due to a small displacement, o, that is,0E — 765 = 0.,
where SE is the work done on suspended spheres by the medium during the displacement
through a constant force of friction fand &S is the corresponding change in entropy of the
system. If we consider the liquid medium to be bounded by planes at x = 0 and /, with
unit area of cross-section perpendicular to the x-axis, then we may write the change in
energy of the system thus:

OF = - [(Cfax)dx = Cf . (1.1.2-8)

Here the C is the concentration of spheres between x = 0 and /, and we sum the work

done on each particle due to its displacement, &. Then change in entropy may be
calculated thus:

! !
S = kj(cﬁ o‘xjdx :«kj(a—c&)dx _ %€ (129
; Ox s\ Ox Ox

Now using the condition for equilibrium, 6E — T6S = 0 we have:

—Cf+kTaTC—:O. (1.1.2-10)
ox

Equation 1.1.2-10 demonstrates that two processes counterbalance to produce the
equilibrium: movement under the force of friction (first term), and diffusion due to
thermal motion (second term). As noted above, the drift velocity equals f /<, and

therefore the flux of particles passing a unit area per unit of time may be written:

j(x):g—:—Diq. (1.1.2-11)

4 ox

Here we have used Fick’s law (Equation 1.1.1-6), and now Equation 1.1.2-11 may be
combined with Equation 1.1.2-10 which yields:

kT = D¢ . (1.1.2-12)
Equation 1.1.2-12 was obtained previously as Equation 1.1.2-6, and using the definition
of the viscous friction coefficient for a sphere in a uniform medium, we arrive again at
the Stokes-Einstein equation (Equation 1.1.2-7) which relates a particle’s diffusion
coefficient to its hydrodynamic radius, R. By monitoring the random walks of colloid
particles, one can use the Stokes-Einstein equation to measure Boltzmann’s constant (and
hence Avogadro’s number) and confirm that the macroscopic motion observed is in fact
due to the discontinuous, or atomistic, nature of matter (5). This theoretical prediction of
Einstein was one of his contributions to theoretical physics which earned him a Nobel
Prize in 1921 (his prize was awarded primarily due to his explanation of the photoelectric
effect), and Jean Baptiste Perrin carried out corresponding experimental observations of
random walks to estimate Avogadro’s number which contributed to his own Nobel Prize
in 1926.
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1.1.3 Random Walks

Having discussed basic diffusion theory in continuous media, a basic random walk model
is presented here which will demonstrate equivalence between diffusion theory and
random walk models (for more extensive discussions of diffusion and random walks see
(10, 11)). The principle of random walks is to allow a particle to take random steps
subject to various restrictions. Although one cannot predict the path of an individual
particle, by averaging over many possible paths, one may calculate quantities such as the
mean-square-displacement and the diffusion coefficient. The simplest 1-D random walk
is one in which a particle takes # steps each of length / over a time interval A¢z. Thus each
step adds £/ to the position. The average displacement over many paths is always 0,
since for every path where the displacement x at the nth step is x, , there is a symmetric

path where x = - x, , thus{x, ) = 0. But the mean-square-displacement is not trivial. It is

n’

calculated thus, where k, = +1:
(x,)= <(x,,_l Hh AP ) =(x, 0+ 2,2, A0 (11341

Since for every possible value of x__, there exists an equal number of paths where %, = +1

or -1, then <k X > =0, and:

nin=1

-1

(x,7) = {x, ") +17 (1.1.3-2)
Therefore each step adds /* to the mean-square-displacement. By induction,
(x,%)=nl. (1.1.3-3)
To convert this expression into a function of time, we let ¢ = nAt.
2 I’
(x )= =201 (1.1.3-4)

In a manner similar to the derivation of Fick's Law (Equation 1.1.1-6) given previously,
we have defined the diffusion coefficient as D = 1/* / At , although we have not proved

here in which sense these definitions may be considered identical. For three dimensions,
where each step consists of one step of £/ in each dimension, then

(720)=(x/ 0)+( O)+(z, ) =6Dt.  (1.1.3-5)
The mean-square-displacement of a discrete random walk obeys the same law as a mean-
square-displacement of particles in a continuous media governed by the diffusion
equation (see Equations 1.1.1-13 and 14), demonstrating that the discrete random walk
formulation is equivalent to the diffusion theory as outlined in §1.1.1. This provides a
basis for simple modeling of diffusion in continuous media through Monte Carlo
simulations of random walks (12-21). In these simulations, particles on a lattice move to
neighboring lattice points according to the rules and geometrical limitations established
for the system and the random number drawn for each particle at each step. The
simulation tracks the paths of a statistically significant number of particles in order to
calculate quantities such as the mean-square-displacement. In this manner, one may



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

avoid complex numerical calculations of diffusion in more complicated systems where it
may be difficult to set up and solve the appropriate equations to describe the diffusion.

10
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1.1.4. Non-Brownian Motion

Non-Brownian motion concerns cases where the mean-square-displacement is not simply
proportional to time. A simple case is a trapped particle which cannot diffuse outside an
accessible volume. The mean-square-displacement of the particle approaches a limit
value, that is, the radius of gyration of the accessible volume after the particle has had
sufficient time to explore this accessible volume (22). Various other factors may cause
the diffusion to deviate from Brownian behavior. One common form of non-Brownian
behavior is anomalous diffusion. Anomalous diffusion is defined by the power law
dependence of the mean-square-displacement on time, thus:

(r*@)=Tr". (1.14-1)

Here I is called the transport coefficient. When the diffusion is anomalous, it is possible
to define an apparent diffusion coefficient that is time-dependent, thus:

D) = Lt”"l . (1.1.4-2)
2n

Here # is the number of spatial dimensions of the system. Normal diffusion is recovered
where o is equal to 1. Where a < 1, the motion is called subdiffusive, and the motion is
called superdiffusive where oo > 1. Superdiffusion characterizes enhanced motion where
the apparent diffusion coefficient increases with time. A special type of superdiffusion,
called ballistic motion, occurs in a uniform flow where o = 2. With a combination of
ballistic behavior and Brownian motion, 2 > o > | can occur. Such superdiffusion has
been observed for tracer particles in two-dimensional flows in a rapidly rotating tank
where the flow consists of a chain of vortices sandwiched between two azimuthal jets
(23-26) where such superdiffusive motion is characterized by infrequent long jumps such
that the mean-squared step size is infinite. Such random walks are called Lévy flights
(27). In contrast, subdiffusion characterizes restricted motion where the apparent
diffusion coefficient decreases with time. Subdiffusion has been described theoretically
in fractal systems below the percolation threshold where tracers’ motions are limited by
obstacles over an infinite range of length scales (28-30), and has been observed in
complex systems where motion is restricted, many of which will be discussed here. In
this thesis, discussion of anomalous diffusion concerns subdiffusion where o < 1, unless
otherwise stated.

In the previous section, we discussed the case of a simple random walk that leads to
motion equivalent to the Brownian motion resulting from Fick’s law and the diffusion
equation. In contrast, the Continuous Time Random Walk model (CTRW) leads to
anomalous diffusion. In the CTRW model. the tracers move randomly as in the simple
random walk described above (§1.1.3), but the time between steps, A4, is not uniform.
Instead, if a particle follows a random walk on a regular lattice where the waiting-times

have a distribution, P(Ar), with long-time tails such as, P(Af) = a /(1+ AH)™* or P(Af) =
At~ the mean-square-displacement follows a power law in time at large times
<r2(t)> oc t* (31-34). In this manner, the CTRW model gives anomalous diffusion by

11
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invoking temporal complications in contrast to Lévy flights which give anomalous
diffusion by invoking spatial complications by having a distribution of step sizes. The
CTRW model can be used to simulate diffusion on a lattice of fixed binding sites where
the distribution of waiting times accounts for a wide range of binding strengths in the
lattice. This approach could be useful for modeling cellular environments where a broad
distribution of interactions may exist in a network of obstacles. In fact, it may be useful
to allow for both the spatial and time domains to be disordered, for example by modeling
a CTRW on a fractal lattice. Examples of systems that are disordered in both time and
space include transient flows through porous rocks, and percolation systems where the
strengths of interactions are randomly distributed (34).

A similar approach to modeling anomalous diffusion is to require the motion to be
characterized by a special class of stochastic (i.e. involving or containing random
variables) processes called fractional Brownian motion (fBm). FBm approaches allow
for the motion at each time step to be not completely random as Brownian motion is.
Brownian motion is a category of Markov processes where sufficiently distant samples of
these processes are independent, or in other words, the system has no memory, or the
memory is short-lived compared to the time-scale of interest. FBm’s have a memory
such that the process’s dependence on its distant history is not negligible. A fractional
Brownian motion is a process whose signal, denoted F(¢), that has the following three
properties (35-37): 1) the time-lag correlation of the process,

G(r) = <(F (t)-F(t+ 2'))2>/<F (t)>2 —1, decays asymptotically from a constant amplitude

as G(r) oc Const.— 1t ; 2) the variance v(¢) = ((F(t) - Ft+ r))2> scales as 7%; and 3) the

fractal dimension of F(¢), dy, is df =2 — /2, which refers to the self-similarity of the
signal itself at different time-scales.

FBm’s exist in a wide range of phenomenon. Business cycles can be modeled as an fBm
since cycles exist of all orders of magnitude (36). H. E. Hurst studied water flows in
rivers, including the Nile, and described its statistical properties (38) that led to the study
of fBm’s and their applications to design of water systems (references in (36)). Other
systems having the above three characteristics have been observed in physical systems
such as conductance fluctuations of quantum samples in solid-state physics (39-42), and
recently Weiss et al. searched for these characteristic in the fluorescence signal of
diffusing membrane proteins in the Golgi apparatus with some success and suggested that
the fBm be attributed to binding (37). In some cases, fBm models have been used to
simulate experimental observations of anomalous diffusion in cellular systems, where the
precise underlying physical cause of the anomalous diffusion is uncertain, in order to gain
insights into how such data should be modeled (15, 37).

Whereas CTRW models consider random walks with a singular distribution of waiting
times, and fBm approaches result from considerations of properties of stochastic
processes, fractional dynamics approaches consider solutions to deterministic equations
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which are then related to how stochastic processes evolve. Theories for fractional
dynamics approaches have recently been developed including generalized diffusion
theory with non-integer order calculus, i.e. fractional calculus, for the purpose of
describing transport dynamics in complex systems where anomalous diffusion appears
(43, 44). Whereas the diffusion equation (Equation 1.1.1-11) contains a second-order
derivative in space and a first-order derivative in time, the generalized space-time
fractional diffusion equation allows the derivative in time to be of order 0 to 1, and the
derivative in space to be of order 0 to 2. Such a generalized diffusion equation can be
derived from generalized Fick’s laws where particle flux is also governed by a fractional
derivatives (44). Such a model allows for a non-local relationship in space and time
between particle flux and the concentration and leads to various forms of anomalous
diffusion (subdiffusion, Lévy flights) depending on the order of the derivatives used.

Having discussed three theoretical approaches for modeling anomalous diffusion which
may be considered in abstraction without knowledge of an underlying physical process,
we will also discuss two physical models for anomalous diffusion which are biologically
relevant: obstruction and binding. For obstructed diffusion, tracers are hindered by the
physical presence of obstacles. Where obstacle concentrations are below the percolation
threshold, anomalous diffusion is observed over short distances or times, with a cross-
over to normal diffusion at large distances or times. As the concentration increases, the
anomalous effect becomes stronger over longer distances, while at the percolation
threshold the cross-over time becomes infinite (13). Percolation clusters have no
characteristic length scale and diffusion in such systems is anomalous at large times.
Anomalous diffusion due to this type of obstructed diffusion results in strongly
anomalous behavior (o = 0.697 to | for 2-D diffusion, and 0.526 to | for 3-D diffusion
(28, 30) (see Figure 1.1.4-A).

INERYSER)]

log (1)

Figure 1.1.4-A. Diagram of mean-square-displacements of particles obstructed by
obstacles described in the text: (/eft to right) Zero obstacle concentration (C = 0) gives &
= 1, higher concentration (0 < C < C,) shows anomalous diffusion (e.g. o = 0.8) at short
time and then crosses-over to normal diffusion at #*, and at the percolation limit (C' = C,)
the diffusion as anomalous at all times (a = 0.697, for 2-D diffusion). Compare results
from simulations in 2-D diffusion with obstacles in reference (13).
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A second biologically relevant example of a physical system which produces anomalous
diffusion is media where particles can bind to moving or fixed obstacles. Binding models
are similar to obstructed diffusion models except that the tracers may stick to the
obstacles. When tracers tend to bind to the obstacles. anomalous diffusion may also be
observed, depending on the conditions such as concentration, type of binding, and
whether the system is at thermal equilibrium (15). It is possible for diffusion to be
anomalous at all times given a suitable infinite hierarchy of binding sites, and for finite
hierarchies diffusion is anomalous at short times and normal at long times (16). In this
case “hierarchy of binding sites” refers to the distribution of the number of traps with the
trap depth. Deep traps are present but less common such that long times are required for
the system to reach equilibrium, and until the system reaches equilibrium, anomalous
diffusion will be observed. This model is of particular interest to biological systems,
where particles diffusing in search of a target binding site may encounter a distribution of
binding sites with varying similarity to the target, which may result in the anomalous
diffusion over the time or length scale of a typical experiment (16).

ag (AL}

fog (1)

Figure 1.1.4-B. Diagram of mean-square-displacements of particles exhibiting extended
cross-over behavior between two regimes where £ is the characteristic length-scale of the
system.

In most real physical systems, diffusion may be anomalous over a range of length scales
associated with the complicating phenomena such as the size of obstacles or
passageways. The obstructed diffusion model illustrates the importance of the
observation length scale for physical systems where there is a characteristic length scale,
& For particles having an initial distribution localized away from the obstacles, diffusion

will be normal for short times, i.e., for<r2 (t)> << &7, <r2 (t)> =6D,t . After the particles

have had plenty of time to encounter many obstacles, the diffusion is normal again but is
slower, and may be modeled as an isotropic media with higher effective viscosity, i.c.,

for <r2(r)> >> £72, <r2(t)> =6D,t, where D, < D,. In order to bridge these two
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behaviors, there will be a crossover regime where <r2 (r)> ~ &7 and <r2(t)> o t“ where

a <1 (see Figure 1.1.4-B). If the initial distribution is random, some of the particles will
already be in contact with the obstacles at r = 0, and therefore the short-time scale regime
where diffusion is normal might not be seen. Instead, simulations with tracers and
obstacles of the same shape with initial random distribution show that the diffusion is
initially anomalous until later time-scales where it becomes normal again (13). On the
other hand, simulations in gels show all three regimes, depending on the gel properties
and tracer size (22). Experimental systems such as gels, polymer networks and colloidal
systems have also been shown to have anomalous regimes with cross-over to normal
diffusion at larger times (45-49).
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1.2, Diffusion in Biological Systems

The nature of diffusion of proteins and other macromolecules in live cells is of great
interest to biophysics, and the studies of diffusion presented in this thesis contribute to
our knowledge of diffusion in such complex systems. First in this introductory section is
a brief discussion of the role and importance of diffusion in cells where the case of
diffusion-limited reactions is considered to highlight the importance of intracellular
diffusion (§1.2.1). But not only is diffusion of interest by itself, it is also frequently used
as a probe to understand the nature of living systems. Therefore we also discuss several
examples of insights into living systems which diffusion has brought as well as current
efforts to characterize the diffusion itself, with particular attention to reports of
anomalous diffusion (§1.2.2). Finally, since the approach taken in this thesis, namely, to
study the diffusion in complex in vitro systems in order to shed light on corresponding
phenomena in vivo, has been used by other research groups recently, this section closes
by discussing examples of these other experimental studies which demonstrate the need
for a more complete understanding of diffusion in complex systems such as are found in
cellular environments (§1.2.3).
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1.2.1 The Role and Importance of Diffusion in Biological Systems

Although some proteins such as kinesin are motor proteins which specialize in actively
transporting cargo along intracellular highways composed of microtubules, diffusion is
the predominant form of intracellular transport. This fact is not surprising, considering
that diffusion is an entropic effect which costs no energy, in contrast to active transport
which consumes chemical energy stored in molecules such as ATP which compose a
cell’s energy currency (6). When a protein must search the entire volume of a cell to find
its target, diffusion will be slower than active transport, but in such a case, a cell’s small
size ensures that a protein can do so in a reasonable amount of time. For example, a
protein with a diffusion coefficient, D equal to 10 pm?/s in a cell 10 um in diameter will

on average explore the cell in atime r= 1.7 s, i.e., \/<r2(t)> =+v6Dt =10 um. Once a

protein is synthesized, it may rely on diffusion to reach another location in the cell in
order to perform its function, and therefore many processes rely on proteins which
undergo diffusion (e.g. gene expression, see (50)). Further, it has been shown that
diffusion may play a more significant regulatory role in various cellular functions,
including functions as important as signal transduction (51, 52), self-assembly of
supramolecular structures (53), gene transcription (54), kinetics of reaction (55),
embryogenesis (56), or regulation of cell polarization (37).

All of these functions involve diffusion of chemically reacting components, and therefore
these systems will be limited by the rate of diffusion. Thus understanding the diffusion
of reactants in various cellular environments is a prerequisite to understanding diffusion-
limited reactions. A general model for these systems is a set of coupled differential
equations with contributions from diffusion and reaction terms. For example a simple
two-state reaction with diffusion is described thus:

a%cl(m) =DVC,(7.0) = k,C,(F.) + k,C,(F,2)  (1.2.1-1)

a%cz (Fot) = D,VCL(F ) = b, Cy (Fo 1) + K, G, (Fot) . (1.2.1-2)

Here 2 C (7,t) is the rate of change of the concentration of the ith species at position 7

and k; and £; are rates of conversion to states | and 2 respectively, and D; and D; are the
diffusion coefficients. In many cases of reacting systems, it is often convenient to use a
mean-field approach in which spatial fluctuations in concentration due to the diffusion
are deemed to be negligible. In such cases Smoluchowski’s mass action laws are used,
and the diffusion terms are dropped while replacing the real rates of conversion with
effective reaction rates (58). These mass action laws are based on several assumptions
which break down in complex cellular environments, particularly that diffusion rates are
constant over all length scales, an assumption underlying Fick's law. For proper analysis
of such systems, it is necessary to know the nature of the diffusion. For example, the
classical Michaelis—Menten formalism for enzyme reactions does not apply if the
diffusion is anomalous, and one simulation study shows that reactions rates can actually
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increase due to a decreased probability of reactants escaping each other after collisions
(59). A second simulation study shows that the resulting kinetics are dependent on the
time scale in a fractal manner and the substrate and the product can segregate spatially,
leading to a hypothesis that anomalous diffusion contributes to self-organization in
cellular membranes (55). Patterns which spontaneously arise out of systems with
diffusing reactants, called Turing patterns, have been studied in detail (60-62). Recently,
a theoretical study has demonstrated through numerical calculations that subdiffusion of
reactants at low concentrations, i.e., where the effect of number fluctuations cannot be
neglected, can produce Turing patterns, and thus suggests that subdiffusion plays a role in
cellular phenomena such as cell division and formation of membrane domains such as
rafts while the patterns may change over the various stages in the cell’s life cycle (61).
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1.2.2 Observations of Diffusion in Live Cells

As discussed above, diffusion of proteins and other biomacromolecules is important to
the functioning of many processes in cells and is therefore worthy of attention. But not
only is it of interest by itself, it is also frequently used as a probe to understand the nature
of living systems (15, 19, 20, 37, 50, 63-80). Studies which observe protein diffusion in
living cells do not separate investigation into the diffusion itself from investigation into
the local environment of those proteins. Some studies achieve some separation of these
inquiries by observing diffusion in complex in vitro systems of known composition and
these will be discussed in the next section (§1.2.3). Here in this section we discuss
several examples of insights into living systems which diffusion has brought, often
through the observation of non-Brownian behavior. This is followed by a discussion of
current efforts to characterize the diffusion itself, with particular attention to reports of
anomalous diffusion.

First, diffusion yields information about the size and oligomeric state of tracers.
According to the Stokes-Einstein equation (Equation 1.1.2-7), diffusion coefficients in
water are inversely proportional to the hydrodynamic radius of the tracer. Although the
interpretation of the diffusion coefficient to determine the size of cellular particles in a
more complex environment is more difficult, current research into the size-dependence of
the diffusion of objects embedded in membranes seeks to make these measurements more
precise (81). Second, the mean-square-displacement data as a function of time can also
be used to calculate linear viscoelastic properties including viscous and elastic shear
moduli over a wide frequency range (82). This approach has been applied to determine
these characteristics in HeLa, THLE, and HepG2 cells by measuring the anomalous
diffusion of gold particles in the nucleus and cytoplasm for which values of ¢ in the
range 0.5-0.7 were found (68).

An exhaustive discussion of the studies of diffusion in cellular environments and the
insights contributed by these studies is not possible in the space of this thesis. Instead, a
selection of interesting examples is discussed, including a study in which the
characteristics of the diffusion were in fact a surprise to the researchers and led to a quite
specitic insight into the nature of the system. First, we note that characterization of
diffusion in membranes is a common tool to probe membrane organization (15, 19, 20,
71-80). For example, Wawrezinieck et al. studied the diffusion of lipids in monophasic
Giant Unilamellar Vesicles and in the plasma membranes of COS-7 cells (77-79). These
studies emphasized the importance of the diffusion law, that is, the dependence of the
mean-square-displacement on time, which may have a non-zero intercept as illustrated in
Figure 1.2.2-A. More precisely, they looked at the dependence of the characteristic
diffusion time, tp, on the square of the radius of the FCS observation volume, wo- and
showed that in these systems 1, may have a non-zero intercept (see §1.4.1, FCS Theory,
for the meaning of T and wy?). The time-intercept indicates non-Brownian behavior
(compare with Equation 1.1.1-13 which has no intercept). According to the simulations
in these studies, diffusion among isolated microdomains results in a positive time-
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intercept, and diffusion hindered by a meshwork results in a negative time-intercept (79).
In this manner, consideration of the diffusion laws of multiple tracers including lipids,
transmembrane proteins, and anchored proteins were characterized to show that both
lipid-dependent microdomains and cytoskeleton-mediated meshwork contribute to the
compartmentalization of the membrane (77).
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Figure 1.2.2-A. Diagram of the mean-square-displacement as a function of time for free
diffusion (#, = 0), diffusion in microdomains (¢ > 0), and diffusion in a meshwork (¢y <
0). Compare reference (79).

Diffusion of macromolecules outside membranes in cytoplasmic or nucleoplasmic
environments has also been studied (37, 50, 63, 65, 67-70). In one study where neuron
dendrites were loaded with one species of labeled dextrans, it came as a surprise that the
FCS analysis suggested that the labeled species had subdivided in two with greatly
ditferent diffusion coefficients (69). Further investigation lead to the further
development of confined diffusion models for FCS to include the case of anisotropic
diffusion. It was found that anisotropic diffusion in the dendrites due to the intradentritic
microtubular network could explain this anomaly. Specifically, the orientation of the
microtubules parallel to the axis of the dendrite likely causes the anisotropic diffusion, as
the network should obstruct transverse diffusion while allowing freer movement for
longitudinal diffusion (69).

As an example of insights obtained through the study of diffusion in cytoplasmic
environments, Single Particle Tracking experiments have recently shown the diffusion of
messenger RNA molecules inside live E. coli to be subdiffusive (50). Because the
anomalous exponent o changes little when the cytoskeleton is disrupted, this study
suggests that macromolecular crowding plays the major role in anomalous diffusion
rather than entanglement in the cytoskeletal network, and proposes that the need for
reevaluating diffusion-limited intracellular kinetics may be greater than previously
expected. In fact, anomalous diffusion of transcription factors may explain how
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transcription factors which are expressed close to the target site may find their targets
faster than is predicted based on simple diffusion models (50).

As an example of insights gained through study of diffusion of subcellular organelles, a
Single Particle Tracking study of the mobility of Cajal bodies (CBs) characterize the
diffusion to determine whether the mobility is active or passive, and to detect interactions
between CBs and their local environment (67). CBs are subnuclear organelles located
amongst the chromatin in the nucleus in order to assist with various operations on the
DNA such as splicing and transcription. This study found that the diffusion of a majority
of CBs was limited by some form of a constraint or tether, produced by some factor that
is closely associated with the chromatin, and that the CBs associated and dissociated from
the tether. In these cases, the diffusion was anomalous at short time scales and normal at
longer time scales. The insights gleaned from study of the diffusion of CB’s suggested
that a function of the CB is to aid assembly and delivery of large macromolecular
complexes to active transcription sites.

Now having discussed several examples of insights into living systems which observation
of non-Brownian diffusion behavior has brought, we focus on the nature of the diffusion
itself and current efforts to characterize it in specific cases. Studies of diffusion of
macromolecules in vivo frequently show diffusion data which is not easy to explain.
Mobility studies in live cells report widely disparate data: the diffusion coefficients of
macromolecules in cells are found to lie anywhere between 0 and 80% of their value in
aqueous solution (63, 83-90) reflecting the fact that the observed reduction in mobility
depends on many variables. A tracer's mobility depends not only on which cell type
(89), or on which cell (85), but on which position inside the cell (65) is selected for the
study. The relative mobility of a tracer in a cell compared to an aqueous solution has
been shown to decrease with increasing size of the diffusing particles (70, 84, 87). The
propensity of a protein to interact with other cytoplasmic macromolecules will also affect
the mobility (91). Also, results may depend on the technique used (89). In one of the
few Single Particle Tracking studies where tracer proteins were tracked in the
nucleoplasm and cytoplasm, the mean-square-displacement could not be observed over
multiple orders of magnitude of time, but apparent diffusion coefficients could be
determined at the observation time-scale. The results showed that the distribution of
diffusion coefficients was too broad to correspond to a simple viscous fluid (18),
suggesting that some form of non-Brownian diffusion was present.

Some of the complexity of the diffusion behavior in live cells and modeling it properly
comes from geometrical constraints which may be unknown to the observer. For
example, the presence of a membrane which constrains the diffusion will alter the
behavior of the diffusion. The case where confining membranes, which are fixed in
shape, bound the volume has been described such that if the geometry of the bounding
membranes are known, the FCS diffusion times can be interpreted correctly (92). For the
case where a soft fluctuating membrane is present in or near the observation volume, it
has been shown through an in vitro study that FCS data may appear anomalous but the

21

~



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

diffusion time is misinterpreted by the usual model for anomalous diffusion (93). Monte
Carlo simulations of diffusion measured by FRAP experiments where the geometrical
constraints resembled specific organelle structures (a long closed cylinder containing
fixed obstacles for a mitochondria, and a network of interconnected cylinders for an
endoplasmic reticulum) show that the apparent diffusion coefficients do depend on the
specific geometry, and the diffusion may appear anomalous due to the geometry (17).

Geometrical considerations are not enough to explain all the observations in live cells.
The existence of anomalous diffusion in these systems where the diffusion coefficient is
length scale-dependent due to a wide-range of physical obstruction, may explain some of
the disparate data. Indeed, there have been several reports of anomalous diffusion of
proteins (or complexes of proteins) observed unambiguously in membranes through
particle tracking methods: lipoprotein receptor in human skin fibroblasts, @ = 0.2 - 0.9
(94, 95), IgE receptor FceRl in rat basophilic leukemia cells (96), gold-labeled Thy-1 in
fibroblasts, &= 0.42 — 0.58 (97), neural cell adhesion molecules (NCAM-180) in 3T3
cells, #=0.51 and o= 0.29 (98), and the class | major histocompatibility complex in
HeLa cells, = 0.49 (99). Single particle tracking has the advantage of observing the
mean-square-displacement directly without a model-dependence. Studies using
Fluorescence Recovery After Photobleaching (FRAP) (66) and Fluorescence Correlation
Spectroscopy (FCS) (73, 100) have also reported anomalous diffusion of proteins in
membranes in live cells.

For 3-D diffusion in the cytoplasmic environments such as the cytoplasm, nucleoplasm,
and subcellular organelles, diffusion is faster and much more difficult to characterize
through particle tracking methods, but however a few such studies have been done using
particle tracking (50, 101), FCS (63, 65, 68), FRAP (102), and pulse-field gradient spin-
echolH NMR (103). Some of these studies (50, 63, 65, 68, 101) report anomalous
diffusion and suggest that macro-molecular crowding is a significant factor in the
anomalous diffusion observed: lipid granules in SV80 cell cytoplasm, o= 0.75 (101),
mRNA molecules in E. coli cytoplasm o = 0.7 (50), labeled dextrans, o= 0.59 — 0.84,
and FITC-labeled 1gG antibody &= 0.55 in the cytoplasm of HeLa cells in interphase
(63), EGFP, @ = 0.7 — 1, and EGFP-b-galactosidase fusion protein, &= 0.63 — 1, in the
cytoplasm and nucleus in AT-1 and COS-7 cells (65), fluorescently tagged gold beads in
the cytoplasm and nucleus of Hel.a, THLE, and HepG2 cells, = 0.48 — 0.69, depending
on osmotic pressure. To test whether crowding by the macromolecules in environments
such as the cytoplasm and nucleus contributes to complex ditfusion behavior, one group
used in vivo FRAP measurements to measure the diffusion of green fluorescent protein in
E. coli and to directly study the effect of the volume fraction of macromolecules by
adjusting the osmotic pressure of the bufter (102). While this study did not allow for the
possibility of anomalous diffusion in its data analysis, the authors concluded that simple
diffusion models are not sufficient to explain either the diffusion coefficients measured or
the dispersion in the measurements taken in different cells, but they were not able to
distinguish between possible causes such as binding, crowding or confinement.
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1.2.3 Complex In Vitro Systems as a Model for Cellular Diffusion

Given the complexity and highly heterogeneous composition of cellular environments, it
is advisable to isolate causes for various diffusive behaviors by studying controlled in
vitro systems. The etfects of various factors, such as macromolecular crowding, binding,
trapping in polymer networks, or the composition of membrane domains, can then be
studied separately and compared to in vivo studies to shed light on the corresponding
phenomena in live cells. One focus of the research in this thesis is to understand
diffusion in controlled in vitro systems, such as the diffusion of proteins in polymer
solutions or of beads in agarose gels. Therefore in this section, a brief discussion of
diffusion in model membranes, polymer networks and crowded solutions which aid our
understanding of cellular diffusion is presented.

One focus of current research is to characterize the diffusion of lipids, proteins and
protein complexes in membranes to understand the structural composition of and
transport processes in membranes. Biomembranes are complex environments with
transmembrane proteins, receptor complexes, lipid rafts and domains. Therefore they are
often replaced by simpler systems for in vitro study such as two-phase artificial
membranes as well as for simulations (12, 15, 19, 20, 55, 72, 73, 75, 76, 104-107).
Observations of transport in the membranes of live cells show different types of motion
including normal diffusion, anomalous diffusion, directed flow with diffusion, and
corralled motion. How to relate these observations to various models for membrane
structure is not well understood (75, 105). But we do know that the type of motion
depends on the geometry of the system and obstacles such as coexisting domains. Hac ef
al. point out that with coexisting fluid and gel domains in an artificial membrane, the
diffusion will be dependent on whether the concentration of gel domains (which can be
considered obstacles in some cases) has reached the percolation threshold, and since the
size and shape of the domains fluctuate, the time-scale of the diffusion will also fluctuate
(19). This may explain in part the wide range of time-scales for diffusion reported in the
literature in such systems. It has been suggested that experimental observations where
the fluorescence recovery after photobleaching due to diftusion in the liquid phase is slow
or incomplete (71, 76, 108) may be explained by percolating gel domains (108). Indeed,
a Monte Carlo simulation study where membranes were modeled as self-similar
percolating clusters has successfully showed that the anomalous diffusion which results
from obstruction is consistent with the this hypothesis (15).

The study of diffusion in polymer networks in vitro has been shown to be quite relevant
to corresponding networks i/n vivo. The cytoskeleton is largely composed of networks of
filamentous actin (F-actin) and microtubules. Particle tracking of beads attached to
microtubules shows that at short times the motion of the point under observation follows
a subdiftusive power law where the mean-square-displacement of the filament scales as
" before reaching a limit determined by the finite length of the filament, a result which
matches the theoretical description (109). Likewise, it was shown both experimentally in
F-actin networks, and in theory, that the mean-square-displacement of beads also scales
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as " when the beads are not attached to the filaments but are appropriately sized to be
caged by the network such that the diffusion of the beads are dominated by the thermal
motions of the filaments (47). The same observation was made in a recent study of the
diffusion of microspheres in collagen, in which an average value of o = 0.78 was recently
reported (110). Measurements showing that force is required to twist beads in
cytoplasmic networks suggest that strong coupling of the beads to the filaments is a
realistic hypothesis for comparison to cellular observations, see for example (111). These
in vitro observations are helpful in explaining the anomalous diffusion of beads observed
by particle tracking in cytoskeletons in vivo (101). In this case, there is superdiffusion at
short times, <r(1)> ~ % where ar= 3/2. The superdiffusion is explained by the effect of
motor proteins. At longer times, the motion is subdiffusive where 0.5 < « <I, which is
explained by the coupling to the thermal motions of the filaments.

As discussed previously (§1.2.2), some in vivo studies suggest that macromolecular
crowding plays a significant role in anomalous diffusion observed in cell cytoplasm (50,
63, 65, 68, 101, 103), while others show that it is not the exclusive cause (102). In order
to understand the contribution of macromolecular crowding to in vivo diffusion, many
studies have used crowded in vitro solutions as models for nucleoplasmic and
cytoplasmic environments (103, 112-117). Of these, DNA solutions are compared to the
nucleoplasmic environment (115, 116), while sol-gels (113), dextran solutions (113),
Ficoll-70 solutions (114) and cell extracts are compared to the cytoplasm (117). Most in
vitro studies confirm that macromolecular crowding is a crucial factor in determining a
particle’s mobility, but few such studies have investigated the possibility that the
diffusion coefficient of proteins in crowded solutions may be length-scale dependent, that
is, whether the diffusion of proteins may be anomalous only due to crowding in solution.
Therefore research presented in this thesis includes two papers which first have sought to
determine whether the anomalous diffusion model applies to the diffusion of proteins in
crowded dextran solutions observed by FCS (§2.2.1), and then to observation it directly
by modifying conventional FCS to achieve varying observation length scales (§2.2.2).
As is discussed in the summaries of this research and in the manuscripts, we successfully
reproduce anomalous diffusion repotted in various cellular systems which demonstrates
that macromolecular crowding is indeed a significant factor in contributing to the
anomalous diffusion observed in the cell cytoplasm and nucleus. Further, we
demonstrate that we can observe the length-scale dependence of the correlation data
which cannot be explained by normal diffusion. We suggest that a cross-over
interpretation of the length-scale dependence of the diffusion is possible, and this
explanation may be applied to some of the observations of anomalous diffusion in vivo
where the cross-over regime could be quite broad.
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1.3. Fluorescence and Photophysies

Fluorescence combined with modern technologies for the manipulation of light and
precise time and space resolution for collection of fluorescence has provided many useful
techniques for the study of biological systems (118-120) including Fluorescence
Correlation Spectroscopy (FCS) (121-125), Fluorescence Intensity Distribution Analysis
(126-128), Fluorescence Recovery After Photobleaching (129-131), Fluorescence
Lifetime Imaging Microscopy (121, 122, 132), Fluorescence Microscopy (133-138),
Fluorescence Resonance Energy Transfer Imaging Microscopy (132, 139), Single Particle
Tracking (129, 140, 141), and Single Molecule High Resolution Imaging Microscopy
with Photobleaching (142). Fluorescence experimental methods are widely used by
biochemists and biophysicists to study a wide range of biological phenomena, from
small-scale processes such as the rates of conformational changes of single RNA
molecules (143) to whole-cell distributions of the locations of protein complexes (144).
Fluorescence methods are well established (FCS was developed in the 1970°s) while
improvements and variations on existing methods are still being published (79, 145-151).
Fluorescence methods have the advantage of allowing the separation of the fluorescence
signal from the excitation leading to very high signal-to-noise ratios, making single
molecule studies possible. Modern technological developments in optics including
improved laser sources, fluorescence probes, and automation of processes such as
confocal imaging in commercial instruments have made fluorescence methods a mature
technology such that these techniques can now be used by biologists and biochemists
even without advanced knowledge of the physics and technology involved. Significantly,
the discovery and development of fluorescent proteins which can be expressed by cells
without greatly perturbing the system has greatly increased the ease and appeal of
performing fluorescence-based experiments on live cells. Due to the fundamental
importance to the understanding of fluorescence methods, a brief description of
fluorescence is presented here with particular attention to aspects relevant to FCS.
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1.3.1 Quantum Mechanical Basis of Fluorescence

Fluorescence is defined as “the emission of photons by atoms or molecules whose
electrons are transiently stimulated to a higher excitation state by radiant energy from an
outside source” (152). When a large molecule is labeled with a dye or naturally contains
a chemical subunit that fluoresces, the chemical moiety responsible for the fluorescence
is called the fluorophore (152).
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Figure 1.3.1-A. A Jablonski diagram illustrating the energy levels of a fluorophore in
order of increasing energy from bottom to top. The arrows indicate transitions between
energy states.

The concept of fluorescence may be illustrated using a Jablonski diagram which shows
energy levels and sublevels of a fluorophore in order of increasing energy from bottom to
top (see Figure 1.3.1-A). The arrows indicate possible transitions between energy states
of an electron in the fluorophore. The fluorescence cycle involves the absorption of an
excitation photon and emission of a lower energy fluorescence photon. For example in a
typical fluorophore, an electron in the ground state, Sy, absorbs a photon that excites it to
the first excited state, S;. More precisely, the ground state and excited state S; may
consist of several states closer in energy. Some energy of the electron in the excited state
can be converted into other forms (for example, vibrational modes of the fluorophore),
while leaving the electron in the first excited state, but in a lower sub-level. Then finally
the electron relaxes back to a sublevel in the ground state, emitting a fluorescence photon
of lower energy than the absorption photon. Since fluorescence is a function of the
interaction of light with matter via discrete energy levels, fluorescence is clearly a
quantum mechanical phenomenon.
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Figure 1.3.1-B. Left panel: Schematic of typical absorption (black) and emission (gray)
spectra of a fluorescent dye showing the Stokes shift between the absorption peak and the
emission peak. Right panel. Absorption (open symbols) and emission (closed symbols)
spectra of Alexa Fluor 488 goat anti—-mouse IgG antibody in pH 8.0 buffer. The data are
provided by Invitrogen http://probes.invitrogen.com/servlets/spectra?fileid=11001ph8
and are normalized to show the spectral similarity.
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The difference in energy corresponds to a difference in wavelength, since the energy of a
photon is E = hc/ A, where h is Planck’s constant, ¢ is the speed of light in a vacuum, and
A is the wavelength of the photon. The difference in wavelength between the excitation
photon and the fluorescence photon is called the “Stokes shift,” named after the Irish
physicist George G. Stokes. The Stokes shift may range from a few nanometers to
several hundred. A typical dye such as fluorescein has a Stokes shift of about 20 nm
which is sufficient for modern dichroic mirrors and band-pass filters to easily distinguish
emission photons from excitation photons.

If there were a single pathway for excitation and fluorescence emission where the energy
levels were entirely discrete, we would expect there to be a single fluorescence
wavelength for a single absorption wavelength. [nstead, there is a spectrum of absorption
and a spectrum of emission for every fluorophore (see Figure 1.3.1-B). The excitation-
emission cycle is not a single pathway due to the existence of many energy sub-levels
due, for example, to the existence of small differences between vibration states of the
fluorophore. Each energy sub-level will vary in lifetime, and before the electron returns
to the ground state, some energy may be converted from vibrational energy to forms other
than radiation. These factors result in a range of fluorescence emission around a peak
value. The Stokes shift is then determined by the difference between the peak absorption
wavelength and the peak emission wavelength.
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1.3.2. Photophysics of Intersystem Crossing (“Triplet-Singlet” Transitions)

In addition to fluorescence decay, there are other decay pathways including internal
conversion, where the energy is released as heat instead of a photon, and intersystem
crossing, where a transition (forbidden by first-order quantum selection rules) occurs
from a singlet excited state to a triplet excited state (see Figure 1.3.1-A). The triplet state
is long-lived (often ~1-10 ps) compared to typical fluorescence lifetimes (often ~1-10
ns). Any photons emitted in the decay from the triplet state are typically lower in energy
than the fluorescence photons and eliminated through the use of emission filters.
Therefore the triplet state typically appears completely dark to the experimentalist. Once
the photon returns to the ground state, the molecule can begin the fluorescence cycle
anew, and therefore fluorescent molecules which were “off” while in the triplet state will
again be “on” for a period of time before returning to the triplet state. This cycle results
in “triplet state blinking” where the excited fluorophore does not give a constant
fluorescent signal, but flickers instead.

For many imaging applications, the flickering is too fast to have a significant effect on
the experiment. To an experimentalist using Fluorescence Correlation Spectroscopy
(FCS), this blinking of fluorophores due to intersystem crossing is both an observable
phenomena sometimes of interest and a complication sometimes of annoyance. Under
typical FCS conditions, fluorescent dyes often have 5-30% or more of the fluorophores in
the illumination volume in the “off” state at any given time, while the fluorophore cycles
between the on and off states with an average time of a few microseconds. The effect of
triplet state blinking is frequently observed by FCS as a major component of the
correlation data on the microsecond time scale (see §1.4 for FCS theory and experimental
description), which makes it difficult to observe phenomena which create correlations at
the same time scale. On the other hand, FCS is an excellent tool to study the kinetics of
intersystem crossing itself under various conditions (153, 154). Since the process is
entirely reversible, the triplet-singlet transition may be modeled as a simple two-state
unimolecular isomerization reaction (see FCS theory, §1.4.1, Equation 1.4.1-35). The
kinetics of intersystem crossing are sensitive to the local environment of the molecule and
to the photon flux of excitation light. Factors that contribute to the chemical environment
such as solvent polarity, viscosity, and presence of quenching agents (oxygen, potassium
iodide), which are known to influence the kinetics of fluorescence overall, also have
effects on the kinetics of singlet-triplet transitions (154).
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1.3.3. Photophysics of Photobleaching

Photobleaching is a process whereby fluorophores lose their ability to fluoresce. It
affects all known fluorophores with the possible exception of quantum dots.
Photobleaching is a complex process that does not follow a unified mechanism and it is
not entirely understood (146, 155-159). A common photobleaching pathway involves
first a transition to the first triplet state which is much more reactive than the singlet
ground state, and much more likely to react than the singlet excited state because the
singlet excited state is very short-lived. Molecular oxygen, O», is a common reactive
agent that may react with a fluorophore in the excited triplet state, thereby destroying it
ability to fluoresce and creating a free radical singlet oxygen molecule that can further
damage molecules in the sample. In contrast to the foregoing and as an example of the
complicated behavior of photobleaching, it has been reported that the triplet state is not a
major factor in the photobleaching observed when using two-photon excitation where the
fluorophore is excited by two photons, rather than one, each having half of the excitation
energy (158). Further, studies on rhodamine dye (Rh6G) suggest that for excitation laser
intensities commonly used (>1 kW/cm?), models which allow for photobleaching from
higher excited state populations are required to explain the observations (157, 159).

Fluorescence methods rely on collected high numbers of fluorescence photons from a
sample. But the longer one illuminates a fluorophore endeavoring to increase the
collected fluorescence photons, the more chance that it will photobleach. Similarly, one
cannot have an arbitrarily high excitation intensity due to photobleaching. Both the
excitation intensity and how long fluorophores are illuminated are key parameters.
Slowly diffusing particles will absorb more photons than faster particles during one
passage through the observation volume. Therefore photobleaching becomes a more
severe problem as the speed of the tracer decreases or if the tracer is immobilized. The
effects of photobleaching on an experiment are also determined by the number of
particles in the sample. In a small volume such as a cell where the number of copies of a
tracer may be quite limited, photobleaching often places stringent limits on the
observations which may be conducted from a single cell. Further, even when the
observation volume is a part of an open bath of fluorophores, photobleaching is often a
serious problem. For particle tracking methods, photobleaching of the fluorophore limits
the length of time each particle can be tracked. In FCS, the diffusion coefficient is
measured from the amount of time particles spend in the observation volume. Because a
tracer is no longer detected when it photobleaches, a bleached tracer appears to have left
the observation volume, thus creating an apparent reduction in the time spent in the
volume and causing the diffusion coefficient to be overestimated.

Often the best means of preventing photobleaching is to reduce the excitation intensity to
low levels where photobleaching is infrequent, but this is done at the cost of lowering the
fluorescence signal itself. Some other methods to prevent photobleaching involve
replacement of oxygen with nitrogen or oxygen scavengers (158) or fast scanning of the
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excitation beam (in the case of techniques that use a focus laser such as confocal
microscopy and FCS) (146).
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1.3.4. Fluorescent Proteins and Photophysics of Fluorescent Proteins

Fluorescent proteins are biological sources of fluorescence. Fluorescent proteins are of
great interest to biochemists and biophysicists because cells can be manipulated to
express them as a tag on a protein of interest without any need for traumatic approaches
such as microinjection of foreign molecules (160, 161). The most commonly used
fluorescent protein, green fluorescent protein (GFP), was discovered in 1962 when it was
extracted from bioluminescent cells from the jellyfish Adequorea victoria and was first
functionally expressed in bacteria in 1994 (161). The x-ray diffraction crystal structure
was published in 1996 (162) and is shown in Figure 1.3.4-A.

Figure 1.3.4-A. End-on (left) and side-on (right) views of a cartoon ribbon diagram of the
structure of green fluorescent protein (Protein Data Bank Entry |GFL).

GFP contains a fluorophore composed of a few amino acids in a central a-helix which is
surrounded by a cylindrical B-sheet structure. The (-sheet acts as a protective shield
around the fluorophore which is located in the central o-helix within angstroms of the
center of the cylinder. The fluorophore is formed by three amino acids (Ser-Tyr-Gly)
which are post-translationally modified to a fluorescent 4-(p-hydroxyybenzylidene)-
imidazolidin-5-one structure (161). The protective outer layer is a likely cause for GFP's
resistance to quenching by molecular oxygen. Many variations of GFP, including
enhanced green fluorescent protein (the most commonly used variant) have been derived
by modifying amino acids in the vicinity of the fluorophore or on the outer surface of the
protein which alter the absorption and emission spectra, quantum yield of fluorescence,
photostability, time to maturation, dimerization properties and many other properties
(163). Attempts to vary GFP have not resulted in a red fluorescent protein suitable for
use as a protein-tag, however, several monomeric red fluorescent proteins have been
developed from a red fluorescent protein (DsRed) cloned from Discosoma coral which
existed only in tetrameric form in nature (164, 165). These proteins have a variety of
emission colors to suit one’s taste, as illustrated by their fruity names: honeydew, banana,
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orange, tomato, tangerine, strawberry, and cherry. Many other fluorescent proteins
derived from a variety of different organisms are currently being investigated, and are
likely to add to the selection of fluorophores for genetic encoding in the near future.

Fluorescent proteins are known to have photophysical properties that few other
commonly used fluorophores have. For example, FCS measurements on wild-type Green
Fluorescent Protein (WtGFP) show the existence of five photophysical effects (166) due
to rotational diffusion, conformational fluctuations, triplet state kinetics, and two
photoinduced isomerization reactions. The probability of a fluorophore to absorb an
excitation photon and emit fluorescence depends on the orientation of its electric dipole
moment with respect to the optical axis and polarization of the excitation beam
(specifically, the absorption is minimized when the dipole is parallel to the optical axis)
(166). Therefore the specitic brightness of the fluorophore changes over time as the
fluorophore rotates. For small molecules such as fluorescein dye, the rate of rotational
diffusion is too fast for changes in specific brightness to be observable through typical
fluorescence experimental methods, including FCS. Similarly, the change in specific
brightness is not observable for many larger molecules labeled with dyes because of the
relative orientation of multiple labeling or the ability of the label to fluctuate in
orientation independently of the rest of the molecule. But since the change in specific
brightness of the fluorophore of GFP is observable on a 20 ns time-scale, we can deduce
that the fluorophore is fixed in orientation with respect to the rest of the molecule (166).

The photoinduced isomerization effects observed in wtGFP are consistent with a photo-
induced transition from a fluorescent state to a non-fluorescent state and a photo-induced
back-transition to the fluorescent state similar to that reported for cyanine dyes (167). A
cis-trans isomerization is a 180° rotation about a double bond where two chemical
moieties are aligned adjacent (cis) or opposite (trans) to each other (168). In the case of
cyanine, the frans state is much more fluorescent than cis state, giving rise to fluorescent
blinking of the fluorophore in a manner similar to the blinking effect of intersystem
crossing (singlet-triplet transitions, §1.3.2). But while cyanine dyes exhibit only one such
isomerization process, wtGFP apparently has two such processes which contribute to
fluorescent blinking. Including the above mentioned conformational fluctuations, the
nature of which is unknown, wtGFP has then four such blinking processes in total, only
one of which is common to most fluorophores, that is, intersystem crossing. These
blinking processes occur in the microsecond to low-millisecond time ranges (166).

The most commonly used fluorescent protein is enhanced green fluorescent protein
(EGFP). It contains several performance enhancing mutations which make it brighter and
more photostable than wtGFP. EGFP has been observed to have three blinking states
(169). In addition to the triplet state observable at high excitation intensities, EGFP
exhibits a pH-dependent blinking term and a pH-independent blinking term. The
characteristic decay time of the pH-dependent term decreases from 300 us to 45 ps from
pH 7 to pH 5. while the fraction of molecules in the nonfluorescent state may reach as
high as 80% at pH 5. The pH-dependent correlation is attributed to a reversible
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protonation-deprotonation reaction with protons in the buffer. EGFP’s absorption peak at
approximately 490 nm is greatly reduced by lowering the pH due to the high fraction of
protonated EGFP molecules with altered energy levels. This protonation-deprotonation
reaction is also sensitive to temperature. This sensitivity is most apparent at pH 5 and is
reflected in changes in the relaxation time and amplitude of the corresponding correlation
term. This sensitivity is the basis for the molecular thermometer proposed in this thesis
(8§2.2.3. §2.3.2). The pH-independent term was reported at 340 us with a fraction of 13%
nonfluorescent molecules. The mechanism for this term is unknown, but may be
associated with a similar protonation process with an internal proton rather than one from
the buffer.

Other unusual behaviors have been reported in other variations of GFP and fluorescent
protein not related to GFP. First, the yellow fluorescent protein (YFP) shows a
protonation-deprotonation interaction with the protons in the buffer similar to EGFP, but
also exhibits a photo-induced blinking process whose characteristic time varies from ~10
— 100 ps, according to one FCS study which suggested that the blinking is due to a
reversible transition between two molecular states which are only coupled through the
excited state of the fluorophore (170). Second, other GFP-variants proteins have been
designed to optimize the sensitivity of the fluorescent blinking due to the protonation-
deprotonation reaction on the pH of the buffer, thereby acting as pH sensors. For this
purpose, Ecliptic GFP and Ratiometric GFP show a greater pH sensitivity and suitability
at physiological pH than EGFP (171). Third, there is also a class of fluorescent proteins
including a number of GFP-variants which are photoactivatable (172), that is, they can be
“turned on” by illumination with violet or ultraviolet light, resulting in a change in
photophysical properties that greatly increases fluorescence (70-fold for PA-mRFP1).
One such mechanism for the photoactivation is due to structural changes in the
fluorophore where the chromophore transitions from a nonfluorescent trans-state to a
fluorescent stable cis-state (172).

In conclusion, fluorescent proteins often exhibit photophysical behaviors which are less
frequently seen in common dyes used for fluorescent experimental methods including
FCS. Since these photophysical behaviors are often sensitive to various effects such as
pH and temperature, observing the corresponding correlations via FCS is a useful probe
of the local environment of the protein. On the other hand, when these proteins are used
as in vivo protein tags to study other phenomena, the extra blinking behaviors represent
extra complications which must be modeled correctly to interpret the FCS data. Such
behaviors also represent complications for other techniques such as quantitative imaging
where fluorescence brightness is altered by excitation intensity-dependent or pH-
dependent blinking. A redeeming factor for the value of these proteins for in viveo FCS
studies is that the analysis is eased by the fact that much of the photophysics of
fluorescent proteins reported in the literature is on timescales much faster than the
diffusion of protein in cellular media.
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1.4. Fluorescence Correlation Spectroscopy and Other Fluorescence Experimental
Methods

The studies presented in this thesis used Fluorescence Correlation Spectroscopy (FCS) to
investigate diffusion and photophysical phenomena. Therefore detailed background
material concerning this method is presented here, both theoretical (§1.4.1) and
experimental (§1.4.2). The studies of diffusion are aimed at understanding diffusive
phenomena that occur in cells in order to provide insights into related biological
functions. Many studies of diffusion in cellular or model systems have been discussed
previously (§1.3) to provide context for this thesis. Many of those experiments employed
Particle Tracking methods or Fluorescence Recovery After Photobleaching to observe
diffusion. Each of those methods have advantages and limitations on their ability to
contribute to understanding diffusion in the cellular environment. Therefore, a brief
description of each of those methods has been included here as well, with attention to
those advantages and limitations (§1.4.3).
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1.4.1, Fluorescence Correlation Spectroscopy Theory

Fluorescence Correlation Spectroscopy (FCS) is an experimental method based on
temporal analysis of fluctuations in a fluorescence signal. FCS was invented by Douglas
Magde, Elliot Elson, and Watt W, Webb in the early 1970’s to study chemical reaction
rates and translational diffusion coefficients (173-175). In theory, FCS can be used to
observe the kinetics of any phenomenon that creates characteristic fluctuations about
equilibrium in a measurable fluorescence signal. FCS can determine reaction rates not
just when the reaction changes fluorescence intensity, but also when the diffusion
coefficients of the fluorescent reactant and product are significantly different (176).
Perhaps the most common usage of FCS is to characterize translational diffusion (37, 69,
73,79, 92, 124, 129, 147, 149, 177-184). FCS is also used to observe concentration
(185), rotational diffusion (186), active transport (187, 188), rates of conformational
changes (143, 189-191), and various photophysical phenomena such as intersystem
crossing between singlet and triplet states (153, 154), electron transfer quenching (192),
light-induced blinking (170), photoisomerization (166, 167), and photobleaching (156).

The crux of FCS is to determine the time-lag correlation of fluorescence signals both
experimentally and theoretically. The correlation of one signal with itself is called the
autocorrelation, while the correlation between two signals is called a crosscorrelation.
Experimentally, the time-lag correlation of the fluorescence signal is calculated using a
correlator card which is a hardware component specialized to perform the calculation
quickly using large amounts of fluorescence data. Correlator technology is sufficiently
advanced that the average experimentalist may perform FCS without knowledge of the
technical details of how the correlator card calculates the correlation data, although there
are some pitfalls to avoid. For example, when measuring oscillatory signals with a multi-
tau correlator, the oscillation in the correlation data will appear damped at large lag times
(193).

However, the theoretical basis of FCS is of great significance to the experimentalist. The
correlation data may be useless until it is fit to an appropriate model. Even in the simple
case of a single species of fluorescent dye diffusing in the sample, the form of the correct
model depends on the geometry of the observation volume and the presence of correlated
photophysics of the dye. The most common form of FCS uses a confocal microscope
resulting in a 3-D Gaussian observation volume. Other geometries occur with variations
of FCS such as the dual observation volume method (194), multi-photon excitation
methods (100, 118, 124), or Total Internal Reflection Fluorescence Microscopy (195-
198). The model has to be adjusted whenever there are additional complications such as
whether the diffusion has multiple interacting or non-interacting components, or has non-
Brownian behavior; whether the correlation of interest is a cross-correlation between
different fluorescence signals; or whether there are experimentally-induced correlations
due, for example, to a scanning excitation beam.
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Definition of the Autocorrelation Function for Fluorescence Signals
To denote the fluctuations in a quantity x about its average value<x> , we used the symbol

Swhere & = x—(x). The autocorrelation function, G(7), is defined in terms of the

fluorescence fluctuations, thus:
SF()OF(t +1
G(r)= (or E )> . (1.4.1-1)
(F)
F{(¢) is the fluorescence signal at time ¢, 5F(¢) is the fluctuation in F(¢) at time ¢, and the
angle brackets { > may denote either a time average or a thermodynamic average for

ergodic samples. Both ergodicity and stationarity, in the context of FCS imply that the
autocorrelation function should converge to a stable form with a long enough collection
time, and that form does not depend on the time at which the measurement is recorded.
Thus, to simplify the expression some authors set ¢ = 0 and write the definition thus:

Ny Y \
G(1) _ (PO (O)) . (1.4.1-2)

(F)’
Using the relationship F (1) =(F)+dF(t), and noting that(6F ) = 0, one may also express

the correlation function in terms of F(¢):
FOF(@+
G(r):M—l. (14.1-3)
(F)
An alternative correlation function may be defined thus:
F(OF(t+
6y (FOFC)
(F)’

Equation 1.4.1-1 is the correlation in the fluctuations of the fluorescence signal, in
contrast to Equation 1.4.1-4, which is the correlation in the fluorescence signal itself.
These functions differ only by the fact that the correlation in the fluorescence fluctuations
decays to 0 as ¢ approaches infinity, while the correlation in the fluorescence signal
approaches 1 instead. In this thesis, Equation 1.4.1-1 will be used as the definition of the
correlation function rather than Equation 1.4.1-4.

(1.4.1-4)

For typical FCS conditions, F(z) is determined by C(7,¢), the number density, i.e.
concentration, of the particles at time ¢ and at position 7 relative to the center of the
observation volume, by the spatial excitation intensity profile, / (7) the spatial extent of
the sample, and the spatial extent over which fluorescence is measured, as well as factors
affecting the specific brightness of the fluorophore such as absorption cross-section at the
excitation wavelength, quantum efficiency of the fluorophore. and fluorescence collection
efficiency of the experimental apparatus. This thesis will only discuss the case with
samples much larger than the extent of the optical transfer function, S(7 ) which describes
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the spatial collection efficiency of the confocal optics through the objective and pinhole.
In summary, we may write:

F(r):i jQi (1)-C.(7,0)- I(F)-S(FH)dV . (1.4.1-5)
1=l

where there are n fluorescent species, Q«(¢) is the proportionality constant which accounts
for the specific brightness of the ith species, and C (#,?) is the number density for the ith
species. The function w(7) accounts for the excitation profile /(7) and the optical
transfer function S(7) and is defined as

w(F)=1(F)S(F)/1,, (1.4.1-6)
where [, is the peak excitation intensity. Fluctuations may arise from changes in

brightness and concentration over time, but usually the excitation geometry is constant
over a measurement, that is, w(#)and /, are constant. Thus:

OF(t) = IOZ j“V(7)5(Qi (O)-C.F DV .  (14.1-7)
=1
The correlation function may now be expanded thus:

XX s 0.0l e )€ (s D)dvar”
G(r)= J=1 0=t 2 s
(Z [wieo-c (f,t)>dy]
We note that 5(Q, (1) - C.(7.1)) = Q.(¢)- 8C.(F.1) + 3Q, (1) - C.(F.1) , where second-order
fluctuations are neglected. This approximation is valid if 80, (1)C, (¥,¢) — 0, that is,

where the fluctuations are small and 80 () is not correlated with 6C (7,¢) , which is
usually the case. For the case of a single species of constant brightness, we may simplify
further:

”w(f')w(fxsaf, NSC(F' ¢ +7))dvVdV'

G(r) = <C>2 (J'W(F)dV)z

(1.4.1-9)

Interpreting the Correlation Amplitude and Effective Observation Volume
The average number (N > of particles in the observation volume over the period of

measurement is expected to conform to Poisson statistics, in which case the variance of N
equals the average of N. For the case where only one species exists in the sample, the
amplitude of the correlation function G(0) is interpreted thus:
2 2 2 2 2
G(O):<5FU2 >:<F > §F> :<N > <N> - ! . (L41-10)
(F) (F) (v )
Since G(0) is determined by the average number of particles in the observation volume,
and G(r)is expressed in terms of concentration, we can obtain an expression for the size
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of an effective observation volume, Vg = <C> /<N> . To do so, we note that the

correlation in the position of two particles infinitely distant is zero at any time.
Then lim <5C(F,0)§C(F ',r)> =0 and since the spatial correlation length of a particle

must be very small and Poisson statistics specify that the mean-square fluctuation of C in
a unit of volume is (C) (see (174)). then lirr01<5C(F,O)5C(?',0)> ={C)s(F—7"):

L [ CsE -mravay  [wEdy

G0y = ; = - 1.4.1-11)
O () [wrrav) () (jwrrar) (
Then:
([wmar}
eff:W' (1.4.1-12)

For confocal geometry, the radial excitation intensity profile for the fundamental laser
mode is a 2-D Gaussian, while the confocal pinhole filters out emission signals
originating out of the focal plane. In this case, w(¥) may be well approximated by an
overall 3-D Gaussian function (177, 199):

2Tt

wir)=e T e 7. (1.4.1-13)
The 3-D Gaussian geometry for the observation volume implies that the highest
probability for detecting fluorescence is for particles at the origin. Under typical
conditions, ry < zy and thus the probability of detection decays with distance from the
origin faster in the radial direction than the axial direction. Using this expression

for w(7), we may calculate ¥, using equation (1.4.1-12):

=, (1.4.1-14)

To interpret the effective volume, consider the case where the 3-D Gaussian profile is
replaced with an ellipsoidal step function where the fluorescence excitation and the
probability of fluorescence detection does not vary within the volume, while no
fluorescence is detected outside the volume. More precisely:

_ 1 xy<@/Hx",z<3/4) 7"z
Woitipsoia (F) = { 0 4 ) ’ (

otherwise
The volume of this ellipsoid, which is symmetric about the z-axis, is:

V

o, (1.4.1-15)

Volume = gﬂ -radius® - halfheight
(1.4.1-16)
_i 1/3 _1/6 2 113 _1/6 2
= 37r-((3/4) ') ((3/4) "x Czy)y=x 72,
Note that this value for the volume is equal to the volume that is calculated by inserting

Wopsag (7) iNt0 Equation (1.4.1-12) and to the value of 7, for the 3-D Gaussian profile

(Equation 1.4.1-14). Thus for purposes such as calculating the concentration from the
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amplitude of the correlation function, it may be convenient to think of the observation
volume as an effective ellipsoid rather than a 3-D Gaussian, where the ellipsoid

dimensions are slightly larger (a factor of (3/4)"° 7"° = 1.10) than the characteristic
dimensions of the 3-D Gaussian, », and z,.

Correlation Function for Normal Diffusion
To derive the correlation function for normal diffusion in a confocal volume (199), the
simplest case is to consider one species of constant brightness using Equation 1.4.1-9.

But first we must obtain an expression for the quantity <§C(F,f)5C(F',t+ r)> using

diffusion theory. In section §1.2.1, Fick’s Law and the Continuity Equation were
derived, leading to the diffusion equation:

a_CQlQ:DVZC(;J). (1.4.1-17)

If all particles start at the origin at ¢ = 0, and the system is allowed to relax toward
equilibrium in the absence of any physical barriers, the initial condition is
C(r.0) = <C>5(F) and the boundary condition islim C(#,¢t) = 0, and the corresponding

solution is:

C(F,t):m%%yfe_“". (1.4.1-18)
Using the definition of the concentration fluctuation, 8C(7,¢) = C(¥,t) — <C> , it is
straightforward to show that the fluctuations in concentration SC(7, t) also satisfy the
diffusion equation:

%%(?,t):DVf%(?,t). (1.4.1-19)

The diffusion equation is also satisfied if we write the fluctuations in concentration in
terms of the lag time, =

aiéC(F,r) = DV.5C(F,7). (1.4.1-20)
T
After multiplying Equation 1.4.1-22 by 8C(¥',0) , taking the ensemble average, one has:
§<5C(f,r)5C(F’,O)> = DV§<5C(F,T)§C(F’,O)> . (1.4.1-21)
T

For ergodic samples, (6C(7,7)8C(F".0)) = (6C(¥.1)3C(F',t + 7)) , and therefore:
ai (8C(FNOC(F 1 +7)) = DVA{SCFENSCEF 1 +1)).  (14.1-22)
T

Therefore the correlation in concentration fluctuations, (5C(F,£)SC(F'.t + 1)}, satisties the

diffusion equation (for a similar approach see (195)). The correlation in concentration
fluctuations may also be called the propagator of the diffusion, since it is proportional to
the probability that a particle at 7 at time 7 will be at 7' at time ¢+ 7 later where the
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proportionality constant is<C } The boundary conditions discussed earlier (see 1.4.1-11)
are_lim (8C(7,0)6C(F',7)) =0, and ling<5C(?,O)5C(?',0)> =(C)5(F —7'). Then the

propagator of the diffusion may be written as the solution to the diffusion equation, thus:

(©)
SC(F, HoC(F 't +1)) = ———5e P, (1.4.1-23)
< > (47:Dz’)3 :
Now inserting Equations 1.4.1-13 and 1.4.1-23 into Equation 1.4.1-9, we have a series of
Gaussian integrals which may be solved analytically.

[ [wEmENSCE.NSCEF 1+ T))avay”

G(r) = 5
() (fwrrar
_2.\-'2+1y'2 _2:’5 _ .\-:+{1i _2_-; -
”e e Te T e :“44 fDC>)me e gyqy' . (1.4.1-24)
B Dt
_27‘_:*:)/2 L7 2

(€ fe 7 e i ay

After introducing the conventional definition of the characteristic diffusion timer,, and

the aspect ratio S, where
2

i’ =y
7, =—,and S =, 1.4.1-25
4D ¥, ( )

and making use of our expression for the effective volume in Equation 1.4.1-14 we arrive
at the final expression for the autocorrelation function for 3-D diffusion in a confocal
volume first reported in 1976 (199),

~1 _E
G(T):—l—‘—l}——£1+ij (1_{_ 12 L]
() KTz, ™o ST 1,

1

G(r) = (71\5(] +?T-] (1 +SLTLJ

There is a special case if S >> 1, where the observation volume may be compared to a
cylinder of infinite height where only the radial movement of the fluorescent species
contributes to the fluorescence fluctuations:

(1.4.1-26)

-1
1 T
Gr)=-—|1+— | . 1.4.1-27
=gl e
Equation 1.4.1-27 is identical to that for particles constrained to two-dimensional motion
the plane z = 0.
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Correlation Function for Two-State Photophysical Kinetics

The simplest case of photophysics is a two-state system in a reversible reaction where
one state is fluorescent and the second is completely dark. The dynamics of intersystem
crossing (the singlet energy states and triplet energy states are the separate “systems™)
have been described in detail as a three-state model, the singlet ground state, the first
singlet excited state, and the first triplet excited state (154), but by recognizing that the
singlet-singlet transitions are much faster than singlet-triplet transitions, the analysis is
greatly simplified by assuming an effective two-state system. Following (143), consider
particles undergoing the following reversible reaction: N, <> N, where k; and &, are

rates of conversion to states 1 and 2 respectively. The system is described by
N,(6)+ N, (¢) = N where N is the total number of particles and by a pair of differential

equations:
N, (¢ -k ky, YN, (¢
dfmi [k ke ENO) (1.4.1-28)
dt\ N, (t) ki, —k, AN(?)
The solutions to these equations both have the form:
N, (0 =N, 0)—(N e +(N,). (1.4.1-29)

Here the long-time average value of the number of particles in state m, (N, ), is

independent of initial conditions at r= 0, and 7, is the characteristic relaxation time for
the system:

k 1
= " _N,and 7, =——.
<N"’> k, +k, anc fr k, +k,

The probability for a single particle to be in a state m at any time is P(m) = (N

(1.4.1-30)

)} N. To

calculate the normalized probability that a single particle in state m at time ¢ will be in
state # at a later time ¢ + 7, we allow all the particles to be in state m at time ¢, that s,
N.(8) = N, and divide the number in state » at a later time ¢ + 7, N,(t+ 1), by N,(¢) in
order to get the fraction of particles which changed states.
Nyt+t)=(N(t)=(N)e™ " +(N,). (1.4.1-31)
P(mtnt+7)=(5,, —(N)/NE™ " +(N)/N. (14.1-32)
In the case of N fixed particles in the effective observation volume where the
fluorescence signal depends only on the state that the molecule is in, Equation 1.4.1-3
may be expanded thus:

H

2

(F()F(t + 7)) > Y NQ,Q,P(m)P(m.t:n,t +7)
@)= s = 1L (14.133)

G Fen)

m=1

Here @, is the specific brightness of a particle in the state m. The form for the correlation
function due to two-state blinking may be evaluated to show:
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1@-0) (-1 v, (14.1-34)
N (Ql(l "T)+Q2T)-
T is the probability of finding the particle in state 2,7 =k, / k, + k, . But where state 2 is
completely dark, i.e. the triplet state, and state 1 is fluorescent, i.e. the singlet state,
Equation 1.4.1-34 may be simplified by setting 0, = 0:

T _,,

G(r) = NI1_T e .

Here T is the average fraction of particles in the triplet state, and 7 is the characteristic
relaxation time of the two-state system.

G(r) =

(1.4.1-35)

Correlation Function for Normal Diffusion and Two-State Photophysical Kinetics

A very common case for simple FCS experiments involves particles that exhibit two-state
photophysical kinetics such as singlet-triplet transitions diffusing in three dimensions. In
such a case, the rate of change in the space-time concentration function of the fluorescent
species, C,(7,¢), is determined not just by diffusion, but also by the reversible reaction
between the two states: N, <> N, where k; and k; are the rates of conversion to states 1
and 2 respectively. Therefore the diffusion terms from 1.4.1-17 and the reaction terms
from Equation 1.4.1-28, and combined to give the following coupled differential
equations:

%cl(a t) = DV2C,(F.0) - k,C,(F.t) - k,C,(7,t) . (1.4.1-36)
¢

%Cz (F,t) = DV’ C,y (7, t) — k,C, (F,.) + k,C,(F,t). (1.4.1-37)

In the manner that Equation 1.4.1-17 was rewritten as 1.4.1-22 in terms of the
concentration correlation, these coupled differential equations may also be rewritten in

terms of the concentration correlations, ¢, (F —7',7) = <5C,(?,t)5Cj (' ¢+ 1)> :

;;_¢11 =DV;p, —kypy, +kypy. (1.4.1-38)
%¢zz =DV, — ks +h\,5. (1.4.1-39)
;ld;% =DV 9, —kyp, +hpy, - (1.4.1-40)
f;sﬁzl = DV;0, — k@, + k0, (1.4.1-41)

The boundary conditions due to Poisson statistics are lim¢, = (C)8(F —¥') and since
t—>
two different particles cannot occupy the same space at the same time, limg, =0 for
-0
i# j. Further, we note that lim ¢, =0 since there can be no correlation between the

F=F'—®

positions of two randomly moving particles which are infinitely far apart. By first taking
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the Laplace transforms with respect to position (¥ —» g) and Fourier transforms with
respect to time (f > @), the equations may be decoupled and after performing the inverse
transforms the exact results are (compare (174, 195)):

’ 1 3/2 —(,‘-—;7’7)
¢ =<C1>(1—T+Te"’“(4 > ) e 7 (1.4.1-42)
T

3/2 ‘(,7,‘7,')
P =<Cz>(T+(1—T)e’”” (4——15—] e 7 (1.4.1-43)
2T

=(F=F")

. l 3/2
¢ =0 =<C,>T(l—e //{TDJ e 07 (1.4.1-44)

Here Tand r, are defined as described above for the case of two-state photophysical

kinetics without diffusion (see Equations 1.4.1-30 and 1.4.1-34). To obtain the
correlation function, we now rewrite Equation 1.4.1-8 in terms of the concentration
correlations g, :

(SF(0)oF (1 + 7)) [ m®3.>.00,6,avar
oo ) — 7 . (1.4.1-45)

()’ (I w(F)dV)Z(ZQ, (C,>)

Now inserting the solutions for @, , we note that the integrals over space for all four terms

are identical apart from a prefactor which results in the expression for the 3-D diffusion
correlation, and after simplifying we arrive at:

—__l__ L X LL B (Ql_Qz)z(l_T)T —rley )
G(r) = <N>(1+ TDJ (1+ < ruj (H 00-1):0.1) ¢ . (1.4.1-46)

Note that NV here is the total number of particles including both states. Equation 1.4.1-48
is exact. In many cases, the diffusion time-scale is much slower than the photophysics,
that is,7,, >> 7., and the terms may be decoupled and the correlation is simply a sum of
the ditfusion and photophysical contributions (compare for example the correlation
function used in (182)):

-1 -1 2

G(r) = #-(1 +ij (1 + Li] L e-o) 'T):f e (1.4.1-47)
(N) b §°7p (V) (@ (-7)+0.7)

For triplet state kinetics where Q2 = 0, the correlation function may be simplified into its

usual form for 3-D diffusion in a confocal volume with the presence of a single “on-oft”

blinking term:

| 1 7

T B E T ~riy
G(T)AW(I+;J [lﬁ‘?;) [l‘f‘mé J (1.4.1-48)
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Figure 1.4.1-A. Experimental correlation data of Alexa Fluor 488 dye diffusing in buffer
solution with a visible triplet state term, observed with a large observation volume (wo =
950 nm) to show a clear separation of the diffusion and triplet terms. The solid line isa
fit to Equation 1.4.1-48: N=6.38, rp=1.4ms, §=5.5, 7=0.11, and 7= 3.7 us.

In this case, the amplitude G(0) is no longer the inverse of the average number of
particles in the volume, N:
G(0) = 1/{N)(1-T). (1.4.1-49)

The correlation amplitude is instead the inverse of the average number of particles in the
volume which are also in the fluorescent singlet state. Some FCS studies use an
alternative form of Equation 1.4.1-48 with a different normalization convention:

-1 -1

1 T 1 ¢)° .

Gr)y=-—|1+—| [l+——| U=T+Te7"). 1.4.1-50
© <N>[ TD] ( S° TD] ( ) ( :

Here G(0) = 1/{N) where(N) is the average number of particles in the volume which are

in the “on,” or singlet, state, rather than the total number of particles in the volume.

Multi-Component Models
For more general cases where there are » non-interacting species of particles with

constant brightness (; and diffusion times, 7, ,’s, then by definition the fluctuations in
spatial concentration of species / and j are not correlated, and the corresponding
propagator is zero, that is, <5C,. (F.0)3C (.t + r)> ={. Therefore the cross-correlation

terms, ; # 7, in Equation 1.4.1-8 vanish and thus it may be simplified (200, 201):

44



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

i o’ ”w(f’)w(fxac, (F.0)SC, (Fot + T))dVdV' Z 0 (N)g,, (1)
G(r) =+ == —. (14.1-51)

1 2 2 n -
(}: 0 <C,->] (Jwrav ) [Z Q,-<N,>J
i=1 1=l
Here g, ,(r)is the diffusion term of the correlation function corresponding to Equation
1.4.1-26 for the ith species, that is,

-1 -!
gDJ(r):(l+rL] [Hslz ;LJ . (1.4.1-52)
D.i D

A simple case for Equation 1.4.1-51 is a single fluorescent species which divides into
multiple diffusing and non-interacting subspecies having equal specific brightness. Such
a case could be achieved where a mobile macromolecule is labeled covalently with one
dye molecule while free dye molecules of the same type diffuse in the same solution.
Then Equation 1.4.1-51 applies where n = 2:

| i

-1 =3 -1 T2
Gr)= - F(HLJ LI +(1—F{1+L] [1+—LL] L (1.4.1-53)
N Tpa ST Tp, p2 S 7,

Here F is the fraction of particles with diffusion time 7, and N is the total number of

particles including both components. Where the triplet state of each component is also
observable, Equation 1.4.1-51 may be generalized thus:

i Q1‘2<Ni>g0,i (r)- g;‘".i (r)
G(r) == ;
(Z O,(N, >j

Here g, (7)is the triplet state term of the correlation function corresponding to Equation
1.4.1-48 for the /th species, that is,
T -rlr
r D)= 1+ ——e " |. 1.4.1-55

!

(1.4.1-54)

Here g, (7)is not the same as the correlation function given by Equation 1.4.1-35 which

was derived for the case of triplet-state kinetics only, because it reflects the coupling
between the detection of diffusion and the triplet-state kinetics. Indeed., g7, (r) cannot be

a true correlation function of the fluctuations when isolated because it decays to 1 at long
times rather than to 0. However, in the case wherer, >> 7, the terms may be decoupled

and Equation 1.4.1-54 may be rewritten thus:
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1

> Q’(N,)- (8D.f (1) + g, (r))
G(r) = i=l

Here the triplet state correlation function for the ith species is (see Equation 1.4.1-35):

T -/t
(D) =——e . 1.4.1-57
O (14.1-57)
For the simple case where a single fluorescent species which divides into two diffusing
and non-interacting subspecies with equal the brightness where the triplet state kinetics
are identical between the subspecies, then Equation 1.4.1-54 becomes:

1 T .
G(r)—-]\—l[lJr(l_T)e )x

-1 _‘2 -1 _‘_ .
Are | 1+ L7 1-r)f1+= ) L
Tp S7 Ty, Tp2 S Tp,

As in Equation 1.4.1-53, F is the fraction of particles in the first component with
diffusion time z,,, and N is the total number of particles including both components.

(1.4.1-56)

P

(1.4.1-58)

Equation 1.4.1-58 is the correlation function for the two-component diffusion model used
in the papers in this thesis for comparison with the anomalous diffusion model.

Anomalous Diffusion Model
For cases where Fick’s Law does not apply, diffusion may be non-Brownian, as discussed
in §1.1.4. To model anomalous diffusion via FCS, it is common to allow the propagator
of the diffusion to take the following form which accounts for one subclass of non-
Brownian anomalous diffusion (73):

€«
T i € apet (141-59)
(e}

The definition of the diffusion time is then modified thus:

By

o i
" = . 1.4.1-60

> =1p ( )
This definition allows the autocorrelation functions derived for normal diffusion to be
easily adapted to anomalous diffusion by replacing 7/, with (z/z )" throughout the

derivations. Therefore for anomalous 3-D diffusion with the presence of triplet state
kinetics, Equation 1.4.1-48 becomes (73):

G(r) = <17>[1 +[i]a ]—1{1 +Sl(i}](1 + (I—%e j (1.4.1-61)

(8C(F,1)SC(F .t + 1)) =
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This simple analytical equation represents the result from using one of several possible
propagators leading to anomalous diffusion, and hence is not necessarily an exact
solution for all cases of anomalous transport. The propagator used here (Equation 1.4.1-
59) is unphysical as the apparent diffusion coefficient is singular at ¢ = 0. Use of the
fractional Fokker-Planck equation is required to derive the correct expression (43).
However., numerical calculations show that this simple analytical equation (Equation
1.4.1-61) is a very good approximation of the correlation function which results from the
more complex solution to the fractional Fokker-Planck equation (63). Importantly, the
asymptotic behavior of the autocorrelation function depends only on the probability of a
particle to return to the origin, which is independent of the anomalous diffusion model
used (43). Equation 1.4.1-61 was commonly used throughout the research reported in
this thesis to fit correlation data to determine the presence of anomalous diffusion in
various systems.
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1.4.2. Fluorescence Correlation Spectroscopy Experimental Description

An FCS experimental apparatus must perform three functions: excitation illumination,
collection of emitted fluorescence, and calculation of the correlation data. In its standard
setup based on a confocal microscope, the means to excite the observation volume
sample is typically a collimated laser beam focused through a microscope objective lens.
The objective lens then performs a double function by also collecting emitted
fluorescence, while a fluorescence filter cube distinguishes the fluorescence emission
wavelength from the excitation wavelength and a confocal pinhole spatially filters out the
out-of-focus fluorescence. The detected fluorescence signal is processed by specialized
hardware in order to efficiently calculate the time-lag correlation of the fluorescence
signal. A diagram of our FCS apparatus is shown in Figure 1.4.2-A.

Excitation lHlumination

In our FCS apparatus, a set of lenses expands and collimates the beam after the laser
source so that the beam fills the back aperture of the objective. A set of linear polarizers
(or a continuously variable neutral density filter, see §2.1.2) controls the laser power
illuminating the sample. The shutters, which are located immediately before and after the
microscope, may be used to stop the illumination of the sample or detection from the
sample respectively. The filter cube, composed of the dichroic mirror and both the
excitation and emission filters, is located in the body of the microscope. The narrow
band pass excitation filter transmits light with wavelengths within a small range around
the excitation wavelength. The dichroic mirror directs the excitation beam into the back
aperture of the objective which excites fluorescence in the sample. For typical
experiments reported in this thesis, we used a 488-nm argon ion laser attenuated to obtain
a radiant exposure at the focus in the range of 1-10 kW/cm®.
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Figure 1.4.2-A. A diagram of our FCS apparatus.

Fluorescence Collection

Some of the fluorescence originating from the diffraction-limited focal spot is collected
by the objective. For typical experiments, we used a 60x 1.20 N.A. water immersion
objective, but for samples in organic solvents a 100x 1.3 N.A. oil immersion objective
was used due to the higher index of refraction of the solvent. The fluorescence signal
then passes through both the dichroic mirror and emission filter which select according to
wavelength. The confocal pinhole then spatially filters out-of-focus fluorescence
resulting in an observation volume which is well approximated by a 3-D Gaussian
profile. The remaining fluorescence signal is then divided in half by a beam splitter and
each half is collected by a photomultiplier tube (PMT) and the arrival of each photon is
indicated by an electrical pulse that is sent to the correlator card.
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Correlation Calculation

The signal detected by the photomultiplier tubes is fed into a multi-tau correlator that
computes the correlation for time lags on a logarithmic time scale from 8 ns until the
length of the experiment. The correlator calculates the cross-correlation between the two
halves of the fluorescence signal and outputs the correlation data and average photon
counts to the computer for subsequent modeling. As an alternative, the autocorrelation
function for the whole signal detected by only one PMT may be calculated instead, but
the resulting correlation data will exhibit an extra correlation due to a phenomenon called
shot noise. Shot noise is a quantum mechanical effect that causes a PMT to have a high
probability of detecting an echo shortly after detecting a photon, with the result that the
electrical output signal from the detector is a Poisson transform of the photon input signal
at the detector (202, 203). When autocorrelation data is calculated rather than cross-
correlations, we observe an extremely large correlation that occurs in a characteristic time
range of 40 — 75 ns with residual effects up to 250 ns or longer. This correlation occurs
even without a sample present and is attributed to this shot noise. Therefore the effects of
the shot noise are eliminated by taking a crosscorrelation between two detectors since
there is no correlation between the photon detected by one detector and the echo in the
second detector. Otherwise, the crosscorrelation between two detectors and the
autocorrelation of the signal in one detector are identical.

FCS Calibration and statistical accuracy
Equation 1.4.1-48 is the fit equation used to model typical FCS data taken from a dye
diffusing in solution. The characteristic diffusion time 7, obtained as a fit parameter is
related to the diffusion coefficient through its definition:
2
_t

74D
Thus, to obtain the diffusion coefticient from zp, the value of the observation volume
radius o must be known. By first observing the diffusion time 7, of a dye with known
diffusion coefficient, such as Rhodamine 6G for which D =280 ,umz/s, one can fix the
value of rg to be used for further measurements of other samples for which the diffusion
coefficient may be otherwise unknown.

Calibration with a standard dye also serves another purpose, that is, to confirm to the
experimentalist that FCS is functioning at optimal performance. Correlation data taken
for calibration should fit very well to the theoretical equation which confirms that the
optical components are correctly aligned to produce the 3-D Gaussian profile at the
sample. Further, one may calculate the photon counts collected per molecule from the
average fluorescence signal collected divided by the value of N obtained as a fit
parameter. The brightness per molecule serves as a quality-control parameter. The lower
the brightness, the longer fluorescence data must be taken to obtain reliable correlation
data (193). It is well known to FCS experimentalists that the brightness per molecule is
much more important in determining the statistical accuracy of the experiment than the
total fluorescence signal (204).
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1.4.3. Other Experimental Methods Used to Study Diffusion in Vive

Fluorescence Recovery after Photobleaching (FRAP)

Generally speaking, the difference between FRAP and FCS is that while FCS observes
fluctuations about equilibrium, FRAP takes the system away from equilibrium and
observes it relax back to equilibrium. In both methods, the fluorescence signal is
recorded as a function of time. But in FRAP, a portion of the sample is quickly
photobleached and the recovery of the fluorescence in the photobleached area over time
is analyzed. In its simplest version, an experimental FRAP apparatus is very similar to an
FCS apparatus. The FRAP apparatus does not need the correlator card but does require
an efficient means of photobleaching. This can be accomplished using the same laser as
is used for excitation provided that the irradiation power can be quickly adjusted between
normal and photobleaching levels, for example by using acousto-optic modulators.

Figure 1.4.3-A illustrates a typical FRAP data set, where the total fluorescence signal
drops to zero and slowly recovers. When FRAP is performed in cells where there is a
limited number of copies of the tracer of interest, the fluorescence will not return to pre-
bleach levels, but if all the particles are mobile within a cellular compartment containing
the bleach spot, the fluorescence intensity of the bleached spot will become
indistinguishable from that of the rest of the compartment. [f the fluorescence remains
lower than the rest of the compartment, then some of the particles may be immobile on
the time-scale of the experiment. In fact, the sensitivity to immobile fluorescent particles
is a chief advantage of FRAP over FCS, since in FCS any immobile particles in the
observation volume will simply contribute to the background until photobleaching and
are therefore not detected.

A second advantage of FRAP is its ability to easily change the length-scale of
observation by photobleaching areas of different sizes. But often it is necessary to
photobleach areas larger than the diffraction limit in order to take the system far enough
from equilibrium to obtain a statistically significant amount of data. The larger scales
required may also be a disadvantage where the diffusive phenomena of interest occur
around or below the diffraction limit.

Furthermore, the geometry of the beam usually limits FRAP to the study of 2-D diffusion
in membranes due to the difficulty in controlling the photobleaching in the sample along
the optical axis. Reducing out-of-plane photobleaching to observe 3-D diffusion with
FRAP requires modifications such as Total Internal Reflection FRAP or multi-photon
FRAP (64).
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Figure 1.4.3-A Tllustration of the form of FRAP data for a case where full fluorescence

recovery is not achieved. Such data may be obtained for slowly diffusing tracers such as
receptor complexes in a cell membrane (66).

Like FCS, the results of a FRAP experiment are model-dependent, and one must make
assumptions about the geometry and nature of the diffusion in the sample in the model.
For example, if the bleach spot is circular and of uniform intensity, then the recovery
curve follows:

F(y=e-(I,(2)+1,(2)). (1.4.3-1)
Herez=2r,/¢t,and 7, = ry /4D is the characteristic diffusion time, and Iy(z) and [,(z)

are modified Bessel functions. If the diffusion is anomalous, then the same equation
applies, except that the diffusion coefficient is no longer constant, but is instead a
function of time D(r) = T't*"'. FRAP is commonly used to measure lateral diffusion of
proteins and larger complexes in cell membranes. Until Single Particle Tacking
experiments in such systems showed the diffusion to be anomalous, FRAP data was often
interpreted as free Brownian motion of only a subpopulation of molecules (the so-called
mobile fraction) in presence of an immobile subpopulation. At that time, FRAP models
for anomalous diffusion were applied which demonstrated that the lack of recovery due to

52



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

the so-called immobile fraction may be in fact be due to anomalous diffusion instead (15,
33, 66, 205).

Single Particle Tracking

Single Particle Tracking (SPT) is a method based on tracing the random paths of many
individual particles to characterize the motion of the particles (45, 80, 99, 206-209). In
diffusion studies, the direct observation of the mean-square-displacement is this method’s
main advantage over model-dependent methods such as FCS and FRAP. SPT is
performed by labeling the particle of interest with a fluorescent molecule or gold particle
followed by recording consecutive images of samples and subsequent analysis of each
particle’s position in successive images. In SPT, illumination by a light source such as a
mercury lamp (not a laser in contrast to FCS) gives a fluorescence image over the entire
field of view rather than just a diffraction-limited spot.

In order to chart the path of each particle in successive images, the position of the particle
in each image is precisely determined with precision below the diffraction limit. To
obtain this precision, the intensity distribution of each fluorescence spot over several
pixels is analyzed by fitting to an appropriate model of the point spread function such as a
2-D Gaussian function. Experimental conditions will typically be chosen to make
crossing of particle paths infrequent and obtain relative ease of identifying particles in
successive images. Algorithms used to analyze the images will often take into account
the probability distribution of the change in the particle’s position and intensity between
images and allow for fitting with multiple overlapping point-spread functions when
particles appear close together in an image.

The paths of the particles are typically analyzed in two ways in an SPT experiment. The
first is to examine the relationship between the mean-square displacement and time,
called mobility analysis. This analysis can often distinguish between Brownian motion,
anomalous diffusion, particle flow, and motion within a limited domain, provided that
there is a single behavior. The second method of analysis is to examine the probability
distribution of the displacement for all particles as a function of the time interval which
will also yield values of the diffusion coefficient and anomalous exponent. The
probability histograms provide a way to resolve multiple behaviors in the sample, but at
the cost of introducing model-dependence into the analysis (99, 206, 207).

Disadvantages of SPT relate to technical limitations concerning the speed and resolution
of the data collection. SPT in systems of biological interest are usually limited to 2-D
diffusion of protein complexes in membranes due to their slow motion and the difficulty
in tracking particles in three dimensions (99, 206-208). In systems where the motion is 3-
D, often only the 2-D projection of the motion is tracked and analyzed, and each particle
can be tracked only as long as it stays in the focus which significantly reduces the
statistical accuracy in determining the mean-square-displacement (45, 140). A further
limitation is the low concentrations of particles which must be used in order that the paths
of particles do not frequently cross within a diffraction-limited area.
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2. Summary of Research

This chapter summarizes my research as presented in two published papers and one
manuscript prepared for publication as well as related aspects of my research which have
not been prepared for publication. As the title of this thesis indicates, a common theme
for all of this research is the use of FCS methods to study biologically-relevant
phenomena, including diffusion behavior in complex media and photophysical properties
of fluorescent proteins. Therefore, | begin with my contributions to the development of
our home-built FCS apparatus (§2.1). A major contribution to this apparatus is a
software program serving as an interface between several hardware components and the
user. The program performs several functions which significantly increase the efficiency
of the FCS measurements performed by myself and others in the group (§2.1.1). A brief
description of my development our apparatus to include the capability of Variable Length
Scale Fluorescence Correlation Spectroscopy (VLS-FCS) is also included here (§2.1.2).

Having described the prerequisite experimental development, I summarize the published
papers and manuscripts and specify my contributions to each (§2.2.1-2.2.3). Anomalous
Diffusion of Proteins Due to Molecular Crowding describes our observations of protein
diffusion in crowded media at a fixed observation length scale, demonstrating the
usefulness of the anomalous diffusion model in this system. Diffusion Power Laws in
Polymer Solutions and Gels Observed Using Variable Length Scale Fluorescence
Correlation Spectroscopy takes the next step by observing the length-scale dependence of
diffusion in not just the protein system described in the previous paper, but also ina
system of beads diffusing in agarose gels. When studying the behavior of photophysical
correlations rather than the diffusion term, a potential application for EGFP as a
thermometer based on its blinking rate was realized experimentally and the results are
reported in A Molecular Thermometer based on Fluorescent Protein Blinking.

Following the summaries of the above named manuscripts, [ summarize additional
research related to the preceding work. First, I describe an additional application of VLS-
FCS to study the diffusion of polymers in organic solvents and I report on the insights
which this method contributed to our understanding of the system (§2.3.1). Then I report
the first applications of EGFP as a thermometer which allowed us to ensure that FCS
samples could be held at precisely 37°C using only an objective heater, an important
feature for studies in live cells, and to determine the temperature is spatially uniform
across the sample (§2.3.2).
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2.1 Summary of My Contributions to Our Home-built FCS Apparatus

When [ joined Cecile Fradin's research group as a graduate student, no correlation data
from samples other than shot noise had been observed using our work-in-progress FCS
set-up. | made various improvements to the alignment of optical components through
manual means before [ was able to regularly obtain collected specific brightness values of
about 20 kHz per molecule from standard dyes such as fluorescein illuminated with 20
uW at 488 nm. The various components that were adjusted in the process included
spatial filters, alignment mirrors, polarizers, the objective, the confocal pinhole, the
photo-multiplier tubes, and even the correlator card. After sufficiently high-quality data
could be achieved regularly, I wrote a software program to automate or control several
functions of the experimental setup and to ease the process of data analysis. More
adjustments to the optical components were required to add the functionality of VLS-
FCS. This software and adjustments for VLS-FCS are described below.
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2.1.1. Description of the FROG 3D LabVIEW program

LabVIEW 8.0 is a programming system designed for ease of interfacing hardware to a
computer controller. The interface of the programming mode itself appeals to the
intuition of one familiar with electronics. LabVIEW requires the programmer to design a
“front panel” which is analogous to the front panel of an electronics unit, and a “*block
diagram™ which is analogous to a circuit diagram of the unit’s hard-wired logic. In this
manner, the “code™ written in LabVIEW is a reproduction of the logic in diagram form
rather than lines of text. Examples from FROG 3D of the front panel and block diagram
are shown in Figures 2.1.1-A,B.C.

The first functionality of my FROG 3D program' was to automatically align the position
of the confocal pinhole. To perform alignment, FROG 3D controls the motors which
control the radial position of the confocal pinhole along the optical axis, while reading the
signal output from the correlator card. Starting from an initial guess based on the
experience of manual alignments, the program moves the pinhole in 0.2 mm increments
while recording the average photon counts in the detectors as reported by the correlator
card at each position. The pinhole finds the maximal signal position along the two radial
axes and then searches further around the maximal signal position at smaller increments
of 0.04 mm and then finally at increments of 0.008 mm. In this manner, the optimal
radial position for the confocal pinhole is found. To provide visual confirmation of the
success of the routine to find the optimal position, the signal detected vs. 2-D position is
plotted on a 3-D plot which usually results in a Gaussian-like profile as shown in Figure
2.1.1-B. An unclear peak may alert the user to an alignment failure.

Later, the ability to search for an optimal position along the optical axis, the “z-axis,” was
added, but as the signal is less sensitive along the z-position, alignment precision of 0.5
mm is usually sufficient, and this functionality is usually only required when significant
changes to the optical setup are made. For the case where two wavelengths of
fluorescence are being detected at once, the program has an optional two-color mode
which allows the user to align the pinhole by taking the mid-point between the two
optimal maximal signal positions corresponding to each channel.

' The name of the program comes from my assembly programming professor’s pedagogical habit of always
naming objects of a specific type by similar names for ease of recognition by students. He usually named
the programs used in lectures with names such as “frog” or “log.” Thus, 1 began saving the work-in-
progress program as “frog” and the name stuck, as it seemed somewhat appropriate due to the way the
pinhole hops around during alignment. The designation 3D was added to the name when [ developed the
functionality to move the pinhole along the optical axis as well as the radial axes.
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Fire 2.1.1-A. The right side of the front panel of FROG 3D.
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Figre. l-B. The left side of the front panel of FROG 3D.
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F igure 2.1.1-C. A section of the blockThag?am of FROG 3D 1llkustr§mig the analogy of
the hard-wired logic of a circuit diagram.

The second function of FROG 3D is to record and save the correlation data as instructed
by the user who chooses how long to record and how many data sets to be taken
consecutively. This functionality allows the user to set the experiment to take data for,
say, 20-30 minutes at a time while the user leaves the “dark room” to restore his
emotional well-being in another room or to eat lunch. While recording, it displays the
correlation data and photon counts as the data so that the user gets immediate feedback
concerning the success and quality of the measurement. These plots are updated every
750 ms and the resolution of the photon count history data is 67 ms. After recording the
data, the correlation data and photon counts at 67ms resolution are saved in separate files.
The program also contains an option to allow the user to record the photon count at
higher resolutions where bin times less than 1 us are possible, though this can result in
very large data files. In principle, one can calculate photon counting histograms with the
photon count data as an alternative to the correlation data to measure specific brightness,
but this capability was not included in FROG 3D.
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Third, a simple fitting routine allows the user to obtain an immediate estimate of the
brightness per molecule and quality of the fit (the red line in Figure 2.1.1-A is the fit to
the data in blue). This allows the user to observe the shape of the correlation decay and
the quality of the signal compared to reference samples. Distortion in either the shape or
brightness value may alert the user to problems with the optical alignment or sample.

Fourth, the program allows the user to control the position of the objective along the z-
axis via a piezo-electric objective-positioner and the x- or y-position of the sample using
a piezo-electric stage controller (see Figure 1.4.2-A). Unfortunately, due to the
limitations of the hardware controller, only 2 of the 3 axes can be controlled at once. The
third axis must be adjusted manually.

The fifth function is to control two optical shutters, one immediately before the
microscope, and one immediately after it (see Figure 1.4.2-A). As a safety mechanism,
the program will automatically close the shutters if either of the two photomultiplier
detectors receives an average photon count above 1| MHz over a 750 ms interval in order
to prevent damage to the detectors. The user can also control the shutters manually from
the computer and insert a delay between opening the shutters and recording the
correlation.

Sixth, the program creates script files for each correlation data file created to be used later
with KaleidaGraph software to automate some of the data analysis process. It allows the
user to automate a fit to the data provided that the user selects the appropriate fit equation
to be used in advance of recording the data. The script files contains the path with the
name of the files containing the correlation data photon count histories, and it contains
the selected fit options including the range of data to be fit and the values of fit
parameters to be used as either initial guesses or as fixed values. When the script file is
executed within KaleidaGraph, the script instructs KaleidaGraph to do the following: (1)
open the correlation data file, (2) calculate an appropriate initial guess for the correlation
amplitude based on the values between 0.5 and 1 ps, (3) calculate an initial guess for the
diffusion time based on the time range at which the correlation data reaches 40-60% of
the initial guess for the amplitude, (4) mask the data below a value set by the user (for
example, ignoring the correlation data for lag times less than <1 ps is often useful due to
high scatter in the data or due to the presence of shot noise if the only one detector is
used, see section §1.4.2), (5) set the values of the aspect ratio S or triplet state time 77 to
be used as initial guesses or fixed values in the fit, (6) open a pre-existing KaleidaGraph
plot that acts as a template according to which KaleidaGraph will plot and fit the
correlation data, (7) save the correlation plot, (8) open corresponding file containing the
photon count history, (9) plot the photon count history according to another template plot,
and (10) save the plot of the photon count history. FROG 3D also contains script files
which can be run immediately after refreshing the correlation plot showing the fit to
export the curve fit parameters with errors into the operating system clipboard to be
pasted into Microsoft Excel for further analysis.
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Although this functionality greatly increased the speed of my data analysis, it suffered
from the following limitations: (1) only one data file at a time could be processed, (2) the
script file was useless if the path or file name of the data was changed, (3) if the user
selected the wrong fit before taking the data or if the user wished to fit with more than
one fit, additional fits still had to be applied manually, and (4) this process was not found
to be friendly to other users. Eventually, [ solved many of these limitations by writing a
separate LabVIEW program that is more user-friendly and able to write the script files
upon demand rather than solely at the time the data is taken. The new program
(“WriteScirptFile4.vi") facilitates successful fitting of multiple data files at once and
compiles the results from all the fits in a convenient format both in a single file and in the
operating system clipboard and is shown in Figure 2.1.1-D.
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Figure 2.1.1-D. Front Panel of WriteScriptFile4.vi.
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2.1.2. Description of the development of the VLS-FCS capability

Variable Length Scale Fluorescence Correlation Spectroscopy (VLS-ECS) is a recently
published variation of FCS in which one varies the size of the observation volume in
order to study the length scale dependence of the diffusion (77-79, 147, 182, 210). In
conventional FCS, an excitation laser fills the back aperture of the objective to obtain a
diffraction-limited excitation volume, thereby determining diffusion coefficients at a
fixed observation length-scale. In VLS-FCS, the width of the beam illuminating the back
aperture of the objective is incrementally reduced which effectively sacrifices the full
resolving power of the objective to create wider excitation volumes. The resulting fit
parameters are then analyzed as a function of the observation length-scale. To optimize
the specific brightness and the range of accessible length scales, a confocal pinhole must
also be selected to match the observation volume radius at each observation volume size.
This change in the observation volume is illustrated in Figure 2.1.2-A.
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Figure 2.1.2-A. Diagram of the change in excitation spot size at the focal plane due to
filling or under-filling the back aperture of the objective lens. The dashed line indicates
the focal plane, and the dark bands are projections of the confocal pinhole into the focal
plane. The numerical aperture of the lens (N.A.) is equal to » sin(8), where § is the angle
indicated in the diagram (the half-angle of the cone of light accepted by the objective
lens), and # is the index of refraction.

To adjust our home-built setup to perform VLS-FCS, I added two components to the
optical excitation path: a continuously variable metallic neutral density filter in place of
the polarizers, and a calibrated iris diaphragm. The iris diaphragm was added after the
spatial filter to control the width of the beam reaching the back aperture of the objective
(see Figure 2.1.2-B). Due to the spatial gradient of transmission of the filter, it was
placed immediately after the laser where the beam is the smallest in order to minimize
distortion in the otherwise Gaussian beam profile. The disadvantage of the polarizers as a
means to adjust intensity compared to neutral density filters is that the polarizers also
slightly change the angle of the beam path. This slight change can greatly distort the
observation volume when the diameter of the iris aperture further down the optical path is
small, especially when the peak of the 2-D Gaussian beam does not pass through the
aperture. With VLS-FCS, it is advantageous to adjust the laser power before the iris for
each different observation volume in order to achieve equal laser power after the iris (i.e.,
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at the sample). Since the continuously variable neutral density filter does not alter the
beam path, it is a great advantage to VLS-FCS experiments.

Sample
A o U Stage Heater
e T R ey e
¥ T = - ~
iy ™ R

y Water Dropict s
thjective Heatar §;, : @ Lemperature Controlier

Objectine fons

Continuoushy Varhle
L biher Iris ‘:’\cutmil)emil; Filter
N P \
NN

i

;

{

i

t

! 3
ALl 2 ' \
= e T ==

=N

. Beam Expander
Shutier L enses

{nchraie Mirror

iok N

: | mssinn bilter

<77 TS Yubed ens
I * Shutier
e — Ny R R IR T

;
§

H

. i | xCitatiot |aser
* ! PMT ez Fluorescence Signal

Correlator §

i ry = “OF{08F (111

e <Ro>t
. i :
L omputer | L_ H

Figure 2.1.2-B. A diagram of the FCS apparatus adjusted for VLS-FCS. Compared to
Figure 1.4.2-A, the polarizers have been removed, and a continuously variable neutral
density filter and an iris diaphragm have been added along the excitation beam path.

In addition to the added components, a set of pinholes with various diameters were
acquired so that the optimal pinhole size could be used for each iris diaphragm diameter.
I performed FCS measurements on standard dyes and fluorescent proteins with various
combinations of confocal pinholes and iris diameters to determine by trial and error
convenient combinations to achieve strong specific brightness values with observation
volume radii spaced appropriately on a log scale. As noted earlier (§1.4.2), the specific
brightness is a crucial parameter determining the statistical significance of the FCS data.
The final result was a choice of pinholes with diameters of 50, 75, 100, 150, 200, and 300
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um, corresponding to iris diameters of 12, 4, 2.5, 1.25, 0.9 and 0.5 mm respectively,
resulting in observation volume radii from about ;5 = 200 nm to rp =1.5 um using the 60x
1.20 N.A. water immersion objective. These combinations were then used for all VLS-
FCS experiments reported in §4.2, and were also found to be satisfactory for observations
taken in toluene using a 100x 1.3 N.A. oil immersion objective, as reported in §2.3.1.

To determine the appropriate laser power to use to avoid photobleaching for each sample
that we used with VLS-FCS, systematic measurements were taken of the brightness per
molecule and diffusion times as a function of laser intensities at both smaller and larger
values of ry. See for example, Figures 2.1.2-C, D. For Alexa Fluor 488 at the diffraction-
limited volume, o = 210nm, the specific brightness rises to saturation at 100 kHz per
particle at approximately 300 uW. In contrast, fluorescein reaches saturation at only 50
nW after which the brightness decreases. At a larger volume, rp = 750nm, saturation is
not reached at these laser powers because the laser intensity is reduced by an order of
magnitude due to the larger beam radius. The inset to Figure 2.1.2-C shows the same
specific brightness data as a function of laser intensity.
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Figure 2.1.2-C. Specific brightness (kHz/particle) of fluorescein (circles) and Alexa Fluor
488 (squares) as a function of excitation power and intensity (insef) at ro = 210 nm and
750 nm.
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Figure 2.1.2-D. Diffusion times (s) of fluorescein (circles) and Alexa Fluor 488 (squares)
as a function of excitation power and intensity (inset) at ro =210 nm and 750 nm.

Figure 2.1.2-D shows the diffusion time, 7, as a function of laser power. For Alexa
Fluor 488 at the diffraction-limited volume, o = 210nm, the diffusion time rises due to
optical saturation occurring not just at the optical axis, but over the entire observation
volume. When such saturation occurs, the brightness of the dyes are no longer spatially
dependent, and therefore the 3-D Gaussian profile is significantly distorted, resulting in
an apparently larger observation volume with correspondingly larger diffusion times
(211). At the larger volume, ro = 750nm., the diffusion time does not increase because the
corresponding intensities are lower (see Figure 2.1.2-C inset), nor does it show a decrease
due to photobleaching.

Fluorescein, on the other hand, appears to be much more susceptible to photobleaching.
Photobleaching reduces the average amount of time each particle spends fluorescing in
the volume, and therefore the apparent diffusion time decreases. The data suggest that
the laser power is the relevant parameter in determining the presence of photobleaching
rather than the laser intensity. A simple scaling argument suggests the correctness of this
observation: When the excitation power is held constant, the photon flux, @, scales as the
inverse square of the observation volume radius, ® o ro>. [f the diffusion time of the
fluorophore scales as the square of the observation volume radius, tp o ro>. then the
number of photons absorbed by the fluorophore during a passage through the volume
scales as ® 1 and should not depend on ry. Therefore, the laser power was held constant
at each observation volume rather than the laser intensity, and when using fluorescein for
calibration, we found that a constant laser power at 20 uW for all values of #; is a good
rule of thumb to avoid photobleaching and saturation while retaining sufficient signal.
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2.2 Summary of Manuscripts
2.2.1 Summary of Anomalous Diffusion of Proteins Due to Molecular Crowding

Introduction

In the introductory sections, [ have described the biological importance of diffusion and
reviewed experimental studies concerning the nature of diffusion in complex media such
as the cellular environment (§1.2). The research reported in Anomalous Diffusion of
Proteins Due to Molecular Crowding seeks to determine experimentally whether the
anomalous diffusion of proteins reported in the cytoplasm can be reproduced in vitro by
molecular crowding alone. The system chosen to imitate the cytoplasmic crowding by
macromolecules was a buffer solution of highly concentrated random-coil polymers or
globular proteins. Streptavidin labeled with Alex Fluor 488 dye was the fluorescent
protein whose diffusion was characterized by FCS.

#, Eyvay

———

Figure 2.2.1-A. Cartoon illustration of overlapping random coil polymers in solution
transiently trapping a globular macromolecule and thus hindering its diffusion.

Results

The correlation data corresponding to the diffusion of streptavidin in this system showed
a noticeable deviation from Brownian diffusion behavior. Figure 2.2.1-B shows this
deviation, where the correlation decay for the simple diffusion model decays over a
shorter time range, that is, the simple diffusion model falls below the data at long times
and above at shorter times.

Due to the model-dependent nature of FCS, we introduce two methods of distinguishing
anomalous diffusion from two-component diffusion in our system. First, we look at the
long time scaling of the correlation decay, since at long lag times, the correlation function
for normal diffusion scales as ~ r*2, while for anomalous diffusion it scales as 7“2,
Second, we use a Maximum Entropy Method for FCS (MEMFCS) analysis which fits the
correlation data assuming a quasi-continuous distribution of average diffusion times. For
correlation data which is truly two-component in nature, the MEMFCS algorithm should

produce two distinct narrow distributions, whereas for anomalous diffusion, it should
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produce one broad distribution. Use of these methods confirmed that the anomalous
diffusion model was preferred for our data.
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Figure 2.2.1-B. Normalized autocorrelation functions for streptavidin diffusing in

Phosphate Buffered Saline (PBS) with and without dextran obstacles (200 g/l of 276.5
kDa dextran). The fit of these autocorrelation functions using the anomalous diffusion

model gives o= 0.99 + 0.01 for no obstacles, and o= 0.76 + 0.01 with obstacles (solid
lines). The failure of the fit with the simple diffusion model for the case with obstacles is
also shown (dashed line).
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Figure 2.2.1-C. Apparent diffusion coefficient, D, associated with the diffusion of
streptavidin as a function of dextran concentration for dextrans of having the average
molecular weights (Mw) indicated (open and solid symbols). Also shown is D for a 282

kDa dextran diffusing in a solution crowded by a 401.3 kDa dextran (half-solid symbols).
Lines represent stretched exponential fits as explained in the text (see manuscript).
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Using the anomalous diffusion model, we found that the apparent diffusion coefficient
(defined in Equation 1.1.4-2) decreases roughly exponentially with increasing dextran
concentration as was expected (see Figure 2.2.1-C). The central result of this study was
that the anomalous diffusion exponent was observed to decrease exponentially toward a
limit value of « = 3/4 at high concentrations of high molecular weight dextran
approaching 400 g/l (see Figure 2.2.1-D). Further, we observed that the diffusion of
proteins in dextran solutions is anomalous even at low obstacle concentration. The
anomalous diffusion exponent o decreases continuously with increasing obstacle
concentration and molecular weight, but was not observed to depend on buffer ionic
strength nor to depend strongly on solution temperature. In this paper, a hypothesis is
discussed that the limit value of o = 3/4 corresponds to a coupling between the motions
of the tracer proteins and the segments of the dextran chains.
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Figure 2.2.1-D. Anomalous diffusion exponent associated with the diffusion of
streptavidin as a function of obstacle concentration for dextrans of having the average
molecular weights (Mw) indicated. Lines are fits to the data using with a= o + (1-
ap)exp(-¢/ do) where a; = 0.74. Where necessary, some of the data points have been
slightly shifted horizontally for clarity of the plots.

We also tested for similar effects using EGFP, fluorescently labeled dextran, and
fluorescein. The diffusion of the EGFP was anomalous to a similar degree as the
streptavidin, while the diffusion of the dextran and fluorescein were both normal.
Similar. although less pronounced, subdiffusive behavior is also observed for the
diffusion of streptavidin in concentrated globular protein solutions.

Conclusion
The successful reproduction of the anomalous diffusion reported in various cellular
systems indicates that macromolecular crowding may indeed be a significant factor in

69



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

contributing to the anomalous diffusion observed in the cell cytoplasm and nucleus, and
argues for the correctness of the anomalous diffusion model over the two-component
model for analysis of data taken in vivo. Our study has been used to discuss the crowded
nature of bacterial cytoplasm in a recent single particle tracking study of mRNA in E.
coli, which suggests that the macromolecular concentration in the bacterial cytoplasm is
above the threshold volume fraction, gy, where the value of « is stable (50). Our
initiative in using the MEMFCS algorithm to distinguish between two-component
diffusion and anomalous diffusion has now been followed by at least one other study
which investigated diffusion in sol-gels (113).
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2.2.2 Summary of Diffusion Power Laws in Polymer Solutions and Gels Observed
Using Variable Length Scale Fluorescence Correlation Spectroscopy

Introduction

The previous paper, Anomalous Diffusion of Proteins Due to Molecular Crowding,
showed the success of anomalous diffusion theory in modeling the FCS data taken ata
fixed length scale for the system studied. Since the anomalous diffusion model predicts
that the apparent diffusion coefficient is length-scale dependent, then a crucial test of this
model is to alter the length scale of observation to determine whether the predicted
dependence is correct. The recent development of Variable Length Scale Fluorescence
Correlation Spectroscopy (VLS-FCS) to study the length-scale dependence of diffusion
(77-79, 147, 182, 210) suggested a suitable means to perform this test.
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Figure 2.2.2-A. Illustration of the diffusion power law, that is, the scaling law r,* o 7%,

for the case where a region of power law behavior occurs in between two regions of
normal diffusion.

A key concept in this paper is the diffusion power law, illustrated in Figure 2.2.2-A. For
anomalous diffusion the mean-squared-displacement scales as a power law in time, (+(£))
oc %, In FCS, the observation volume radius, ro, is the observation length scale, and the
characteristic diffusion time, 7p, is the corresponding observation time-scale. Therefore
when ry is varied in VLS-FCS, one should expect to observe the relationship r,” o« 7,
which we call the diffusion power law (as distinct from the diffusion law defined by
Wawrezinieck et. al. (78, 79) wherer,, = roZ /4D + r,and where non-Brownian behavior
is indicated by r, # 0). The wide range of #; allows one to obtain the anomalous

exponent « by directly observing the diffusion power law, denoted ap;. in addition to
observing « obtained from the correlation data fit at each ro, denoted a,. The
modification of our FCS setup to achieve VLS-FCS with a range of change in
observation volume radius ro of nearly a factor of 10 is described in §2.1.2 and a brief
description is also included in the manuscript. We applied this method to the study of
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systems where anomalous diffusion has been reported previously, including our
streptavidin-dextran system.

Results

For the diffusion of polymer beads in 1.4% agarose gels, the value of «, increases from
0.82 to 0.97 as the observation volume is increased, and the diffusion power law yields a
corresponding value of ap, = 0.92. This result is important because it demonstrates
agreement between the complementary methods and directly verifies a length-scale
dependence of diffusion in this system, namely, a 35% drop in the apparent diffusion
coefficient over an order of magnitude difference in »y. For streptavidin diffusion in
dextran solutions, the diffusion power law shows no observable length-scale dependence
over this range, that is, ap, = 1. Yet, ¢, increases from ~0.82 to ~1.02 as the observation
volume is increased in a manner similar to the beads in agarose. Observations similar to
the protein-dextran system are reproduced in the bead-agarose system by reducing the
concentration of the agarose to (0.5%.
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Figure 2.2.2-B. Left Panel: Diffusion laws for Streptavidin-OregonGreen in PBS buffer

(circles) and with 200 g/1 276 kDa dextran (squares). The slope gives the value of the

anomalous exponent for the diffusion power law, ap,. Right Panel: The values of the

anomalous exponent determined by direct fit of the correlation data at each observation

volume, a,.
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Figure 2.2.2-C. Left Panel: Diffusion laws for 40 nm Orange beads in PBS buffer
(circles) and with 0.5% agarose (diamonds) and 1.5% agarose (squares). The slope gives
the value of the anomalous exponent for the diffusion power law, ap,. Right Panel: The
values of the anomalous exponent determined by direct fit of the correlation data at each
observation volume, &,.

Discussion

The manuscript argues that the results are consistent with a cross-over model of two
diffusion behaviors each dominating at a different length scale. Further, it is argued that
the two-component model, which is independent of length-scale, is insufficient to account
for the observations. Numerical calculations are reported as illustrations of cross-over
behavior. The calculations were based on a recently published stick and diffuse model
which gives an analytical correlation function. The calculations show that in a cross-over
regime, the numerical values of ap; and a, are not in general identical, nor will their
minima occur at the same value of .

Conclusion

In the systems studied here, we confirmed that there is a length-scale dependence of the
correlation data which cannot be explained by normal diffusion. A cross-over
interpretation of the length-scale dependence of the diffusion is possible, and this may be
important to explain some of the observations of anomalous diffusion in vivo where the
cross-over regime could be quite broad. We have achieved nearly an order of magnitude
difference in #y to allow us to successfully observe the diffusion power law directly.
Thus, VLS-FCS has been demonstrated to be an important tool for the study of
anomalous diffusion in systems that are accessible to FCS.

Summary of Contributions and Acknowledgements

Robert Peters acquired approximately half of the correlation data with respect to
streptavidin diffusing in PBS with and without dextran obstacles and the data where the
extra correlation term was studied for streptavidin labeled with fluorescein and Alexa488
(this data was mentioned in the manuscript but not discussed here) and assisted me in
fitting the correlation data to various models. The development of the VLS-FCS set up,
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the data acquisition and analysis of remaining streptavidin data and all of the agarose
systems, and the numerical modeling of the modified stick and diffuse model for
illustration purposes were my own work.
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2.2.3 Summary of A Molecular Thermometer based on Fluorescent Protein Blinking

Introduction
The previous manuscripts focused on the diffusion term of the correlation function to
gain insight into the system of interest. Here we demonstrate a practical use for one of
the photophysical correlation terms of EGFP observed with FCS. By analyzing its rate of
blinking as a function of temperature at low pH, we should that we could use the rate of
blinking to determine the temperature where the temperature is not controlled. Thus we
are able to use EGFP as a molecular thermometer for precise characterization of
physicochemical parameters in very small fluid volumes.
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Figure 2.2.3-A. Autocorrelation data obtained for EGFP in CP buffer (pH = 5) at
different temperatures. Each curve corresponds to a 60s measurement. Correlation
functions have been normalized to allow a better comparison between the different
curves. Lines are fit of the data using Equation 1.4.1-48. The correlation corresponding
to protein blinking is visible around 50-100 us, and shows a very clear temperature
dependence.

Results

Simple expressions were derived to relate the characteristic blinking relaxation time and
the amplitude of the correlation blinking term to the activation energies of protonation
and deprotonation and to the corresponding frequency factors (Equations 2.2.3-1,2).
These thermodynamic parameters were obtained at different pH’s and laser excitation
powers and reported in the supplementary data.

1z, =10 47" 4 4,e75 " (2.2.3-1)
B/I(1-B)=10"""(4,/ A))e " """ (2.2.3-2)

Here £, and Ej are the activation energies, and 4, and 4, are the frequency factors at
different pH. B is the average fraction of fluorophores found in the protonated state, and
75 is the characteristic relaxation time associated with protonation.
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The application of this thermometer reported here is the measurement of laser-heating
effects in thin liquid samples. As expected, we observed a linear dependence between the
temperature increase at the laser focus and both the laser power and the sample extinction
coefficient, as shown in Figure 2.2.3-B. In addition, we were able to measure the laser
induced temperature increase at the glass to liquid interface, which is a value difficult to
predict and hard to access experimentally. Indeed, far from the glass surface, the
theoretical model shown in Figure 2.2.3-C predicts the temperature increase we
measured, but close to the surface, it fails due to the difficulty of accurately taking
boundary conditions into account. Qur method on the other hand allows an accurate
temperature measurement at the cover slip.
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Figure 2.2.3-B. Increase in temperature at the focus of a 633nm laser beam for solutions
containing different concentrations of SCC. Lines represent linear fit of the data.
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Figure 2.2.3-C. Temperature change at the laser focus in a 5g/l SCC solution as a
function of the distance between the laser focus and the glass cover slip, in the presence
and in the absence of 633nm laser excitation. Solid lines are theoretical predictions from
Reference (212) calculated using &= 35 cm-1 and K = 5.86 WK em™.
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Conclusion

We have successfully demonstrated a molecular thermometer using EGFP blinking. This
thermometer provides an absolute temperature measurement. The use of GFP derivatives
as molecular thermometers should have direct applications for microfluidics such as
studying surface effects in microfluidic chips. Further, single-cell calorimetry
applications are possible through genetic encoding of the protein. This work was recently
highlighted in Nature (213).

Summary of Contributions and Acknowledgements

Initial temperature calibration experiments at pH 5.0 were conducted by both Felix H. C
Wong and me. Felix H. C. Wong conducted the remaining experiments and data analysis
reported in the paper and supplementary data. [ derived Equations 2.2.3-1 and 2.2.3-2
assuming that the reaction rates follow the Arrhenius law. The derivation given in the
supplementary data includes modifications by Cécile Fradin to include the case where
there are small concentration fluctuations away from equilibrium. Asmahan Abu-Arish
contributed through unpublished studies of fluorescent protein blinking characteristics
which provided intellectual background for the material presented, including verifying
the temperature dependence at pH 5.0 (Haupts et a/. (169) only reported it at pH 6.5) and
comparative measurements in Phosphate Buffered Saline.
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2.3 Summary of Additional Research
2.3.1. Application of VLS-FCS to the diffusion of polymers in organic solvents
Introduction

In previous sections, | described our development of our own VLS-FCS setup and its
application to dextran solutions and Agarose gel as reported in Diffission Power Laws in
Polymer Solutions and Gels Observed Using Variable Length Scale Fluorescence
Correlation Spectroscopy. An additional application of this method has been made to
characterize the correlation data obtained from the diffusion of a dye and a labeled
polymer in organic solutions. In this section, I will summarize these observations which
further demonstrate the usefulness of VLS-FCS to obtain insight into diffusion in
complex systems.

This research was part of a collaborative effort to observe for the first time the slowing
diffusion coefficient of growing polymers during a polymerization reaction. The
particular polymerization method of interest is called Atom Transfer Radical
Polymerization (ATRP). ATRP is of extensive current interest because it results in low
levels of polydispersity and gives a high degree of control over the final molecular weight
of the product of the synthesis reaction. However, the dynamics of ATRP are not fully
understood. In this system, the rate of the reaction is affected by the diffusion, and
characterization of the diffusion in situ may allow fundamental theories (214) regarding
polymerization kinetics to be tested and allows for a more profound understanding of
ATRP.

In an in situ observation of such an ATRP reaction via FCS, the diffusion time of the
labeled initiator is expected to show an increase over time as the polymer grows due to
increasing hydrodynamic radius of the tracer, increasing viscosity of the medium, and
increasing steric hindrances due to the polymer network, which could also cause the
diffusion to progress from normal to anomalous as the reaction proceeds. Since there are
multiple factors contributing to the resulting diffusion time, precise interpretation of the
in situ data will require the use of control systems.

The ATRP reaction chosen for study consists of methyl methacrylate (MMA) in toluene
solution where a small fraction of the polymer initiators have been labeled with a dye so
that its diffusion can be observed by FCS. The initiator is the chemical subunit to which
the MMA molecules are added in sequence to form a polymer chain during ATRP. Thus,
polymerization starting from initiators with a single dye-label results in only one dye-
label per molecule of poly-(methyl methacrylate) (pMMA). Note that HY C6Br denotes
the labeled initiator for the ATRP reaction derived from the dye hostasol (see Appendix
A to this section for structure and fluorescence properties), and HY C6-pMMA-Br
denotes the labeled polymer which results from the reaction.
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FCS Results

In anticipation of observations of the ATRP reaction in sifi, initial FCS measurements
were conducted directly on the product of the ATRP reaction, that is, a toluene solution
containing 26 wt% pMMA and 2.5nM 10kDa HYC6-pMMA-Br, as well as catalysts left
over from the reaction since no purification was performed. The diffusion coefficient
was approximately D =~ 8 um?/s, which is equal to the diffusion coefficient we measured
for streptavidin under equal concentrations of 10 kDa dextran, as reported in §4.1. The
fluorescence correlation data was well fit by an anomalous diffusion model with &= 0.6 -
0.7, suggesting further inquiry should be conducted using VLS-FCS to determine
whether the diffusion is length-scale dependent as predicted by the anomalous diffusion
model.

2 5nM HY'CEBr

2 5nM HYCB-pMMA-Br

Toluene

250nM HYC8-prMA-Br

Rl
26Wi% phMA

2 8nM HYCEBBr

2 5n HYCB-pMMA-Br
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2 5nM HYCEBr
40wt% pMMA

2.5nM HYCB-pMMA-Br
40wit% pMMA
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Diffusion Coefiicient (wms), O

Figure 2.3.1-A. Apparent diffusion coefficients, D, for the samples specified in either
toluene or chloroform, as discussed in the text.

Diffusion in other control systems were characterized, with surprising results. The
diffusion of the labeled initiator, 2.5nM HYC6Br, in toluene alone, that is, without any
pMMA as a crowding agent, (D = 600 um?/s)* was in fact slightly slower than the
diffusion observed for the labeled polymer, 2.5nM 10kDa HY C6-pMMA-Br, under the
same conditions (D = 696 pmz/s)m even though the polymer’s molecular weight is
approximately 20 times larger than that of the initiator. Although the Stokes-Einstein
Equation (Equation 1.1.2-7), D = kT/(6 7nR), predicts that the smaller molecules should
diffuse faster than larger ones, the diffusion of HY C6Br-pMMA was observed to be 16%

? The values of diffusion coefficients in organic solvents reported in this section are only approximate as
we do not have access to a dye for calibration with a well-known diffusion coefficient in these solvents. An
estimate of D = 600 um’/s was obtained by comparing diffusion times obtained from fluorescein in water
and HY6Br in toluene with air, water, and oil immersion objectives. All other values of D are based on the
measurements of diffusion times relative to HY6Br in toluene. Similarly, the diffusion coefficient of
HYC6Br is estimated to be = 600 um®/s, but there is a difference in the diffusion times observed which may
be due to the difference in the index of refraction of the solvent.
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faster than HY C6Br (see Figure 2.3.1-A). Indeed, with a viscosity, #, of 0.0059 poise for
toluene, the hydrodynamic radius R, for the initiator is estimated to be 0.6 nm using the
Stokes-Einstein equation, and the hydrodynamic radius for the polymer is approximately
0.5 nm, much less than one should expect. Strikingly, the diffusion process observed
from the correlation data in the case of HYC6-pMMA-Br slows by a factor of 5 when the
concentration of labeled polymer was increased 100 times to 250 nM (D = 144 pum?/s),
with a corresponding hydrodynamic radius of approximately 2.5 nm which is much more
consistent with the size that should be expected for a 10 kDa random coil polymer
(compare for example §4.1 where we report that 10 kDa dextran has a radius of gyration
of approximately 2.6 nm). One hypothesis which may explain these observations is that
the dye is not as tightly bound to the polymer as was previously supposed, but the dye is
instead dissociating from the polymer in a concentration-dependent manner.

Further interesting observations were made when the solvent was changed to chloroform
rather then toluene. When dissolved in chloroform with 40 wt% pMMA as crowding
agents, the apparently anomalous diffusion behavior was reduced to normal diffusion
with a diffusion coefficient of D =~ 171 pm?s. Further, both 10 kDa HYC6-pMMA-Br
and HYC6Br in chloroform without crowding agents were observed to have nearly
identical diffusion coefticients, D=~ 616 um%/s, and D = 600 pm?/s respectively. While
the apparent diffusion coefficient of the polymer, which was 696 um?s in toluene, shifted
towards an expected range of values, this result is still surprising given the larger
molecular weight of the polymer (for example, 50-175 um®/s would be reasonable).

VLS-FCS Results

The FCS observations at fixed length-scale in this system exhibit counter-intuitive
diffusion coefficients, and in addition, the measurements taken in a crowded system
(labeled polymer in 26wt% pMMA in toluene) are well fit to an anomalous diffusion
model, suggesting that the diffusion may be length-scale dependent and suitable for
investigation with VLS-FCS. Therefore, observations were conducted on samples
consisting of 2.5nM 10kDa HYC6-pMMA-Br dissolved in toluene solutions containing
20, 30, and 40 wt% of pMMA. For the higher concentrations of pMMA (30 and 40
wt%), the anomalous diffusion model fails to describe the shape of the correlation data.
Instead, the data was well fit by a two-component diffusion model, Equation 1.4.1-58
(see Figure 2.3.1-C).

Thus the two-component model was applied to the data obtained at all observation
volumes, and the scaling of the characteristic diffusion times, 7p; and 7p,, with the
observation volume radius, wy, was determined individually. The diffusion laws of both
components are shown in Figures (2.3.1-B, D) with corresponding diffusion coefficients
and anomalous exponents derived from the diffusion law.
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Figure 2.3.1-B. Diffusion laws (observation volume radius-squared vs. the characteristic
diffusion time) in toluene solutions observed by VLS-FCS for each component of the
diffusion: 2.5nM 10kDa HY C6-pMMA-Br with 20, 30, and 40 wt% pMMA, and 2.5nM
HYC6Br with 40 wt% pMMA.
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Figure 2.3.1-C. Correlation data of HYC6Br and HY C6-pMMA-Br diffusing in the
indicated solution. The fits for HYC6BTr in toluene (without pMMA) and HYC6-pMMA -
Br in chloroform with 40wt% pMMA show the normal diffusion model (thin lines,
Equation 1.4.1-48), while HYC6Br in toluene with 40wt% pMMA is fit to the two
component model (thick line, Equation 1.4.1-58). Apart from the triplet state term in the
microsecond time scale exhibited in all three cases, HYC6Br in toluene with 40wt%
pMMA exhibits two correlation decays attributed to diffusion with characteristic times
120 ps and 6 ms.
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Figure 2.3.1-D. Anomalous exponents, a.pz, equal to the slopes of the diffusion power
laws shown in Figure 2.3.1-B for each component of the diffusion. The inset shows the
apparent diffusion coefficients calculated from the intercept of the corresponding power
laws. The values from the graph are given in Table 2.3.1B-A in Appendix B to this
section.

The VLS-FCS observations demonstrate that both components of the correlation which
are fit with the two-component diffusion model are indeed diffusive in nature, since the
slopes of the diffusion power laws, a7, are close to 1, whereas correlations due to
photophysical effects should show corresponding values close to 0. It should also be
noted that the ratio of the amplitudes for the fast component of the diffusion correlation to
the slower component remained constant (= 4:1), which is also consistent with two-
component diffusion. Note that for two subspecies of equal specific brightness, the ratio
of the amplitudes of the components is interpreted as the ratio of the number of particles
composing each subspecies. Furthermore, the fast component of each corresponds to
normal Brownian motion because the diffusion power law is 1 within error. For the
slower components, the diffusion power law is consistently about 0.85, although the
errors are larger. This confirms that the slower diffusion component is indeed length-
scale dependent with the diffusion coefficient decreasing at larger observation length
scales and therefore the slower component of the diffusion is anomalous.

The origin of these two separate diffusing components to the system is not immediately
clear. To elucidate the nature of diffusion of this system, a control sample consisting of
2.5nM HYC6Br in toluene with 40wt% of pMMA was also observed by VLS-FCS (See
Figures 2.3.1-B, D). The diftusion of the labeled initiator, HY C6Br, behaves
qualitatively in the same manner as the polymerized product, HYC6-pMMA-Br, that is,
two-components are observed, one fast-Brownian component and one anomalous-slow
component. The unexpectedly fast motion of the polymer discussed above is again seen
here: both diffusing components of HYC6Br are 25% slower than those of HY C6-
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pMMA-Br (Figure 2.3.1-D). The ratio of the amplitudes for the fast component to the
slower component (5.4:1) is also similar to that observed for the diffusion of the polymer
in crowded solution.

These results demonstrate that the nature of the observed diffusion components of this
system is not well understood. The hypothesis that the dye dissociates from the HY C6-
pMMA-Br in a concentration-dependent manner seems to explain much of the unusual
behavior observed here. In that case, we may also suppose that the chloroform is a better
solvent for this dye which causes the dye to dissociate more efficiently from the polymer,
which results in only one fast component corresponding to the motion of the dye alone
even at 40 wt% of pMMA. In contrast, it is known that molecular crowding can
significantly alter thermodynamic parameters and reaction rate constants, which may
explain the two components observed in toluene: the fast component is dye alone, while
the slow component is the fraction of polymer to which the dye is associated. It is even
possible that the dye-initiator, HY C6Br, associates to the unlabeled pMMA giving rise to
the two components observed in the 40 wt% pMMA sample. However, this hypothesis is
in need of further testing, and it is uncertain why the dye would dissociate given that the
dye was expected to be bound covalently to the pMMA.

Conclusion

Initial observations have been made toward an in situ FCS study to characterize diffusion
of polymers in organic solvents during the polymerization reaction where the diffusion
time is expected to show an increase over time. FCS observations on control samples
demonstrate this system to have unexpected properties. VLS-FCS has been used to
characterize polymer diffusion at high polymer concentrations. Specifically, both the
initiator and the polymer in toluene with high concentrations of pMMA have been
observed to have two diffusing components, where the fast component is Brownian while
the slow component is length-scale dependent.

Summary of Contribution & Acknowledgments

Santiago Faucher synthesized the samples used for this study via ATRP with the
assistance of Georg Witek in some cases. I performed the FCS and VLS-FCS
measurements and subsequent data analysis. I thank Santiago Faucher for stimulating
discussions concerning the possible nature of this system.
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Appendix A to 2.3.1: Properties of Hostasol and HYC6Br

Hostasol is a brightly fluorescent yellow dye commercially available through Clariant
(HY-3G, Hostasol Yellow 3G™). It is based on the benzothioxanthene ring

structure as shown in Figure 2.3.1A-A.
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Figure 2.3.1A-A. Sturcture of Hostasol (HY-3G) and a methacrylate derivate (HYC6MA)
reported in (215).

The molecule HYC6Br was synthesized to combine the fluorescent dye with a chemical
moiety to serve as the initiator for the ATRP reaction. The initiator is an alkyl halide. In
order to prevent these two moieties from affecting each other’s function, a carbon chain is
inserted between them. The synthesis of the fluorescent ATRP initiator HYC6Br is based
on the work of Tronc er al. and Limer et al. (216). The expected structure is shown in
Figure 2.3.1A-B.

Figure 2.3.1A-B. Expected structure of HYC6Br as synthesized by Santiago Faucher and
Georg Witek.

The excitation and emission spectrum of HYC6MA which are typical of hostosol
derivatives (215) are shown in Figure 2.3.1A-C. The extinction coefficient, &, of

HYC6MA is 4x10* M ~'em™ (215). The corresponding properties of HYC6Br are
expected to be similar.
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Figure 2.3.1A-C. Absorption (A) and emission spectrum (B) of a methacrylate derivative
of hostasol (HYC6MA) as reported in (215) showing an absoprtion peak at 450 nm and
an emission peak at 510 nm.
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Appendix B to 2.3.1:

Table of Results Reported in Figures 2.3.1-A,B.C and in the text.

Tracer wt% pMMA Solvent | Term D O p; | & p; error
2.5nM HYC6Br-pMMA 20 Toluene | Fast 297.0] 0.937 0.071
2.5nM HYC6EBr-pMMA 20 Toluene | Fast 62.7] 0.955 0.037
2.5nM HYC6Br-pMMA 40 Toluene | Fast 72.7] 0.976 0.023
2.5nM HYCG6Br 40 Toluene | Fast 58.0] 0.975 0.029
2.5nM HYCGBBr-pMMA 20 Toluene | Slow 20.53] 0.846 0.069
2.5nM HYC6Br-pMMA 30 Toluene | Slow 1.26] 0.862 0.040
2.5nM HYC8Br-pMMA 40 Toluene | Slow 0.83] 0.859 0.058
2.5nM HYC6Br 40 Toluene | Siow 0.66] 0.837 0.066
2.5nM HYC6Br 0] Toluene - 600.0] - --
2.5nM HYCBBr-pMMA 0 Toluene -- 696.0] -- -
250nM HYC6BBr-pMMA 0 Toluene -- 143.3] -- -
2.5nM HYC6Br 0 Chloroform| -- 600.0] -- -
2.5nM HYC6Br-pMMA 0 Chloroform| -- 619.01 -- --
2.5nM HYC6Br 40 Chloroform} - 171.5| -- --
2.5nM HYC6Br-pMMA 40 Chloroform 171.2] - -

Table 2.3.1B-A: Summary of VLS-FCS results for HYC6Br and 10kDa HYC6Br-pMMA
in organic solvents. The relative diffusion coefficients (pmz/s) are based on the diffusion
of HYC6Br in the respective solvent.
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2.3.2 Applications of the molecular thermometer based on EGFP blinking

Introduction

In previous sections, I described our development of a molecular thermometer using
EGFP for use with FCS as reported in 4 Molecular Thermometer based on Fluorescent
Protein Blinking (§4.3). Although not reported in the publication, the first use of EGFP
as a thermometer was in fact to calibrate the temperature of FCS samples using only an
objective heater, and the second was to measure the spatial temperature gradient across
the sample to determine the consistency of the sample temperature spatially. The
motivation for the second application was simply to determine whether our FCS samples
could be regarded as having a uniform temperature. The motivation for the first
application was based on technical experimental details: Live human cell measurements
should be taken at 37°C to achieve biologically relevant results and yet controlling the
precise position of the FCS observation volume is also important. However, our home-
built setup did not allow us to fix precisely both the sample temperature and position
simultaneously due to the fact that we have one microscope stage which controls the
temperature precisely but not the position, and one which controls position precisely, but
not temperature. Therefore it was desirable to devise a method to control the sample
temperature using only the objective temperature controller, thus taking advantage of the
thermal contact between the sample and the water immersion objective. However, the
temperature difference at the sample when using only the objective temperature controller
was unknown. This problem was easily solved using EGFP blinking as a thermometer.

Results

All measurements reported in this section were taken on EGFP in CP buffer at pH 5.0.

As described previously (§2.2.3), the thermometer was calibrated using both the objective
and stage temperature controllers to determine the average relaxation time of EGFP
blinking as a function of temperature. Having performed the calibration, the stage
temperature controller was then turned off and the relaxation time was again determined
as a function of the temperature setting of the objective temperature controller only. The
second set of relaxation times could then be converted into actual temperature in the
sample using the calibration function, and the result is shown in Figure 2.3.2-A.

At temperatures above room temperature, | observed a small decrease in the sample
temperature above the fixed temperature of the objective temperature controller,
corresponding to heat dissipation along the objective and the water interface. Similarly
the sample temperature is higher than the set temperature at lower temperatures due to
absorption of heat from the room. Through interpolation from the polynomial fit shown
in Figure 2.3.2-A, | concluded that by heating the objective to 39°C, we obtain a sample
temperature of 37°C.
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Figure 2.3.2-A. Sample temperature measured with the EGFP thermometer as a function
of fixed temperature of the objective (filled circles) or of the stage (empty squares). As a
guide for the eyes, the solid line shows the expected temperature in a case without heat
dissipation. The dotted lines are linear or polynomial fits to the data.

Temperature Gradient in Sample

30’7 T T T T

Sample Temperature (°C)
>
T
L

0 20 40 60 80 100

Z - axs posihon (um)
Figure 2.3.2-B. Local sample temperature as a function of position above the bottom
cover glass (at z = 0) where the objective was held at 15 °C and the microscope stage was
held at 45 °C. The fit shows a decrease in temperature of 0.02 + 0.01 °C/um.

The second application of this thermometer was equally straightforward. We attempted
to create a temperature gradient in the sample by holding the objective and stage at
temperature differences as wide as possible without risking damage to the optics.
Therefore the objective temperature was set to 15 °C while the microscope stage was held
at 45 °C. By measuring EGFP blinking in the sample as a function of the distance above
the cover glass, we observed that this 30 °C difference resulted in an almost negligible
temperature gradient (-0.02 = 0.01 °C/um, see Figure 2.3.2-B). Not only does this
experiment tell us that the sample temperature is largely uniform, but that the objective
temperature controller is dominant in setting the sample temperature, since the average
temperature of the sample is only 18 °C. Indeed, the efficiency of the stage temperature
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controller was then observed more directly by observing the sample temperatures when
only the stage heater was used (see Figure 2.3.2-A).
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Figure 2.3.2-C. A diagram of the sample showing positions of temperature controllers,
objective, and water droplet (top panel), a view of the sample from the top (middle panel)
and side (middle panel) where the <10 pL sample is located between the parafilm spacers
and bounded by cover glass at the top and bottom which are 150 — 200 um apart.

The difference in efficiency can be understood by considering the geometry of the
sample, illustrated in Figure 2.3.2-C. Due to the small size of the sample chamber used,
holding about 10 pl or less, the majority of the sample lay above the stage aperture and
the water immersion objective rather than above the temperature controlled stage. The
bottom cover glass serves as the medium to conduct heat from the stage, which is less
effective than the water droplet on the objective lens. Thus, it is not surprising that the
stage temperature controller is much less effective in controlling the sample temperature
than is the objective temperature controller. Indeed, the slightly negative temperature
gradient may be explained by the increased distance from the stage as the position above
the glass increases. Further experiments were conducted (data not shown) to observe the
temperature gradient under different geometries, such as placing the stage above the
sample, but in every case, the sample temperature was largely uniform, a fact attributed to
the water droplet on the objective which acts as an efficient temperature bath for the
sample.
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Conclusion

Our molecular thermometer based on fluorescent protein blinking was successfully used
to determine a simple way to fix our FCS samples at 37°C for observation of live cells
using only the objective heater, and to determine that the sample temperature was quite
uniform. In general, this method may be used to determine the real temperatures in the
sample and determine the efficiency of various methods to control the temperature of
small samples of various geometries including microfluidic devices. These results also
emphasize the need to verify the effectiveness of temperature controls which act on the
sample indirectly.

Summary of Contribution & Acknowledgements

The original application of the EGFP thermometer to determine the 2°C correction to
hold the sample at 37°C for biological samples was my work. FCS data acquisition for
observation of the temperature spatial gradient in the sample was a joint experiment
between Felix Wong and me, and I performed the data analysis. Observations using the
stage temperature controller alone and the further attempts to measure the spatial gradient
in the sample (mentioned in the text but data not shown) were the work of Felix Wong
exclusively.
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Anomalous Diffusion of Proteins Due to Molecular Crowding

Daniel S. Banks* and Cécile Fradin**
*Department of Physics and Astronomy, and TDepartment of Biochemistry and Biomedical Sciences, McMaster University,
Hamilton, Ontario, Canada

ABSTRACT We have studied the diffusion of tracer proteins in highly concentrated random-coil polymer and globular protein
solutions imitating the crowded conditions encountered in cellular environments. Using fluorescence correlation spectroscopy,
we measured the anomalous diffusion exponent « characterizing the dependence of the mean-square displacement of the
tracer proteins on time, ((1) ~ *. We observed that the diffusion of proteins in dextran solutions with concentrations up to 400
g/l is subdiffusive (o < 1) even at low obstacle concentration. The anomalous diffusion exponent o decreases continuously with
increasing obstacle concentration and molecular weight, but does not depend on buffer ionic strength, and neither does it
depend strongly on solution temperature. At very high random-coil polymer concentrations, « reaches a limit value of «; =~ 3/4,
which we take to be the signature of a coupling between the motions of the tracer proteins and the segments of the dextran
chains. A similar, aithough less pronounced, subdiffusive behavior is observed for the diffusion of streptavidin in concentrated
globular protein solutions. These observations indicate that protein diffusion in the cell cytoplasm and nucleus should be
anomalous as well, with consequences for measurements of solute diffusion coefficients in cells and for the modeling of cellular

processes relying on diffusion.

INTRODUCTION

A detailed understanding of the diffusion of proteins in
solutions containing high concentrations of soluble macro-
molecules is presently lacking. However, such an under-
standing is needed to correctly model passive intracellular
transport, a process likely to regulate important cellular
functions such as signal transduction (1,2), self-assembly of
supramolecular structures (3), gene transcription (4), kinetics
of reaction (5), embryogenesis (6), or regulation of cell
polarization (7). This understanding would also be beneficial
to several important fields of studies across disciplines. In the
fields of physical chemistry of solutions and polymer phys-
ics, it would facilitate the resolution of long-standing funda-
mental questions such as the clarification of the mechanisms
that govern the dynamics of single chains in polymer
solutions and the determination of the relationship between
the macroscopic and microscopic viscosities of these solu-
tions (8~10). In pharmaceutical research, it would permit the
improvement of drug delivery systems relying on the slow
release of drugs from polymer matrices (11,12).

Molecular crowding affects solute diffusion by increasing
the effective viscosity of the medium (13). It is also known to
cause depletion interactions, which tend to segregate macro-
molecules according to their size due to the increase in free
volume accessible to the solutes upon segregation (14) and to
affect the rates of chemical reactions taking place in solution
(13,15). In cells, for example, it is thought to influence not
only protein and nucleic acid diffusion, but also molecular
recognition (16), protein assembly (17), and protein folding
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(9,18). However, despite its crucial importance, diffusion in
crowded environments remains a challenge to study and
predict. Even in simple model systems such as concentrated
polymer solutions none of the many models proposed can
fully describe the body of experimental evidence available
(8,19). In this article, we investigate the nature of diffusion in
crowded globular protein and random-coil polymer solutions
that we take as a model system for diffusion in the intra-
cellular environment, and show that protein diffusion
strongly deviates from simple diffusion in these systems.

ANOMALOUS DIFFUSION

The description of the diffusion of a solute in a continuous
medium is usually based on Fick’s law, which defines the
diffusion coefficient, D, of the solute in the media. Combined
with conservation of matter, Fick’s law leads to the diffusion
equation, whose solution yields the usual expression for the
mean-square displacement of a diffusing particle in three
dimensions;

(r*(1)) = 6Dt (1)

which is characteristic of simple diffusion. The dependence
of D on the diffusing particle’s hydrodynamic radius and on
the solvent viscosity is captured in the Stokes-Einstein equa-
tion. However, whereas Fick’s law is an established phenom-
enological law for diffusion in isotropic fluids, there is no
physical reason why it should always apply to more complex
systems (20). More generally, in complex media, one might
expect the mean-square displacement to obey a power law:

() =6rr, @)
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where I' is a constant that does not depend on time. If the
exponent « is different from 1, then the diffusion is said to be
anomalous, and if & < 1 1t is said to be subdiffusive. The
quantity {»7)/6¢ may still be defined as the apparent diffusion
coefficient D(#), but it will depend on the timescale, or
equivalently on the length scale of the measurements:

DIGESE Vs 3

In fractal media, where there is no characteristic length
scale, truc anomalous diffusion is expected at all scales
(21,22). Many physical systems, however, possess a charac-
teristic length scale &, or a range of characteristic length
scales. For example, in crowded solutions £ is determined by
various parameters such as the size of the solutes and the
range of the pair correlation function (23). In general, when
() < &* diffusion should be simple and correspond to
diffusion in the fluid without obstacles. When (%) > &
diffusion should also be simple but correspond to diffusion
in the composite medium. But when ) = £2, diffusion has
to be anomalous to bridge these two regimes (24). This
simple phenomenological argument does not predict pure
anomalous diffusion, but just subdiffusion over an inter-
mediary range of timescales. This type of crossover effect is
well illustrated in Monte Carlo simulations of diffusion in the
presence of immobile point obstacles (25).

ANOMALOUS DIFFUSION IN CELLS

Although observations of anomalous protein diffusion in
cells have been reported (26—29), in the majority of studies to
date, three-dimensional (3-D) cellular diffusion has been
assumed to be simple. One reason for this is that, whereas
two-dimensional membrane diffusion has been clearly
shown to be anomalous (24,30,31), a fact sometimes attrib-
uted to corralling effects or to interactions with immobile
membrane proteins acting as fixed obstacles, in the cyto-
plasm or the nucleus the case for anomalous diffusion of
proteins is not easy to demonstrate, because diffusing pro-
teins are too fast to be easily followed by single-particle
tracking. With other experimental methods such as fluores-
cence recovery after photobleaching and fluorescence cor-
relation spectroscopy (FCS), many artifacts have to be
accounted for before the conclusion can be made that dif-
fusion is anomalous, including: fluorophore blinking (29,32),
reversible photobleaching (33), restriction of diffusion by
membranes (34,35), and division of the population of tracers
in several subspecies with different diffusion coefficients (29).
As well, in our experience the aspect ratio of the experimental
detection volume must be very accurately determined if one
wants to study deviations from simple diffusion with FCS,
because using an artificially high value of that parameter may
conceal the real anomality of the diffusion if & > 0.9. In one
of the rare studies that considered anomalous diffusion of
proteins inside cells, anomalous exponents in the range 0.7-1
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were found, depending on the position within the cell (far
from membranes), with smaller cxponents consistently found
in the nucleus (29). However, the authors showed that the data
could be analyzed as well using a two-component model. In
another study considering the anomalous diffusion of dextran
polymers inside HclLa cells, anomalous exponents ranged
from 0.7 to 0.9 (27). However, most of the evidence for 3-D
anomalous protein diffusion in cells is in fact indirect.

Groups that have studied diffusion in cells report widely
disparate data: the diffusion coefficients of tracer particles in
cells are found to lie anywhere between 0 and 80% of their
value in aqueous solution (29,33,36-43), reflecting the fact
that the observed reduction in mobility depends on many
variables. A tracer’s mobility depends on which cell type (41),
on which cell (33), but also on which position inside the cell
(29) is selected for the study. The relative mobility of a tracer
in a cell compared (o an aqueous solution, D...q/D,, has been
shown to decrease with increasing size of the diffusing
particles (37-39), which is an indirect indication that simple
diffusion models may not apply and that diffusion might be
anomalous. Possible interactions of the tracer particle with its
environment also play a role (44). Finally, it seems that results
might depend on the technique used (41), another possible
indication that analysis of experimental data based on a simple
diffusion model is misleading. A timescale-dependent D(r)
may explain some of the disparate data.

In this article, we report our studies as to whether the
diffusion of proteins in the presence of molecular crowding
due to other solutes is anomalous, a possibility that had not
yet been investigated experimentally. We chose to focus on
model systems where molecular crowding is provided by
controlled concentrations of inert random-coil polymer mole-
cules or globular proteins, thus reproducing the crowded
conditions present in cells while reducing the risk of mis-
interpreting the experimental data. We used FCS to extract
the anomalous diffusion exponcnt « corresponding to the
diffusion of the proteins. The length scale of FCS measure-
ments 1s set by the 0.5-um diameter confocal detection
volume and is relevant to the length scale of diffusion in the
intracellular medium.

MATERIALS AND METHODS
Tracer particles and obstacles

Our samples were composed of a small concentration (typically 20 nM) of
fluorescent tracer particles diffusing in an aqueous butfer (phosphate buffered
saline (PBS)) in which obstacles were dissolved at a concentration up to 400 g/
1. We used Dulbecco’s PBS without magnesium and calcium: 137 mM NaCl.
15 mM Na;HPQ,, 2.7 mM KCl, 1.5 mM KH,PO,. pH 7.4. The molecules
used as obstacles were bovine serum albumin ((BSA) 66 kDa, Bioshop.
Burlington, Ontario, Canada), streptavidin (52.8 kDa, Sigma-Aldrich, St
Louis, MO), and dextrans (also trom Sigma-Aldrich). The peak molecular
weight values M,,. and polydispersity indices (M,/M.,,} of the dextrans used, as
well as their approximate radii of gyration (R;) and approximate overlap
volume fractions {¢*) in aqueous solution are shown in Table 1. The
molecular weight values are reported as given by the supplier, and the values
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TABLE 1 Characteristics of the dextrans used as obstacles
M, (kDa) M, (kDa) M tkDa) MM, R, (nm) &o*
I.i 1.0 1.3 1.26 0.82 0.49
4.4 33 5.2 1.60 1.7 0.22
9.9 8.1 1.6 1.43 2.6 0.14
435 35.6 48.6 1.37 5.8 0.055
276.5 236.3 409.8 1.73 17 0.014
401.3 3328 667.8 2.01 22 0.009

My, My, M\, are the peak value, number average, and weight average of the
molecular mass. respectively. M /M, is the polydispersity index. R, is the
radius of gyration and ¢* is the overlap volume fraction in agueous
solution, approximated as explained in the text.

of R, were estimated from the molecular weight data using an experimental
relationship from the literature (45). The values of ¢* were calculated
following an approximate method (Schaefer, 1984} that divides the volume
occupied by the monomers of a chain by an approximate expression for the
pervaded volume of a chain: ¢+ = (Mpx/Na)/((4/3)7R3). where x =
0.625cm’/g is the specific volume of dextran (46) and N, is Avogadro’s
number. The fluorescent tracers used in this study were streptavidin labeled
with Alexa Fluor 488 (52.8 kDa, Molecular Probes. Eugene, OR), enhanced
green fluorescent protein ((EGFP) 27 kDa, BD Biosciences Clontech, San
Jose, CA), fluorescein, and FITC-dextran (282 kDa, Sigma-Aldrich). All
molecules were used without further purification. They were dissolved at high
concentrations with stirring as needed. The tracer molecules were selected for
their absence of known interaction with the chosen obstacles and. except for
the dextran, for their perfect monodispersity. To characterize the size of
a tracer, its hydrodynamic radius Ry can be calculated from its diffusion
coefficient using the Stokes-Einstein relation. The diftusion coefficients of
EGFP, streptavidin, and FITC-dextran in the aqueous buffer in the absence of
obstacles were measured by FCS and their hydrodynamic radii in the absence
of obstacles were found to be 33, 49, and 9.5 nm respectively. The
hydrodynamic radius of fluorescein can be estimated to be 0.8 nm from its
known diffusion coefficient D = 260 pm®s. The isoelectric point of
streptavidin is pl = 6.3 (47), whereas that of EGFP is p/ = 5.5 (48), meaning
that in the pH = 7.4 buffer used both proteins are negatively charged. The use
of charged proteins reduces the risks of aggregation, which are higher in
crowded solutions due to the presence of depletion interactions.

Fluorescence correlation spectroscopy

FCS is a method relying on the detection and temporal analysis of the
fluorescence signal emitted from a small confocal detection volume (49-52).
Qur homebuilt FCS setup is based on an inverted Nikon Eclipse TE2000-U
microscope (Nikon, Tokyo. Japan), Fluorescence is excited by an argen ion
laser (Melles Griot. Carlsbad, CA) whose 488-nm wavelength is selected by
an excitation filter (HQ480/40x, Chroma Technology, Brattleboro, VT).
The beam is focused in the sample by a water immersion objective (Plan
Apo 60X, N.A. 1.20, Nikon). The output power of the Jaser is attenuated by
neutral density filters and polarizers to obtain a radiant exposure at the focus
in the range of 1-10 kW/cm®. The emitted fluorescence collected by the
objective passes through a dichroic mirror {Q505LP, Chroma), is filtered by
an emission filter (HQS535/50m, Chroma), and focused through either a 30-
or a 75-um-diameter pinhole (Thorlabs, Newton, NJ) depending on the
diameter of the beam entering the objective. The signal is detected by
a photomultiplier (H7421, Hamamatsu Photonics, Shimokanzo, Japan) and
fed into a multi-tau correlator (Flex01-08 ns, Correlator.com, Bridgewater,
NI) that computes its autocorrelation function. Autocorrelation functions
were typically recorded for durations of 2-3 min and the measurements
repeated 10-30 times for each sample. Analyses of the measured
autocorrelation functions were performed using the software KaleidaGraph
(Synergy Sofiware, Reading. PA) that relies on the Levenberg-Marquardt
algorithm. The exact dimensions of the confocal detection volume were
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evaluated before each experiment by fitting the autocorrelation function
obtained from the free diffusion of fluorescein in PBS assuming D = 260
um/s (53). Typical values obtained for the 1/e” haif-width of the detection
volume were wy — 220 nm and wy, = 350 nm for the two different pinhole
sizes used. Most of the measurements were done at room temperature, but
when necessary the temperature of the sample was controlled using both an
inverted Peltier stage heater (PE100-NI, Linkam Scientific, Surrey. UK) and
a custom-made Peltier objective heater (also from Linkam Scientific).

Analysis of the autocorrelation functions

Autocorrelation functions were analyzed using an expression modified to
account for the possibility of anomalous diftusion. In this case, because the
mean-square displacement follows a power law, {(r}%} ~ 1*, the expression
of the autocorrelation function can be expected to be (54):

1/N T -
O (),
t 1/ ¢ -7
Tp S \7p
4)
§ is the aspect ratio, height to width, of the ellipsoidal detection volume.
N is the average number of fluorophores and 7, their characteristic residence

time in this volume; Tp is related to the apparent diffusion coefficient D of
the fluorophores and to the half-width wy, of the detection volume:

W)
i

4D’ )

The second term in Eq. 4 accounts for the existence of a nonfluorescent
triplet state (55): 71 is the relaxation time of the triplet state, and T is the average
fraction of fluorophores found in the triplet state. The simple analytical equation
given in Eq. 4 was derived using one of several possible diffusion equations
leading to anomalous diffusion, and hence is not necessarily an exact solution
for all cases of anomalous transport. However, it has been shown to be a very
good approximation of the more complex solution of a larger class of
anomalous diffusion equations (27). Importantly, the asymptotic behavior of the
autocorrelation function depends only on the probability of a particle to retum to
the origin, which is independent of the anomalous diffusion medel used (56).
Both the triplet state relaxation time, 7, and the aspect ratio, S, were fixed in the
fitting process for all the samples containing cbstacles. The value of these two
parameters was determined by fitting autocorrelation functions measured for the
diffusion of the tracer in an aqueous solution immediately before performing the
experiments in the presence of molecular crowding. In the case of EGFP. 7 is
the decay time of the fast protonation process that causes fluorophore blinking,
whereas the blinking due to the slow protonation process is not expected to
occur at the pH used in this study (32). Indeed, Eq. 4 with x = | fits the
autocorrelation data well for diffusion of EGFP in PBS without obstacles.

In the case where o = 1, diffusion is simple and the diffusion cocfticicnt
D calculated from the measured value of 7, using Eq. S is a constant, as
defined in Eq. 1. On the other hand, when & £ 1 diffusion is anomalous and
the diffusion coefficient IJ calculated using Eq. S is just an apparent diffusion
coefficient, describing diffusion at the length scale wy set by the experiment,
or equivalently at the timescale 7;,. As detined in Eqgs. 2 and 3. the apparent
diffusion coefficient is:

O]

D(rp) = FT‘S". 6)

Multicomponent models are often used to explain deviations from simple
diffusion. The corresponding expression of the diffusion term of the
autocorrelation function for such models is:

G(r) =Y 4 TS
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where g, is the contribution of the /th component to the total amplitude of the
autocorrelation function, G((), and T, is the characteristic residence time of
this component. To assess the validity of using an anomalous diffusion
model as opposed to a multiple-component model. the autocorrelation func-
tions were analyzed both using a two-component model (Eq. 7 with n = 2),
where it is assumed that two different fluorescent species are diffusing
normally in solution (29). and using @ maximum entropy method adapted for
FCS (MEMFCS), where it is assumed that a large number of different
fluorescent species are diffusing normally in solution (Eq. 7 with # = 100),
each with a different diffusion coefficient (57,58). We used the MEMFCS
algorithm recently made available by Sengupta and colleagues (57) based on
the maximum entropy method of Skilling and Bryan (59). Like other fitting
algorithms, MEMFCS seeks to minimize the chi-square parameter x?
describing the distribution of the residuals, but MEM algorithms also seek to
maximize an entropy-like quantity, S = =, p Inp;, where p, =i/} 4
for FCS. Maximizing entropy results in the maximally wide distribution of
T values that is consistent with the data.

Autocorrelation data showing obvious signs of the passage of large
fluorescent aggregates through the detection volume during the measure-
ment, both by erratic deviations from a smooth decay in the 0.1-10-s time
range and the presence of spikes in the photon count history recorded by the
correlator ar a resolution of 67 ms were rejected. In contrast to the discarded
measurements showing evidence of aggregation, the measurements retained
for analysis were highly reproducible and independent from protein
preparation. The occurrence of aggregates varied considerably from one
protein batch to the next, implying that aggregation is not an intrinsic
property of the system, but suggesting instead that aggregates are formed
around impurities. The number of aggregation occurrences became more
frequent at very high concentrations of high molecular weight dextrans, and
up to two-thirds of the curves had to be rejected. However, ultracentrifu-
gation of our samples up to 200,000 X g using a Beckman TL-100 Tabletop
Ultracentrifuge (Beckman Coulter, Fullerton, CA) greatly reduced the
frequency of the aggregation occurrences. But the anomalous diffusion
exponent and the diffusion coefficient mecasured did not change after
ultracentrifugaticn,

RESULTS

Two ditferent types of diffusion behavior were obtained
depending on the presence or absence of obstacles in the
buffer, as illustrated by the autocorrelation curves presented
in Fig. 1. In samples containing only very low concentrations
of solutes, the resultant diffusion cannot be distinguished
from simple diffusion. The simple diffusion model for a
single species in solution (Eq. 4 with a = 1) is very
successful in fitting the correlation data for such systems.
However, in crowded solutions, this simple equation no
longer fits the data. The autocorrelation data show a broad-
ening in the decay at timescales corresponding to diffusion
(Fig. 1), indicating a wider distribution of diffusion times of
the tracer through the detection volume.

Two models frequently used to model the diffusion of
tracers in living cells are the two-component model (Eq. 7
with » = 2) and the anomalous diffusion model (Eq. 4), as
described in Materials and Methods. For the crowded
solution, the fit obtained using the anomalous diffusion
model is shown in Fig. 1 a, whereas Fig. 1 b compares the
residuals of the fits for both models, showing that the anom-
alous diffusion model gives a slightly better match. Another
way to distinguish between these two models is to examine
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the long-time behavior of the autocorrelation data. Although
multi-tau correlators may introduce errors at long times for
oscillatory signals (60), the signal considered here is not
oscillatory, and thus the long-time behavior of the correlation
data should be reliable. At timescales above the characteristic
average residence time, the autocorrelation function of
multicomponent models scales as t~*/2 (Eq. 7), whereas in
the anomalous diffusion model, the autocorrelation function
scales as 17°¢/2 (Eq. 4). As shown in Fig. 1 ¢, the asymptotic
behavior of the autocorrelation function corresponding to the
diffusion of streptavidin in the absence of dextran obstacles
is identical to that predicted by the simple diffusion model.
But when dextran obstacles are present, it clearly deviates
from the r=3/? scaling predicted by multicomponent models.
On the contrary, in the latter case, it is well described by the
372 gcaling predicted by the anomalous model. Finally, the
fact that the same exponent o = (.76 describes equally well
short-time behavior around 7 and the asymptotic behavior
above Tp indicates that the diffusion may be consistently
anomalous over a large time range.

We used the MEMECS fitting algorithm to further test the
agreements of the two models with the experimental data,
and to validate the use of the anomalous diffusion model to
analyze our data. Fig. 2 shows the effective distributions in
average residence times calculated using the MEMFCS
software that correspond to the autocorrelation data shown in
Fig. 1 a. Although diffusion in the absence of obstacles yields
a narrow distribution, as expected (57), diffusion in the pres-
ence of obstacles produces a wide distribution with a distinct
tail at long times. Such a distribution is not compatible with
a two-component model. Indeed, if we apply the MEMFCS
algorithm to simulated autocorrelation data generated using
the equation for the two-component model (Eq. 7 withn = 2
where the parameters were obtained by fitting the experimen-
tal data shown in Fig. 1), then we find a distribution with two
narrow peaks centered around the characteristic residence time
of the two species (cf. Fig. 2). The presence of two clearly
separated peaks is not due to the use of simulated auto-
correlation data. The maximum entropy method has been
shown to be able to separate the contributions of two different
species in difterent real two-component samples (58,61). The
failure of the two-component model to predict the correct
distribution of residence times proves that the complex
behavior of the systems under study cannot be reduced to coex-
istence of two distinct tracer populations.

In contrast, if the MEMFCS algorithm is applied to
simulated autocorrelation data generated using the anoma-
lous diffusion model, then we find a wide and asymmetric
distribution of residence times nearly identical 10 the dis-
tribution obtained from the experimental data (cf. Fig, 2).
The experimental distribution is in good agreement with
a subdiffusive behavior of the fluorescent tracer particles,
and we found this agreement to hold for all concentrations of
obstacles. A wide distribution of diffusion times is expected
in the case of anomalous diffusion, as shown by applying the
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FIGURE | Normalized autocorrelation functions for streptavidin diffus-

ing in PBS buffer with and without dextran obstacles (200 g/l of 276.5 kDa
dextran). The fit of these autocorrelation functions using the anomalous
diffusion model (Eq. 4) gives o = 0.99 * 0.01 for no obstacles, and o =
0.76 = .01 with obstacles (solid lines). The failure of the fit with the simple
diffusion model (Eq. 4 with & = 1) for the case with obstacles is also shown
(dashed line). The fit with the two-component model (Eq. 7) closely
resembles the fit with the anomalous diffusion model and is not shown for
clarity of the plot. (b} Residuals of the fits of the autocorrelation function in
panel g for the case with dextran obstacles with both the anomalous diffusion
model (dots. )(2 = 0.0024 for 459 data points from 1 = 0.5 us to | s, with
three adjustable parameters) and the two-component model (solid line, x° =
0.0028 for the same data points with four adjustable parameters) are shown
for the timescale relevant to diffusion. At shorter timescales, the two models
are practically identical and the scatter in the data is large. {¢) Asymptotic
long-time behavior of the data and fits to the autocorrelation functions
shown in panel @. For the case without dextran obstacles, the fit with the
anomalous diffusion model shows a ¢**2 scaling (sofid line). For the case
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FIGURE 2 Eftective distributions in average residence times calculated
with the MEMFCS algorithm for the experimental autocorrelation data
shown in Fig. | a (symbols}, and for two sets of simulated autocorrelation
data corresponding to the case of streptavidin diffusing in 200 g/ 276 kDa
dextran, The first set was generated using the anomalous diffusion model
and the parameters found from the fit of the experimental data (¢ — 0.76,
Tp = 1.6 ms) and the second set was generated using the two-component
model and the parameters found from the fit of the experimental data (7, =
0.90 ms, 77 — 12 ms, relative amplitude a-/u; = 0.41), as explained in the
text. The peak values of the distributions found by the MEMFCS algorithm
for the two-component model are 0.94 and 13 ms.

maximum entropy method to simulated fluorescence re-
covery after photobleaching experiments (53). Also, long-
tail kinetics, which will result in an asymmetric distribution
of diffusion times, were predicted as a result of anomalous
diffusion (62). The MEMFCS analysis does not distinguish
between a single component diffusing anomalously and
a continuous distribution of components diffusing normally
having coincidentally the same distribution of residence
times. However, if the diffusion in our samples were not
actually anomalous, then the distribution produced by the
MEMFCS algorithm from the experimental data could have
been incompatible with anomalous diffusion. But because
the distributions do agree, even if the diffusion is not in fact
anomalous, we can characterize the experimental distribution
using only the two parameters () and « extracted from the
anomalous diffusion model, which determine the center and
the width of the distribution. For the above reasons, we dis-
cuss our results using the anomalous diffusion model through-
out the rest of this article.

The apparent diffusion coelficient D(7p) obtained using
the anomalous diffusion model for streptavidin in the
presence of various concentrations of dextrans of different
molecular weight is shown in Fig. 3 4. For streptavidin,
D(rp) is found to decrease with increasing concentration of

with obstacles, the fit with the anomalous diffusion model shows a ¢3/2
scaling (solid line, o = 0.76), whereas the fit with the two-component model
shows a %7 scaling (dashed line).
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FIGURE 3 (a) Apparent diffusion coetficient. D(7p), associated with the
diffusion of streptavidin as a function of dextran concentration for dextrans
of various average molecular weights (open and solid symbols). Also shown
is D(7p) for a 282 kDa dextran diffusing in a solution crowded by a 401.3
kDa dextran (half-solid symbols). Lines represent stretched exponential fits
as explained in the text. Where necessary, some of the data points have been
slightly shifted horizontally for clarity of the plot. (b) Value of the exponent
v as a function of the molecular weight of the polymers used as obstacle. The
dotted line is a guide for the eyes.

dextran as predicted by all models describing the diffusion of
spherical tracer particles in the presence of macromolecular
crowding (8,13,19) and as previously observed in similar
systems (63). Our data in Fig. 3 g can be satisfactorily fitted
by a stretched exponential:

D _ﬁ¢"
— = , 8)
D, (

where Dy is the diffusion coefficient of the tracer particle in
aqueous solution, ¢ is the polymer volume fraction, and 8
and v are scaling parameters. Equation 8 corresponds to the
prediction made by several models describing the diffusion
of globular tracer particles in polymer solutions. All these
models rely to some extent on phenomenological arguments,
and the physical significance of the coefficients 8 and v is
not well defined (8). Some models predict different constant
values for v (64), whereas Phillies’ model predicts a de-
pendence on molecular weight (65). In our case we observe
no clear trend in B8 as a function of the polymer molecular
weight, and find that v drops from 1.35 to 0.85 as the
polymer molecular weight increases (cf. Fig. 3 b).
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However, the novel and surprising result of our study is
that the diffusion of streptavidin is anomalous in the presence
of dextran. The data in Fig. 4 a show two trends with respect
to the anomalous exponent. First, & drops with increasing
dextran concentration until it reaches a limit value ¢ = 0.74
for the large molecular weight dextrans. In the cases of the
smaller dextran obstacles, only the decay regime is observ-
able. Second, the initial decay of the anomalous exponent
becomes steeper with increasing molecular weight of the
obstacles. The fits indicated in Fig. 4 ¢ have been madc
assuming an asymptotic exponential decay to a limit value ¢,
common for all dextrans:

a=a+(1- al)e_‘b/d’“, (9

where oy was estimated first by fitting the curves in Fig. 3
a for the three highest molecular weight dextrans allowing o
to vary. We found ¢ = 0.74 = (.02, Then all curves were
fitted using this limit value. The origin and value of «, are
discussed below. Fig. 4 b shows the value of ¢ as a function
of the polymer molecular weight.
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FIGURE 4 (4¢) Anomalous diffusion exponent associated with the
diffusion of streptavidin as a function of obstacle concentration for dextrans
of various average molecular weights. Lines are fits to the data using Eg. 10
with a; = 0.74. Where necessary, some of the data points have been slightly
shifted horizontally for clarity of the plots. (h) Crossover volume fraction
@y found as a result of the fit shown in panel @ for the different dextrans used
as obstacles. The solid line shows the overlap volume fraction ¢* calculated
as explained in Materials and Methods.
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To test for an effect of the negative charge of streptavidin
on the diffusion, we modified the ionic strength of the buffer
solution by increasing the NaCl concentration in our samples
to screen the interactions due to the charges on the streptavidin.
As shown in Fig, 3, adding up to 1 M NaCl to the PBS buffer
has no effect on the anomalous diffusion exponent a, with or
without dextran crowding. Above a 1-M concentration of
salt in the sample containing 200 g/l of the 276 kDa dextran,
there is an increase in the rate of aggregation as evidenced by
spikes in the photon count history and corresponding corre-
lations at long times. This is due to the well-known salting
out effect: proteins start aggregating upon screening of their
electrostatic charges. As expected. aggregation is enhanced
by the presence of the dextran, which induces attractive de-
pletion interactions between the proteins. In the control
samples not containing dextran, the presence of aggregates
was not detected even at the highest salt concentrations used
(5 M). For the samples containing dextran, the error introduced
by the presence of aggregates reduces the measured value of
« as shown above | M salt. And above 2 M, the aggregations
become too frequent to admit a fit of the data with the anom-
alous diffusion model. We also observed that the apparent
diffusion coefficient is independent of ionic strength (data
not shown).

We tested for a temperature dependence of the subdiffu-
sive behavior within a biologically relevant range, from 15 to
45°C. The experiment was done for streptavidin diffusing in
samples containing either 75 g/l or 200 g/l of the 276 kDa
dextran. Results are shown in Fig. 6. Although the apparent
diffusion coefficient increases with increasing temperatures
as expected from the change in the buffer viscosity, the
anomalous exponent « is remarkably constant in both cases,
showing that temperature changes in this temperature window
do not strongly affect the anomalous nature of the diffusion.

To assess whether the anomalous behavior would depend
on the nature of the tracers used, we repeated this experiment
with different tracers. As shown in Fig. 7, the diffusion of the
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FIGURE 6 Anomalous diffusion exponent a associated with the diffusion
of streptavidin in presence of 75 g/l and 200 g/l of 276 kDa dextran as
a function of the temperature. The average values of the anomalous diffusion
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apparent diffusion coefficient D(7p,) in gum®/s, and the lines are fits assuming
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other globular protein used as a tracer, EGFP, is anomalous
to a degree comparable to that of streptavidin. On the other
hand, for fluorescein, the diffusion is normal within experi-
mental errors. For the large dextran tested, the diffusion is
also observed to be normal or only slightly anomalous, sug-
gesting that the rules governing the self-diffusion of the poly-
mer obstacles are quite different from those governing the
diffusion of the globular tracers.

Finally, to check whether the effect we observe in random-
coil polymer solutions is in fact relevant to the diffusion of
proteins in the cytoplasm of cells, where molecular crowding
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FIGURE 7 Anomalous diffusion exponent as a function of dextran
concentration fitted to Eq. 10 for various tracers: EGFP and streptavidin in
solutions crowded with the 276.5 kDa dextran, and fluorescein and 282 kDa
FITC-dextran in solutions crowded with 401.3 kDa dextrans. Where
necessary, some of the data points have been slightly shifted horizontally for
clarity of the plots.
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is mainly due to high protein concentrations, we used other
proteins as obstacles. We investigated the diffusion of stre-
ptavidin against very high concentrations of bovine serum
albumin, a globular protein of comparable molecular weight,
and against high concentrations of unlabeled streptavidin.
Results are shown in Fig. 8. At a 350 g/l concentration of
BSA, the exponent a corresponding to the diffusion of
streptavidin is 0.91 = 0.02. Thus, the subdiffusive behavior
is considerably weaker than that observed in the case of the
large dextrans, but comparable to that obtained in the case
of the smaller dextrans. In the case where streptavidin (not
fluorescently labeled) was used as an obstacle, behavior
more anomalous than in the case of BSA was observed up to
~130 g/l. However, comparison could not be made at higher
concentrations due to the lower solubility of streptavidin
in PBS. The observation that streptavidin can cause the
subdiffusion of labeled streptavidin molecules is neverthe-
less significant, because it indicates that anomalous diffusion
can occur in these systems in the absence of depletion inter-
actions.

DISCUSSION

Anomalous diffusion has been previously observed and ex-
plained in a varicty of nonbiological systems (56). Sub-
diffusion is expected either in the presence of a high
concentration of fixed obstacles or in the presence of
a distribution of binding sites, as was shown by Monte Carlo
simulations of random walks (25.66,67). In fractal systems,
the value of o depends on the type of fractal. For site
percolation at the percolation threshold, numerical methods
show that @« = 0.53 in 3-D (22). Experimentally, sub-
diffusion has been unambiguously observed in cross-linked
polymer networks where the centers-of-mass of the obstacles
are fixed (68-71). The variety of anomalous exponents
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FIGURE 8 Anomalous diffusion exponents associated with the diffusion
of streptavidin in solutions crowded with either BSA or nonfluorescent
streptavidin for different concentrations of the obstacle proteins fitted to Eq.
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measured in these networks were explained by the existence
of different effects in addition to the excluded volume effects
considered in the simulations: coupling of the traccr motion
with the fluctuations of the network filaments (69), trapping
(70}, and interactions with the obstacles (71).

But in the experiments presented here, the obstacles caus-
ing the anomalous diffusion are mobile, and have a mobility
comparable to that of the tracer proteins (ct. Fig. 3 for the
diffusion of the 282 kDa dextran). This is an uncxpected
result because for diffusing point obstacles interacting with
a point tracer through excluded volume effects, simulations
either do not show anomalous diffusion (25), or they show
anomalous diffusion only at very short timescales (72). Fur-
thermore, some groups have measured the diffusion of
tracers in solutions crowded with mobile random-coiled
polymers or globular proteins without observing or reporting
this diffusion to be anomalous (73-77). Howcver, our cx-
periments and analysis show very clearly otherwise. One
reason for this apparent discrepancy is that subdiffusion docs
not seem to appear or is very wcak, as we show here, for
small tracer particles such as fluorescein or for random-coil
polymer tracers such as dextran, and most studies to date
have been concentrating on the behavior of such tracers
(74,76). Other studies have been restricted to low polymer
concentrations (77), where the cffect is slight and can easily
be missed, because it can be incorrectly attributed to the
artifacts mentioned in the introduction. In support of our
observation that diffusion of tracer particles is anomalous in
polymer solutions, it has very recently been shown using
scale-dependent FCS measurements that the diffusion of
dyes in polymer solutions was slightly anomalous (78).
Furthermore, it was reported scveral times that the measured
diffusion coefficients of proteins point to a difference be-
tween macroscopic and microscopic viscosities (10,73,77),
which may result in anomalous diffusion at intermediate length
scales for these proteins.

Although it is clear that the deviation from normal
diffusion behavior has to arise from the heterogeneous nature
of the solution and interactions between the tracer particle
and the obstacles, the nature of these interactions and the
mechanism by which they cause anomalous diffusion need
to be resolved. The possibility that the distribution of res-
idencce times observed in crowded media (Fig. 2) reflects the
presence of inhomogeneities due to depletion interactions
cannot be entirely ruled out. However, several picces of
evidence speak against this scenario. First, when aggregates
are removed by ultracentrifugation, the anomalous behavior
observed does not change. Second, if inhomogeneities
present in our samples were due to depletion interactions,
we would expect them to grow larger upon screening of the
negative charges of the tracer proteins. But when adding
NaCl in the solution, there are no obscrvable changes until
~1.5 M NaCl, when we start detecting signs of aggregation
as a stable phenomenon. This suggests that for solutions with
no added NaCl, aggregation is a relatively rare occurrence.

Biophysical Journal 83(5) 2960—2971



2968

Third, in homogeneous streplavidin solutions where de-
pletion interactions disappear, we still observe that the
diffusion of fluorescent streptavidin is anomalous, to a degree
comparable to that of its diffusion in small dextrans. In
addition to these observations, the lack of visible temperature
dependence for the anomalous behavior speaks against
depletion interactions being the single cause for subdiffu-
sion. In fact, it speaks against all possible models in which
entropy effects cause the anomalous behavior, as entropy
driven interactions will be sensitive to temperature changes.

Another potential cause for the anomalous diffusion is the
polydispersity of the obstacles. Indeed, it may be noted that
the polydispersity index (PI) of the dextrans used in our
cxperiments roughly correlates with their molecular weight,
as can be seen in Table 1, and so the observed dependence of
« on molecular weight could in fact be a dependence on PL
However, whereas the PI may play a role in determining the
value of a, the key variable is certainly the molecular weight.
Indeed, when we mix two dextran samples of same con-
centration but unequal average polymer weights to obtain
a sample of increased PI but lower average molecular weight
as compared to the highest molecular weight sample, the
anomalous diffusion exponent « increases {data not shown).
Also, diffusion is still anomalous when the solution is
crowded with strictly monodisperse obstacles such as BSA
or streptavidin.

We hypothesize that the subdiffusion process we observe
may be separated into two different regimes, which cor-
respond to two different anomalous diffusion mechanisms.
These two different regimes are visible in Fig. 4 ¢, where the
anomalous exponent « depends strongly on obstacle con-
centration below the crossover volume fraction ¢, whereas it
is constant above ¢q. The first regime corresponds to solutions
containing globular proteins, low molecular weight dextrans,
or high molecular weight dextrans at low concentration. The
second regime corresponds to solutions containing high mo-
lecular weight dextrans at high concentrations. The crossover
volume fraction ¢ is found to be slightly above the chain
overlap volume fraction ¢* for all dextrans (cf. Fig. 4 h).

In the first regime, our samples may be compared to
colloidal systems, picturing both the tracers and obstacles as
spheres. These systems are similar in that in both cases the
tracers and obstacles are globular, comparable in size, and
intcract mainly through cxcluded volume or hydrodynamic
interactions. Also, both systems are glass-forming solutions.
Single particle tracking experiments in colloidal systems
showed that anomalous diffusion could be attributed un-
ambiguously to caging effects (79,80). The diffusion be-
haves according to the prediction of the two-phase model,
where diffusion is anomalous only at timescales where both
rattling within a cage and hopping out of a cage significantly
contribute to displacement. Observations in our systems are
compatible with transient caging of the tracer proteins by an
ensemble of random-coil polymer molecules or globular
proteins. First, neither dextran molecules that can move by
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means of reptation nor small fluorescein molecules are likely
1o be caged. Second, because larger polymers will move
slower, they will tend to trap the tracer molecules for a longer
time, causing the diffusion to be more anomalous. Third,
compared to the case of globular proteins obstacles, anom-
alous diffusion is more pronounced in the case of random-coil
polymer obstacles, because their more extended conforma-
tions increase the possibility of complex steric interactions
and hence the probability of caging globular tracers. The
smaller range of anomalous exponents we observe in this
regime & = (1.9-1 compared to those reported in the mentioned
colloidal systems a = 0.1-1 (81) could be attributed to the
fact that our systems are farther away from the glass tran-
sition, which can be estimated using the Fox cquation (82) to
be above ¢, = 0.4 for dextrans in water at room temperature.
Altemnatively, one could argue that, in this low concentration
regime, transient inhomogeneities due to depletion inter-
actions are the cause of the anomalous behavior we observe
because they could act as traps for the tracer proteins. The
tracers may associate with and dissociate from these inho-
mogeneities while diffusing through the detection volume,
which may result in an anomalous diffusion behavior similar
to that predicted by caging models, or by models where
tracers are allowed to bind to obstacles (66).

In the second regime, which occurs well above the chain
overlap volume fraction ¢*, that is, at a volume fraction
where the polymer chains are entangled, we observe
a constant value of the anomalous exponent a; = 0.74 *
0.02. This value is reminiscent of the exponent & = 3/4
measured for the diffusion of beads in cross-linked polymer
networks when the tracer diameter is larger than the nctwork
mesh size in agarose gels (68) and in actin networks (69).
The same behavior (@ = 3/4) has been observed for the
diffusion of lipid granules in the cell cytoplasm (83), and
recently for the diffusion of dextran in the cytoplasm of
HeLa cells (27). In the case of the cross-linked networks, this
result has been explained by a strong coupling between the
diffusing beads and the thermal motions of the actin
filaments, because the lateral mean-square displacement of
the monomers of polymer filaments scales as r* at short
times (69). In our system at high dextran concentration, the
polymer chains form an entangled, but not cross-linked,
network. The center-of-mass diffusion of the polymer is slow
compared to the thermal fluctuations of the monomers such
that we can expect the coupling between the tracer proteins
and the segments of the chains 1o become the predominant
relaxation mechanism for the tracers, resulting in a
subdiffusion characterized by « = 3/4, which is what we
observe. Once the polymer chains are well entangled, the
average mesh size of the network does not depend on the
polymer molecular weight (84), so that the characteristics of
the motion of tracer particles should not depend on it either.
This is in agreement with our observations: well above ¢*,
neither the apparent diffusion coefficient nor the anomalous
exponent a depend on the molecular weight of the dextrans.
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CONCLUSION

This study is the first report of unequivocal observations of
anomalous diffusion of proteins in solutions crowded by
mobile obstacles. Our results suggest that the failure of
models of diffusion in random-coil polymer solutions to
predict experimental observation, which becomes apparent
at high concentrations, is duc at least in part to the fact that
nonc of these models allow for anomalous diffusion. Not
only in random-coil polymer solutions, but also in cells,
experimental measurements of protein ditfusion, and models
of processes that depend on dilfusion should be done con-
sidering the possibility of anomalous diffusion. The cytoplasm
may be pictured as a cytoskeleton filament network with a
characteristic mesh size £ =~ 20-30 nm (37,38) filled with an
aqueous phase containing a very high concentration of pro-
teins, up to 400 g/l (85,86). Because this network mesh size
is too large to produce anomalous diffusion for typical-sized
proteins, we expect that the slight anomalous diffusion
observed in the cytoplasm (28.29) may be due to the cage
rearrangement cffect or to binding interactions. Indeed, it
was shown that anomalous diffusion of dextrans in cell did
not disappear after depolymerization of the microtubule
network (27). The fact that diffusion should generally be
expected to be anomalous in the cytoplasm, even if the effect
is small, is significant becausc it means that diffusion coef-
ficients measured at larger scales will lead to an under-
estimation of the mobility of the proteins at molecular scales.
In addition, cven a slightly anomalous behavior might infiu-
ence the outcome of such processes as pattern formation,
whose stability has sometimes been linked to subdiffusion of
the reactants (87). Also, our study of diffusion of proteins at
high random-coil polymer concentration reproduces con-
ditions found in living systems: in bacterial films (88), in the
periplasmic peptidoglycan network of Gram-negative bac-
teria, in the hyaluronic acid coat enveloping some eukaryotic
cells (89), and in the chromatin in places where DNA is not
wrapped around structural proteins. Indeed, the anomalous
bchavior observed in cell nuclei for EGFP (29) is consistent
with a motion coupled with the thermal fluctuations of
filaments (« approaches 3/4). Although the cellular cnviron-
ment is more complex than our simplified medel systems,
understanding diffusion in these systems will facilitate the
use of probe diffusion to meaningfully characterize the
cellular environment at the scale of biomolecules.
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4.2 Diffusion Power Laws in Polymer Solutions and Gels Observed Using Variable
Length Scale Fluorescence Correlation Spectroscopy

Banks, D. S., R. Peters, and C. Fradin. 2007. Diffusion Power Laws in Polymer

Solutions and Gels Observed Using Variable Length Scale Fluorescence
Correlation Spectroscopy. Biophys. J. (to be submitted).
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ABSTRACT

Variable Length Scale Fluorescence Correlation Spectroscopy (VLS-FCS) is a recently
developed modification to conventional FCS that is used to study length-scale
dependence of diffusion. Whereas previous studies varied the radius of the observation
volume by a factor of 2 or 3, we demonstrate that the range of the observation length
scale used in VLS-FCS can be extended to an order of magnitude, 0.2 — 1.5 um, which
allows one to obtain the anomalous exponent « by directly observing the diffusion power
law. We applied this method to the study of systems where anomalous diffusion has been
reported. For the diffusion of polymer beads in 1.4% agarose gels, the value of «
obtained from individual FCS measurements increases from 0.82 to 0.97 as the
observation volume is increased, and the diffusion power law yields a corresponding
value of &= 0.92. This result is important because it demonstrates agreement between
the complementary methods and directly verifies the length-scale dependence of
diffusion in this system. For protein diffusion in dextran solutions where conventional
FCS measurements show similar anomalous behavior, the diffusion power law shows no
observable length-scale dependence over this range. Yet, the individual FCS
measurements show that the two-component model, which is independent of length-scale,
is insufficient to account for the observations. Observations similar to the protein-dextran
system are reproduced in the bead-agarose system by reducing the concentration of the
agarose to 0.5%. Therefore, VLS-FCS is an important tool for the study of anomalous
diffusion in systems that are accessible to FCS.

KEYWORDS
fluorescence correlation spectroscopy, anomalous diffusion, polymer solutions, dextran,
agarose gels, diffusion law.

INTRODUCTION

Experimental characterization of diffusion of tracers in vivo and in complex in vitro
systems is commonly performed to probe the microenvironment of the tracers. These
systems include polymer solutions and gels (1-6), colloidal suspensions (7, 8), and
various cellular systems (9-18). There are several studies of diffusion in in vitro systems
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conducted to shed light on corresponding phenomena in vivo. For example, the
characterization of thermal fluctuations of microtubules iz vitro has been shown to
correspond to motions of beads in vivo (19), diffusion in two-component lipid membranes
- has been compared to diffusion in biolipids with rafts (20), and systems such as f-actin
networks (5) and DNA solutions (6, 21) have been compared to cytoplasmic or
nucleoplasmic environments. The study of diffusion is also used to characterize other
cellular phenomenon. For example, diffusion coefficients are interpreted to deduce the
size and oligomeric state of membrane proteins and domains (22), characterization of the
diffusion of tracers particles in a cell has been used to determine the viscous and elastic
shear moduli (16), to infer that the intradendritic network of microtubules may be
oriented parallel to the dendrite (17), to demonstrate that diffusion coefficients in
bacterial cytoplasmic networks are explained by crowding effects alone (23), to
distinguish between isolated microdomains and meshworks in membrane organization
(24). and recently to infer that the effect of macromolecular crowding on diffusion
requires reevaluation of diffusion-limited intracellular kinetics (14). In fact, anomalous
diffusion of transcription factors which are expressed close to their targets may explain
how some transcription factors may find their binding sites faster then is predicted based
on simple diffusion models (14).

Non-Brownian models of diffusion are often required to fit the data obtained in complex
systems. In particular, many of these studies have used the anomalous diffusion model,
which predicts length-scale dependence in the diffusion coefficient, to explain results
obtained by experimental methods that have a fixed length-scale such as Fluorescence
Correlation Spectroscopy (FCS) and Fluorescence Recovery After Photobleaching (3, 4,
9-13, 16). A length scale dependence in the diffusion rate of tracers in a system
complicates the interpretation of the diffusion coefficient and must be taken into account
when modeling diffusion as a probe of the local environment. This is of great interest to
the study of cellular systems where the ability of proteins to react with targets is limited
by diffusion (25). In some systems, Single Particle Tracking (SPT) can be used to verify
the length-scale dependence of diffusive processes, but fast diffusive processes such the
motion of proteins in the cytoplasm are difficult to access with SPT (7, 8, 14). Recently a
variation of FCS has been developed independently by two groups to measure the length
scale dependence in systems accessible to conventional FCS (24, 26, 27). In
conventional FCS, diffusion coefficients are determined at a fixed observation length-
scale, whereas in Variable Length Scale Fluorescence Correlation Spectroscopy (VLS-
FCS) the length-scale dependence of diffusion coefficients is determined by performing
FCS measurements for different sizes of the observation volume.

Previous studies using VLS-FCS have focused on detecting various forms of non-
Brownian length-scale dependence in the diffusion. One group showed a small drop (10-
20%) in the diffusion coefficient of a dye, Alexa 488, in aqueous solutions of hyaluronan
as the size of the observation volume increased (26), and subsequently, that the diffusion
coefficient in the same system reached a minimum after which it rose again slightly as the
observation volume increased (28). These results were then compared to the results
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obtained at different length-scales from photochemical bimolecular reaction and pulsed
field gradient NMR to obtain a model of the non-Brownian behavior of the diffusion over
a wider range of length scales (29), concluding that the dip in the diffusion coefTicient
may be due to translational motion and reorganization of the mesh structure.

In another study, VLS-FCS was applied to the diffusion of lipids in monophasic Giant
Unilamellar Vesicles and in the plasma membranes of live cells (27). This study
emphasized the importance of the diffusion law, that is, the dependence of the
characteristic diffusion time, tp, on the square of the radius of the observation volume,
wo?. In these systems, 1 o wo where Tp may have a non-zero intercept. According to
simulations, diffusion among isolated microdomains results in a positive tp-intercept, and
diffusion hindered by a meshwork results in a negative tp-intercept (24). Further, this
method was applied to study diffusion in the plasma membrane of COS-7 cells by
measuring the diffusion law of multiple tracers including lipids, transmembrane proteins,
and anchored proteins and showed that both lipid-dependent microdomains and
cytoskeleton-mediated meshwork contribute to the compartmentalization of the
membrane (30).

In conventional FCS, an excitation laser fills the back aperture of the objective to obtain a
diffraction-limited excitation volume. Fluorescence emitted in the excitation volume is
collected and the fluctuations in the fluorescence signal are analyzed to determine the
correlation decay over time. The correlation decay is modeled to characterize phenomena
contributing to the fluorescence fluctuations in the signal such as diffusion, concentration,
photophysics, and interactions (31). In VLS-FCS, the width of the beam illuminating the
back aperture of the objective is incrementally reduced which effectively sacrifices the
full resolving power of the objective to create wider excitation volumes. The resulting
parameters are then analyzed as a function of the observation length-scale. To optimize
the fluorescence signal and range of accessible length scales, a confocal pinhole should
be selected for each observation volume size.

Other alternative approaches varying the size of the detection volume have been reported.
It has been shown recently that for cases where fluorophores are restricted to 2-D
diffusion inside a horizontal membrane, the observation length-scale can also be changed
by performing a z-scan while collecting the correlation data at each z-position (32). Due
to the 3-D Gaussian geometry of the confocal observation volume, moving the center of
the observation volume slightly above or below the membrane increases the observation
area. Even small changes in the observation volume may be achieved merely by
changing the size of the confocal pinhole or optical fiber aperture used to collect the
fluorescence (33) and are useful for observing the length-scale dependence of correlation
data to distinguish between correlations due to diffusion and photophysical effects such
as triplet state decay and fluorescent protein blinking. For simple diffusion where the
diffusion coefficient is constant, the diffusion time scales linearly with the square of the
radius of the detection volume. Therefore an increase in the detection radius will shift the
diffusion component of the correlation data while correlations due to photophysical
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effects will remain constant (or vary to a lesser degree if the photophysics is altered by a
resulting change in the excitation intensity).

In a previous study, we used conventional FCS to study diffusion of proteins in aqueous
buffer crowded by large molecular weight dextrans and showed that the data was
compatible with an anomalous diffusion model (3). While conventional FCS may
determine the existence of non-Brownian behavior, it cannot verify the prediction of the
anomalous diffusion model that the diffusion coefficient is actually length-scale
dependent. Confirmation of this prediction will distinguish between competing models
which predict otherwise.

For Brownian motion, the mean-square displacement of a tracer particle scales linearly,
() =2nDr. ()
whereas for anomalous diffusion it scales as a power law in time:

FOy < t’, atl (2)

D is the diffusion coefficient, which is time independent, # is the number of dimensions
of the diffusion and « is referred to as the anomalous exponent.

Anomalous diffusion or other non-Brownian behavior may arise in complex media where
Fick’s law does not apply. As a simple example of such non-Brownian behavior,
anomalous diffusion may appear as a cross-over between diffusion regimes in systems
where hindrance to diffusion occurs at a characteristic length scale, £, due to structure in
the media. Both well below and well above &, the diffusion is normal. Above &, the
diffusion will be slower and may be modeled as if the structured media were replaced
with an isotropic media of higher viscosity. But at a length scale similar to & there will be
cross-over effects and anomalous diffusion may be observed (34). While living cells are
much more complicated systems, a plausible biological interpretation of anomalous
diffusion has been proposed recently where a wide cross-over regime is due to a broad
hierarchy of binding sites (35).

Conventional FCS obtains « as a fit parameter of the correlation data taken at a fixed
observation length-scale. In this study, we demonstrate that the range of observation
length scales used in VLS-FCS can be extended over an order of magnitude, 0.2 - 1.5
wm, which allows one to obtain « by directly observing the diffusion power law. This
complementary method is based on the scaling of Eq. 1. If the diffusion is anomalous,
since wy is the observation length scale, and 1p is the corresponding observation time-
scale, then we will have:

2 a
wy <7, ()
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Since VLS-FCS allows one to measure tp as a function of wy, then o may be determined
directly through this diffusion power law. Secondly, VLS-FCS also allows one to
measure « at multiple length-scales as a fit parameter to the correlation data in the same
manner that conventional FCS does at a single length-scale. For the purpose of clarity in
this study, we adopt the following convention: We refer to the value of « obtained via
Eq. 3, as the diffusion power law, denoted «p;, and the value of « obtained as fit
parameters to the correlation data (see Eq. 4 and 5 in Materials and Methods) as the
anomality parameter, denoted a,.

We apply this method to in vitro systems that are comparable to crowded cellular
conditions, namely, proteins in dextran solutions and polymer beads in agarose gels. In
both of these systems, diffusion has been previously reported to be anomalous using
conventional FCS (3, 4). In this manner, we are able to test the prediction of length-scale
dependent diffusion of these previous studies while demonstrating the usefulness of the
VLS-FCS method.

MATERIALS AND METHODS
Samples and Preparation

Our tracers, including streptavidin labeled with Alexa Fluor 488, Fluorescein
[sothiocyanate, or Oregon Green (Invitrogen, Carlsbad, CA), Enhanced Green
Fluorescent Protein (EGFP, BioVision Research Products, Mountain View, CA), or
labeled polystyrene beads (40nm Orange “FluoSpheres,” Invitrogen) were dissolved in
phosphate buffered saline (PBS, pH 7.4) at low concentrations suitable for FCS (typically
1-10nM). As obstacles, dextrans (Sigma-Aldrich, St. Louis, MO) having a peak
molecular weight of 276kDa were dissolved at 200g/1 as described previously (3). All
molecules were used without further purification.

For measurements with beads alone without agarose, the solution was prepared at InM
beads and sonicated for 20 minutes to reduce aggregation. For samples with agarose, the
agarose (Biotechnology Grade, BioShop, Burlington, ON, Canada) was added to PBS
and heated to 90°C until dissolved to produce 1.4% or 0.5% agarose by weight. The
dissolved agarose was then moved to a 60°C bath along with a 10ul concentrated sample
of beads. After several minutes, approximately 500ul of the dissolved gel was
transferred to the concentrated bead sample using pre-heated micropipette tips to prevent
local cooling of the gel, vortexed, returned to the 60°C bath and sonicated for 20 minutes.
A 96-well plate with a glass bottom ( Whatman, Clifton, NJ) was pre-heated to 60°C in an
oven. After sonication, 300l of the agarose gel with beads was transferred to fill a well,
again using pre-heated micropipette tips and the plate was covered with clear plastic wrap
to prevent evaporation before the plate was returned to the 60°C oven for 10 minutes.
Finally, the oven was allowed to cool to room temperature over the course of an hour
after which the sample was finally transferred to the microscope and observed.
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VLS-FCS Apparatus

The home-built FCS setup used for this work has been described previously (3). To
adjust our setup to perform VLS-FCS, a continuously variable metallic neutral density
filter and a calibrated iris diaphragm (both from Thorlabs, Newton, NJ) were added to the
488nm excitation beam path to control the power and width of the beam reaching the
objective lens. The size of the observation volume was increased by incremental
reduction of the iris diameter concentric to the optical axis and by selecting confocal
pinholes with incrementally higher diameters. The pinholes {Thorlabs and Edmund
Optics, Barrington, NJ) used had diameters of 50, 75, 100, 150, 200, and 300 pm,
corresponding to iris diameters of 12, 4, 2.5, 1.25, 0.9 and 0.5 mm respectively, resulting
in observation volume radii evenly spaced on a logarithmic scale from about 200 nm to
1.5 um. This range of observation length-scales is at least twice as broad as that reported
in other studies (24, 29) for a single experiment.

While the use of a variable focus lens as a beam expander would have preserved the
Gaussian profile of the excitation beam, cutting the beam with an iris allowed us to
reduce the size of the beam further. The loss of the Gaussian profile is not observably
significant since Eq. 4 with o,= 1 fits well the correlation data produced by freely
diffusing fluorophores, for example, Alexa Fluor 488, Fluorescein or beads in PBS
buffer, even at the largest observation volume which should correspond to the maximum
distortion from a Gaussian profile. In any case, since all the measurements in this study
are relative to the diffusion of the calibration dye, the value of the diffusion power law,
apr, Will not depend on any systematic errors produced by a non-Gaussian profile.

The laser excitation power at the objective was held constant at either 20 uW when
fluorescein was used for calibration or 50 pW when more photostable fluorophores such
as beads were used in the experiments, in which case Alexa Fluor 488 - C5 Maleimide
(Invitrogen) was used for the calibration. If the probability to photobleach a fluorophore
during a passage through the observation volume, P, is approximately proportional to the
number of photons absorbed, then P is approximately proportional to @ 1, where @ is
the average photon flux and 1, is the characteristic time a fluorophore spends in the
observation volume. If the excitation power is constant, the photon flux, @, scales as the
inverse square of the observation volume radius, @ o 1wy If the diffusion time of the
fluorophore scales as the square of the observation volume radius, 1) « wq’, then the net
change in probability to photobleach is zero between observation volumes if the
excitation power is constant, since P o« ® 1 does not depend on wq. Thus, in order to
keep the laser power at the objective constant, the variable neutral density filter was
adjusted for each observation volume. This filter was placed at the exit of the beam from
the laser where the beam is the smallest in order to reduce distortion in the beam front
due to the filter’s spatial gradient of transmission.
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The disadvantage of using a constant excitation power is that at the large observation
volume, the collected fluorescence per molecule is greatly reduced and the fluorescence
per molecule is expected to scale as wy™ as a first-order approximation which would
severely limited the accessible range of observation sizes. However, for the dyes used,
the fluorescence per molecule scales as wo ¥, whereas for the beads it scales as wo .
These scaling behaviors result in greater fluorescence per molecule at larger observation
volumes than a first-order approximation predicts. The difference in the scaling between
the dyes and beads may be due to strong quenching effects for the beads which are
labeled with large numbers of dye molecules.

Data Analysis

The autocorrelation functions were analyzed using an expression modified to account for
the possibility of anomalous diffusion, as described previously (3). When the propagator
of the diffusion is anomalous, the autocorrelation function for a typical fluorescent
species is expected to be (36):

1/N

G(r) - 1/2[]"' r, J )
{ (IJ%J[ ! (tJapJ 1-T
1+ 1+
Ty S \7,

S is the aspect ratio, height to width, of the ellipsoidal detection volume. N is the average
number of fluorophores and < their characteristic residence time in this volume. The
second term in Eq. 4 accounts for the existence of a non-fluorescent triplet state (37): tr
is the relaxation time of the triplet state, and 7' is the average fraction of fluorophores
found in the triplet state. While Eq. 4 is not exact for all cases of anomalous diffusion, it
has been shown to be a very good approximation of the more complex solution of a large
class of anomalous diffusion equations (9). As explained below, a third term identical to
the triplet state term was multiplied to Eq. 4 in order to account for the more complex
photophysics which was observed for labeled streptavidin:

/N 2 T -.
G@) = Sl 1+ —se ™ 3)
AN (e = -7
1+ I+
T, Sz,

In Eq.5, the additional photophysics is modeled as a second independent non-fluorescent
state, and the t7,’s are the corresponding relaxation times of the non-fluorescent states
and the 7;'s are the average fractions of fluorophores populating these states.
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Autocorrelation data was typically recorded for 1-3 min and the measurements were
performed typically 10 times each. The fit parameters obtained from each set of
correlation data were averaged together and the error estimated from the standard
deviations. In the case of measurements obtained with beads, the FCS data well above
the diffusion time often contained erratic structure that may be attributed to residual
aggregations and poor statistics in that time range. In order to obtain reliable fits to such
data, it is advantageous to weight the more reliable data below and around the diffusion
time favorably in the fitting process. Such weighting of the data does not change the
average values of o, or tp, but does result in a significant increase in the number of data
sets with stable fits. In our case, we weighted the data proportionally to the amplitude of
correlation. Finally, the results from repeated experiments were averaged together.

The resulting values for 15 and w, were compared to determine the scaling relationship of
the anomalous diffusion power law (Eq. 3), and for comparison with previous studies 1
was also analyzed as a function of wy” according to a non-Brownian linear diffusion law
(24, 27):

1 2
T, :En_Dwo + 74, (6)

Stick and Diffuse Model

One of the simplest models of hindered diffusion that is expected to result in anomalous
diffusion is a model where tracers bind transiently to immobile particles. Such models
have been studied via simulations, but recently, an analytical solution to the correlation
function for a specific case has been published as the “stick and diffuse” model (38). The
stick and diffuse model was proposed to explain the FCS correlation data corresponding
to the motion of synaptic vesicles in hippocampal neurons. This model assumes that the
tracer particle sticks to a fixed obstacle for a characteristic bound time, 1,, and then
diffuses in an unbound state for a characteristic time, 1,. If the binding and unbinding are
a Poisson processes, then for 2-D diffusion (38),

13

= +
GOy r,+7, r,+7,1+t/7,

1 o ] L Ht=sYr—sir, ( . -
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Gty r,e'" T e !
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(7)

1

where 15 is the characteristic diffusion time that corresponds to free diffusion given by 1
= wy /4D, where D is the diffusion coefficient. The stick and diffuse model may be
extended in a straight-forward manner for the case of 3-D diffusion in a confocal
observation volume, thus:
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By reversing the order of the sum and the integral, Eq. 8 can be converted into another
form which can be evaluated more efficiently using Maple 10 software (Waterloo Maple,
Waterloo, ON, Canada):
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where [,(x) denotes the modified Bessel function of the first kind.

Because the stick and diffuse model yields an analytical correlation function, the
correlation function’s behavior as a function of observation length-scale may be used to
predict the qualitative results of a VLS-FCS experiment on a sample that exhibits such
stick and diffuse motion. That is, in this model varying 1 is equivalent to varying the
size of the observation volume, since 1, depends only on w” and the diffusion coefficient
of the unbound state. When the diffusion time is much larger than the characteristic
bound and unbound times (tp >> 15, 1), Eq. 9 is approximately equal to Eq. 4 with o, =
1. Thus, the diffusion at large volumes is effectively normal. When tp is comparable to
1T and 1, the correlation function is approximately equivalent to Eq. 4 with o, < 1 in
some cases, corresponding to the anomalous diffusion model.

The stick and diffuse model describes a case where the probability for tracers to bind is
spatially homogeneous. However, for systems where the obstacles or meshwork is fixed,
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such as in our agarose gel samples, tracer interaction with the meshwork is spatially
inhomogeneous. But the stick and diffuse model may be modified to qualitatively
describe a system of fixed obstacles. If we consider fixed binding sites on a cubic lattice
of length /, where wy® < /* and where no binding sites are present, the characteristic time
of the unbound state, t,, is effectively infinite. For wq’ =~ F°, the system is perturbed by the
presence of binding sites in the observation volume and 1, decreases. For woe >> P, 1,
approaches a constant value, T, .. One may recover the qualitative behavior of this
system by supposing that T, converges to its limit value at a rate which scales as the
number of binding sites in the observation volume, that is, (1, - Ty) o wo, or (T = Tu,0)
o 15 . Therefore we model the approximate qualitative behavior of the stick and
diffuse correlation data by substituting into Eq. 9 the expression:

W= Tuw Tk % (10)

In this case. & is an arbitrary constant set equal to T,..,~ - so that the crossover in diffusion
behavior from small observation volume regime to the large observation volume regime

is expected to occur where Tp = Ty .
RESULTS

To demonstrate that the diffusion power law observed by VLS-FCS yields o.p, = 1 when
the diffusion is known to be Brownian, we applied VLS-FCS to streptavidin labeled with
Alexa Fluor 488 diffusing in PBS. At small volumes close to the diffraction limit, there
appears to be only two correlations, one attributed to the triplet state decay and one
attributed to diffusion. However, as the detection volume is increased, the failure of Eq.
4 is evident (see Figure 1). Applying equation 5 to the data shows that there is a third
term with a fast correlation decay time which varies from 40 pus to 1.8 ms as the detection
volume increases. This change is not great enough to be a diffusive term which depends
on the excitation volume radius and therefore it is rather attributed to intensity-dependent
photophysics as its characteristic time is observed to change when changing only the
excitation intensity. The inset shows its characteristic time as a function of excitation
intensity where wy is fixed at 350 nm. This term has a small amplitude which is typically
less than 10% of the correlation. This extra correlation also appeared for streptavidin
labeled with fluorescein and Oregon-Green. The ubiquity of this correlation suggests that
it is due to the properties of the protein rather than solely of the various dyes, such as
proximity of tryptophan residues to the binding site of the dye which may result in
quenching effects. Indeed, this extra term does not appear for these dyes when they are
observed alone rather than conjugated to streptavidin. This extra correlation is not due to
photobleaching because photobleaching of streptavidin-Alexa488 is instead observed at
laser powers over 100 uW at wy = 200 nm as a reduction in the apparent diffusion time.
Indeed, we observe Alexa488 by itself to be quite photostable, for example absorbing 600
uW at wo = 470 nm without photobleaching whereas fluorescein exhibits bleaching even
at 100 pW under the same conditions. We noted that the amplitude of the extra
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correlation was smallest for streptavidin labeled with Oregon-Green, and therefore we
used the streptavidin labeled with Oregon-Green in subsequent experiments using Eq. 5.

For streptavidin diffusing in PBS we measured «,, tp, and wo, at each observation
volume. Both means of determining « show normal diffusion behavior. i.e., a, = ap, =
1. Figure 2 shows the anomalous exponent measured by each method. This expected
result is consistent with a constant diffusion coefficient for streptavidin in PBS over the
range of detection volume sizes used and confirms that we correctly control the
experiment for the effects of the photophysics and have sufficiently suppressed
photobleaching.

For the Streptavidin-Oregon Green diffusing in 276kDa dextran solution at 200g/1,
however, the two methods give different results. When adding the extra photophysical
correlation in the fit to the data at the small volumes, the resulting anomalous exponent is
approximately 0.85, but the error is rather large as a result of fitting overlapping
correlations. As the detection volume is increased, the anomalous exponent rises to 1
(see Figure 2), which suggests that the anomality of the diffusion is only observable at
smaller length scales. But on the other hand, the diffusion power law for this sample
shows that the diffusion coefficient is not measurably length scale dependent over this
range of length-scales (ap, = 1). In the discussion we suggest that these apparently
contradictory results are compatible with a crossover interpretation.

Since the diffusion power law does not show a length scale dependence for the diffusion
of Streptavidin in a crowded dextran solution, in order to demonstrate that this negative
result is significant, it is instructive to show a positive result as well, that is, to cbserve a
system with VLS-FCS where the diffusion power law is different than 1. Therefore we
used the VLS-FCS method on another system which has been reported to show
anomalous diffusion via both FCS and Single Particle Tracking (1, 4), namely,
polystyrene beads in Agarose gels. These beads show anomalous diffusion in the form of
a crossover between two behaviors when the size of the bead is comparable to the mesh
size of the gel. In this system, there are no complications due to photophysics. as
photophysical effects are effectively eliminated by the large number of dye molecules per
bead. Thus, the only significant correlation is due to the diffusion (see Figure 1). To test
the VLS-FCS measurements on this system, the diffusion of 40nm beads in PBS solution
was first characterized. At each length scale, we measured o, = 1, and the corresponding
diffusion power law returned ap; = 1 as well (see Figure 3).

But for the diffusion of these beads in 1.4% Agarose gels, the results of VLS-FCS are
much different as shown in Figure 3. The anomalous exponent measured at small
volumes is low («a, = 0.82) and rises up to | at larger length-scales. The diffusion power
law yields ap; = 0.92, which is approximately the average of the exponents measured at
each length-scale. Thus, both methods of determining alpha are consistent, and this result
is an experimental confirmation of the anomalous length-scale dependence of the
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diffusion predicted by fixed length-scale FCS measurements (4). This length scale
dependence corresponds to a 35% drop in the apparent diffusion coefficient, D, over an
order of magnitude of observation volume radius. To illustrate the significance of this
35% difference. we note that under conditions of normal diffusion of globular tracers in
isotropic media, the diffusion coefficient scales as the cube-root of the molecular weight,
and if D is underestimated to be 65% of its real value there is an apparent increase in
molecular weight by a factor of 3.6.

Since the relative size of the mesh to the tracer is an important parameter that determines
the value of the anomalous exponent (4), increasing the mesh size by reducing the
agarose concentration should cause the diffusion to return to normal. Indeed, at 0.5%
agarose, the length-scale dependence of the diffusion is no longer detectable from the
diffusion power law, while the individual measurements indicate a smaller degree of
deviation from Brownian motion at the smallest observation length scales (see Figure 3).

DISCUSSION

We compared conventional FCS determination of anomalous diffusion with VLS-FCS
diffusion power laws for two systems where the length scale dependence was predicted
by FCS. Here we discuss the interpretation of these results as a cross-over effect, and
address the observed intensity-dependent photophysics as well as the application of the
VLS-FCS diffusion power law to cellular measurements.

We report a system, namely, streptavidin in dextran solution, which appears to be
anomalous at a fixed diffraction-limited length scale, but varying the observation length-
scale does not reveal a length-scale dependent diffusion coefficient. This observation is
in contrast to previous studies which reported systems that appear to exhibit normal
diffusion at each length-scale while a non-Brownian length-scale dependence is observed
by VLS-FCS (24, 26-29). In those previous studies, o}, = 1 was attributed either to the
fact that the change in the apparent diffusion coefficient at the observation length-scale
was too small to deform the autocorrelation function for Alexa Fluor 488 in hyaluronan
solutions (29), or that the relevant trap energies for fluorescent lipids diffusing in the cell
plasma membrane did not vary over a wide range of time and space (24). Another
contrast is revealed in the result of analysis with Eq. 5. For all of the samples used in this
study. tp was also analyzed as a function of Wo- according to a linear diffusion law for
comparison with previous studies (24, 27) where non-Brownian behavior is indicated by
a non-zero value for 1. In our case 1o was always found to be zero within the estimated
error, indicating that in some cases using Eq. 6 to determine 1o may not be as sensitive as
considering the diffusion power law to determine non-Brownian behavior. These
contrasts are evidence that we observe a different type of non-Brownian behavior than
was observed in those studies, and they emphasize that in VLS-FCS, both methods of
evaluating « ought to be compared because they yield complementary information.
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The results of the VLS-FCS measurements with beads in 1.4% Agarose gels demonstrate
agreement between two complementary methods for the study of anomalous diffusion
and directly verifies the length-scale dependence of the diffusion in that case. The
interpretation of our data as a cross-over effect is suggested first of all by the rise of o,
from 0.85 to 0.97 for beads in 1.4% agarose gels as the observation length-scale is
increased. If we consider the diffusion of beads to be best modeled by a two-state system
composed of trapping in the network and diffusion between traps, then the diffusion
cross-over occurs at or just above the characteristic length-scale of the network. In 1.5%
Agarose gels, the mesh-size is predicted to be approximately 77 nm (4) which is an order
of magnitude less than the average detection volume used in this study, and is comparable
to the diameter of the beads used. Therefore even at the diffraction-limited observation
volumes we are detecting the long length-scale end of the cross-over where each bead
may become trapped multiple times during a passage through the observation volume. At
larger detection volumes, the cross-over effect is no longer observable, that is, the effect
of trapping may be absorbed into an effective diffusion coefficient as if the agarose gel
were replaced by an isotropic medium with high viscosity (7, 34, 35, 39).

Secondly, the interpretation of our data as a cross-over effect is also suggested in the case
of 0.5% agarose and of the streptavidin-dextran system. In both those cases, the diffusion
power law showed no length-scale dependence in the diffusion coefficient (ap, = 1), but
there is a broadening of the correlation decay data at small observation length-scales as
indicated by o, < 1. We showed previously that such a broadening can be produced by a
large distribution of characteristic diffusion times through the observation volume (3).
For the samples observed in this paper, that broadening disappears as the observation
length-scale is increased as evidenced by «, = 1. Further, an alternative model to analyze
a broad correlation decay is the two-component model where that the tracer particles are
divided into two sub-species having different diffusion coefficients, D; and D», where the
diffusion of each subspecies obeys Eq. 2 independently. In this case the correlation is
broad because it is the sum of two correlations corresponding to the two fractions. If the
two subspecies correspond to bound and unbound fractions where no exchange of
particles between the two subspecies is allowed, then the correlation should remain the
sum of two correlations regardless of the observation length scale. Thus the two-
component model cannot account for the observation of ), approaching 1 as the
observation length scale is increased unless there is exchange between the subspecies at a
characteristic time, or at a distribution of characteristic times, that will create a crossover
effect. But in that case, the interpretation of the two-component model is equivalent to
the cross-over interpretation of the anomalous diffusion model. These considerations
suggest a cross-over interpretation for the anomalous diffusion observed for streptavidin
in dextran solution and for beads in 0.5% agarose, namely, that the smallest observation
length-scale is just small enough to detect the upper length-scale edge of the cross-over
effect.

The independence of the observed diffusion coefficient of the beads in 0.5% agarose gels
with the length-scale used agrees with a recent study of diffusion at a solution-gel
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interface that concludes that anomalous diffusion occurs in agarose gels only for solutes
with sizes close to the gel mesh size and for small observation length-scales (40). For the
0.5% agarose gel, the gel mesh size is much increased compared to the 40nm bead
diameter, making the diffusion less restricted and narrowing the length-scale range over
which a cross-over could be observed. These results emphasize the importance of the
relative length-scales of the observation volume, the tracer, and the obstacle mesh when
measuring a cross-over effect. The crossover interpretation suggests that if it were
possible to fix the mesh and tracer sizes while extending the range of accessible length
scales of observation below the diffraction limit to match the mesh size, then perhaps the
anomalous exponent observed by FCS might be a consistent low value over an order of
magnitude of wy and a corresponding VLS-FCS diffusion power law might be observed.
Alternatively, we may hypothesize that the same effect might be achieved by
significantly increasing the size of the both tracer and the mesh size of the gel, while
keeping the range of observation length scales the same. However, such samples would
be suitable for measurement with Single Particle Tracking and not with FCS.

As described in the Materials and Methods, a modified stick and diffuse model can be
used to demonstrate the cross-over behavior that aids in illustrating qualitatively the
interpretation of the experimental results of this paper. Eq. 9 was evaluated numerically
using Eq. 10 and fixing the values of S, 1, and 1, .., and for a range of values for wo'.
For each value of w’, the correlation data was fit to the anomalous diffusion model (Eq.
4) with S fixed to the same value. The resulting fit parameters for tp and « are shown as
in Figure 4. First, the diffusion laws corresponding to this modified stick and diffuse
model for fixed obstacles for three values of t,, ., are shown in Fig. 4a. There are two
regimes of Brownian motion, where wy’ o 1. These regimes correspond to free
diffusion at small scales and at the large scales, the diffusion is slower but still described
by wo o« Tp. In the middle region, the diffusion power law is non-Brownian with average
values of ap, = 0.82, 0.75, and 0.67. Fig. 4b shows the corresponding anomality
parameter where ¢, = 1 for small and large volumes, as expected, and «), deviates from 1
at most to 0.86 around wo” = 0.20 for Ty .= 0.25.

The numerical results from the modified stick and diffusion model suggest two points of
qualitative behavior that are relevant to the observations in this study: In a cross-over
regime, the diffusion power law ap, and the anomality parameter ¢, will not necessarily
agree in magnitude, nor will their minimum values necessarily occur at the same length
scale. Therefore it is not surprising that for streptavidin in dextran solutions, the
diffusion law shows normal diffusion while the anomality parameter observed depends
on the length-scale of the observation. Rather, it suggests that we observe only the upper
edge of the cross-over regime. Similarly, in the case of beads in agarose gels where the
two behaviors are free diffusion and hindered diffusion due to trapping in the agarose
network, the VLS-FCS data suggests that we observe more of the cross-over regime than
for the streptavidin system since the diffusion power law is less than 1, but the anomality
parameter values demonstrate that we still only observe its upper edge.
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The cross-over interpretation of the modified stick and diffuse model described here
results from binding with only one characteristic time. In highly complex environments
such as a cell’s cytoplasm, a typical tracer is likely to experience many types of
interactions and characteristic length scales with greatly varied results in restricting its
diffusion. It is reasonable to expect that the composite result of many length-scales and
binding times will significantly extend crossover regime further than would be the case if
there was only one phenomenon restricting diffusion. Indeed, this expectation is
consistent with Monte Carlo simulations that led to a recent proposal that diffusion with a
hierarchy of binding sites is a model for anomalous diffusion in cellular environments

(35).

One of the important implications of this research for diffusion-based experimental
observations is that the [ength-scale dependence occurs at (and presumably below) the
diffraction limit and tends to go away at larger length-scales. Therefore in cellular
environments that are comparable to polymer solutions or gels due to macromolecular
crowding, the experimentalist must be alert to the possibility that diffusion coefficients
measured at over areas significantly larger than the diffraction limit are likely to
underestimate the rate of diffusion at smaller scales, and measurements near the
diffraction limit may depend significantly on the length-scale used.

The VLS-FCS method reveals that additional photophysics played a role in the
interpretation of the diffusion data of Streptavidin in dextran solutions since fitting an
additional correlation term resulted in slightly higher a, than without the extra term. It is
known that an extra correlation appears for streptavidin labeled with various red-
absorbing dyes at the biotin binding site. This extra correlation has characteristic times of
about 4 — 10 ps and a large amplitude which adds 15 - 60% to the maximum amplitude of
correlation (41). In that study, this extra correlation was attributed to quenching by
tryptophan residues located at neighboring binding sites, and it was further demonstrated
that the addition of unlabeled biotin eliminated the extra correlation, and this effect was
attributed to the inhibition of tryptophan by the binding of the biotin. For the streptavidin
used in this study, it is possible that the extra correlation term which we observe may be
due to similar quenching effects, but we observed that the addition of biotin had no
observable effect in our case (data not shown). The observed differences may be due to
the differences in absorption maximum, in the location of the Alexa Fluor 488 dye, and in
the multiple labeling of the dye, as each protein is labeled with 3 or 4 dye molecules.
Thus, VLS-FCS provides complementary data in addition to the diffusion power law
such as the existence of unexpected photophysics which may affect the interpretation of
the data. In our case, the diffusion of streptavidin in dextran is still shown to be
anomalous by VLS-FCS, although not to the same degree as predicted by conventional
FCS. No significant photophysical effects were observed for the bead samples, a fact
attributed to the large number of dye molecules per bead.
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The application of VLS-FCS to the study of living biological systems has already been
demonstrated in the study of the diffusion of a lipid and a transmembrane protein in COS-
7 cells (24). Extending the range of length-scales used in VLS-FCS as we have done and
applying this extended measurement range in living systems would be quite useful. In
biological systems, the frequency of observations of strong anomalous diffusion of
macromolecules in crowded cytoplasmic-like environments (typically with values of a =
0.75) indicates that this phenomenon must be understood well in order to model such
systems effectively (9, 12, 14, 19). Thus, even where the anomality of the diffusion is
due to a cross-over effect, if the cross-over effect occurs over a broad length scale
including the scale of interest, the anomality cannot be ignored when modeling the
system. However, there are significant challenges to overcome before reliable diffusion
power laws could be measured by VLS-FCS in living cells. The limiting factors include
technical aspects of calibration at each observation volume and the loss of brightness or
photostability of fluorophores at larger observation volumes.

CONCLUSION

In this study, we demonstrate that the range of observation length scales used in VLS-
FCS can be extended over an order of magnitude, 0.2 — 1.5 pum, which allows one to
obtain « by directly observing the diffusion power law. The results of the VLS-FCS
measurements with beads in 1.4% agarose gels are important because it demonstrates
agreement between the complementary methods and directly verifies the length-scale
dependence of the diffusion. The interpretation of the anomality of the diffusion as a
cross-over effect is suggested for both the bead-agarose and the protein-dextran systems,
although for the protein-diffusion system the diffusion power law is Brownian over this
range. Even in this case, however, the two-component model, which is independent of
length-scale, is insufficient to account for all of the observations. Observations similar to
the protein-dextran system are reproduced in the bead-agarose system by reducing the
concentration of the agarose. Further, we show that VLS-FCS is also useful to provide
complementary data in addition to the diffusion power law such as the existence of
unexpected photophysics which may affect the interpretation of the data. Therefore,
VLS-FCS is an important tool for the study of anomalous diffusion in systems that are
accessible to FCS.
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Figure 1. Normalized autocorrelation data for tracers diffusing in PBS buftfer fit for
normal diffusion (i.e. a, = 1) with Eq. 4 (dotted lines) and 5 (solid lines): streptavidin-
Alexad88 at wy = 200 nm, 740 nm and 1.5 pm from left to right (empty circles), and for
40 nm Orange beads at wy = 1.5 pm (solid circles). The correlation data for polymer
beads shows only a correlation due to diffusion. The inset shows the characteristic time
for the additional correlation decay versus the excitation laser power at wo = 350 nm. (b)
Residuals of the fits of the autocorrelation data in panel a for the case of streptavidin-
Alexad88 at wy = 740 nm for normal diffusion with Eq. 4 (solid line) and Eq. 5 (dotted
line) which corrects for the additional correlation which decays from about 10 ps to 1 ms
(dotted line).

138



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

Figure 2a
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Figure 2. Diffusion laws for Streptavidin-OregonGreen in PBS buffer (circles) and with
200 g/1 276 kDa dextran (squares). The slope gives the value of the anomalous exponent

for the diffusion power law, ap;. (b) The values of «,, the anomality parameter
determined by direct fit of the correlation data at each observation volume.
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Figure 3. Diffusion laws for 40 nm Orange beads in PBS buffer (circles) and with 0.5%
agarose (diamonds) and 1.5% agarose (squares). The slope gives the value of the
anomalous exponent for the diffusion power law, ap;. (b) The values of a, the anomality
parameter determined by direct fit of the correlation data at each observation volume.

140



PhD Thesis — D. Banks =~ McMaster — Physics & Astronomy

Figure 43
- 100 -
3 o =0
o T, 025
e = =05 -
= 10 + <m0
5] o =1 ~mo
= o <l Q
g ML_el
g %o
| A
E tr e
5 o0
o |
= 7
@ £
5 n L aﬁe
[=]
c o’
=) [+ 3
B om °
g m 50
2 o
9 Q
Q o
ool LB I 1 1 I 1
101 0.01 01 1 10 100
Characteristic diffusion time, z, (a.u.)
Fgure 4b
105 ¢
[e v
5 ©
=a
°m °BBI
< &y
- s 0Cog ° o o
S_ ooil:o s
n >
k] o o
£ n o
© o] 000
g D0os - o g []
= o o
IS c " .
g . °© =025
& ) N
09 - 7 =0Ah
o] #
o ¢ =1
o
P :
085 1 1 1 | i |
0 g0t 0.001 001 01 1 10 100

Observation volume radius-squared, . (a u )

Figure 4. Cross-over diffusion power laws calculated using the modified stick and diffuse
model for fixed obstacles for 1, ., = 0.25 (circles), T4,» = 0.5 (squares), and 1,,= 0.1
(diamonds). While the slope is | for small and large tp, in the middle regions, the
diffusion power law, ap,, is non-Brownian with average values of 0.82, 0.75, and 0.67
respectively. (b) The anomalous exponents corresponding to the values of 1,  used in (a).
For small and large volumes ¢, = 1, and a, deviates from 1 at most to 0.86 around wo” =
0.20 for 1, .= 0.25.
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4.3 A Molecular Thermometer Based on Fluorescent Protein Blinking

Wong, F. H. C., D. S. Banks, A. Abu-Arish, and C. Fradin. 2007. A Molecular
Thermometer Based on Fluorescent Protein Blinking. J. Am. Chem. Soc.
129:10302-10303.
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4,3.2 Abstract

With the present trend toward a miniaturization of chemical systems comes the need for a
precise characterization of physicochemical parameters in very small fluid volumes. We
describe here an original approach for small-scale temperature measurements based on
the detection of fluorescent protein blinking. We observed that the characteristic time
associated with the reversible protonation reaction responsible for the blinking of the
enhanced green fluorescent protein is strongly temperature dependent at low pH. The
blinking characteristic time can easily be detected by fluorescence correlation
spectroscopy, and therefore provides the means for noninvasive, spatially resolved,
absolute temperature measurements. We applied this approach to the quantification of
laser-heating effects in thin liquid samples. As expected, we observed a linear
dependence between the temperature increase at the laser focus and both the laser power
and the sample extinction coefficient. In addition, we were able to measure the laser
induced temperature increase at the glass/liquid interface, a value difficult to predict and
hard to access experimentally, demonstrating the usefulness of our approach to study
surface effects in microfluidic chips. The use of GFP derivatives as genetically encoded
molecular thermometers should have direct applications for both microfluidics and
single-cell calorimetry.

143



PhD Thesis — D. Banks ~ McMaster — Physics & Astronomy

4.3.3 JACS Article

144



JIAIC

S

COMMUNICATIONS

Published on Web 08/08/2007

A Molecular Thermometer Based on Fluorescent Protein Blinking
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With the current trend toward a miniaturization of chemical
systems comes the need for precise physical measurements that
will lead to an exact depiction of microfluidic environments.
Traditionally, spatially resolved temperature measurements in fluids
have been achieved using diffraction-limited optics to image dyes
such as rhodamine B whose fluorescence quantum yield depends
on temperature.' This method has been applied to observe temper-
ature gradicnts in microfluidic channels®? and in biological systems.*
However it does not permit quantitative measurements because local
dye concentration and background fluorescence also affect fluo-
rescence intensity. To resolve this issue, methods based on the
comparison between emission at different wavelengths® or on
fluorescence lifetime measurements® have been proposed. Here, we
propose another approach relying on the detection of the blinking
of fluorescent proteins using fluorescence correlation spectroscopy
(FCS). To demonstrate the usefulness of this method, we have
applied it to the measurement of laser induced heating in thin liquid
samples.

Many fluorescent proteins have the capacity to alternate between
states with distinct fluorescence properties. In the case of the
enhanced green fluorescent protein (EGFP), protonation of the
Tyrosine-66 hydroxyl group on the chromophore brings the
molecule from a deprotonated state, which is fluorescent upon
488 nm excitation, to a protonated state. which is mostly nonfluo-
rescent under the same conditions. This characteristic has been
exploited to design variants of the protein that can be used as
genetically encoded molecular pH indicators.” The fluctuations in
the fluorescence signal due to this reversible protonation reaction
are referred to as blinking. The associated submillisecond relaxation
time, which can be measured using FCS, is as expected very pH-
sensitive.® We show here that this blinking also strongly depends
on temperature, a property that makes GFP derivatives attractive
candidates for use as molecular thermometers.

The temperature dependence of the relaxation time associated
with the blinking of the EGFP is shown in Figure 1. To measure
this dependence, protein samples were prepared by diluting purified
recombinant EGFP (BioVision) to nanomolar concentrations in CP
buffer (10 mM citric acid, 100 mM potassium phosphate) at
different pH. The solution was then placed in a small chamber
(thickness = 100 z¢m, volume ~ 10 4L) made of two microscope
cover slips spaced by Parafilm and sealed with wax. Blinking
relaxation times were obtained using a home-built FCS instrument
already described elsewhere.” EGFP fluorescence was excited with
the 488 nm line of an argon laser. Keeping the excitation power at
the sample below 80 u¢W. The temperature of the liquid was
adjusted by controlling the temperature of both the stage and the
water objective used for these experiments with two separate Peltier
elements {Linkam Scientific Instruments). The resulting autocor-
relation functions (each corresponding to a 60— 180 s measurement)
showed two separate decays. one due to the diffusion of the proteins
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Figure 1. Calibration curves showing the temperature dependence of the
relaxation time associated with EGFP blinking for different pH values, Data
sets obtained for pH < 6 have been fitted using eq 1.

in the observation volume (~0.5 ms) and the other due to their
blinking (~0.1 ms). They were analyzed for lag times above 10 us
using a mode! taking into account both processes. Two parameters
characterizing the blinking process are extracted from this analy-
sis: the relaxation time associated with protonation, 7. and a
coefficient, B, which in the absence of noise represents the average
fraction of fluorophores found in the nonfluorescent protonated
state.?

Simple protonation and deprotonation reactions should follow
Arrhenius’ law, in which case we expect at low pH (pH < 6)

1/t = 10 P4 exp(—E/RT) + Agexp(—E4RT) (1)
B/(1 — B) = 107" A JA,) exp(—(E, — EQ/RT)  (2)

Using these relations to fit our data, we found that the values of
the activation energies, £, and Eqy. and the frequency factors. Ap
and Ay were constant within error at very low pH (pH < 5.5) as
expected for an external protonation reaction. These values (£, =
9.2 + 0.3 kcal/mol and £4 = 10.3 £+ 0.5 kcal/mol for pH = 5) are
smaller than those measured using pH jump experiments.!? but
consistent with previous FCS measurements.?

Our measurements show that the relaxation time 7y is very
sensitive to temperature changes at low pH. In contrast. the values
obtained for 7y are not affected by fluorophore concentration.
motion, or photobleaching. by the level of background fluorescence,
by the excitation power, or by the size and shape of the detection
volume. The relaxation time is therefore a useful parameter to
exploit for temperature measurements. It does however depend on
buffer composition (including viscosity) and pH.f so a new
calibration curve must be obtained for cach new buffer condition,
The precision obtained on the value of 1y increases at low pH
because the nonfluorescent protonated form of the protein becomes

10.1021/ja0715905 CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Increase in temperature at the focus of a 637 nm laser beam for
solutions containing different concentrations of SCC. Lines represent linear
fit of the data.

predominant, which increases the relative amplitude of the blinking
term in the autocorrelation function.

As a first application of this molecular thermometer, we
characterized the heating caused by a focused laser beam passing
through a thin absorbing liquid sample, a situation often encountered
in single cell or single molecule manipulation by optical tweezers.
For this experiment, we used a commercial FCS instrument (Insight
Cell, Evotec Technologies). which allowed combining two laser
beams through the same optical fiber. We used the 637 nm radiation
of a continuous-wave laser diode to produce a temperature increase
in solutions of sodium copper chlorophyllin (SCC), a derivative of
chlorophyll with a high extinction coefficient in the near-infrared.
A second beam. the 488 nm line of an Ar laser, was used to excite
EGFP fluorescence. The power of that second laser was kept very
low. P~ 80 uW at the sample. The studied samples were prepared
by dissolving SCC (Sigma) in CP buffer (pH = 5) supplemented
with 100 g/l BSA and EGFP. The solutions were placed in
~100 gm thick chambers as described above. A calibration curve
was acquired for each different SCC concentration. The temperature
at the focus of the 637 nm laser line was inferred from the measured
relaxation time of EGFP at that same position (10—20 s measure-
ments).

The measured temperature increase is shown in Figure 2 in the
case where the 637 nm laser was focused far from the glass cover
slip. We expect a temperature change AT ~ ¢P/K. where P is the
incident laser power and € and K are the extinction coefficient and
thermal conductivity of the solution. respectively. Indeed, our results
show that the increase in temperature at the laser focus is directly
proportional to the power of the 637 nm radiation. and that it is
also directly proportional to SCC concentration. with no detectable
increase in the absence of SCC. In addition. our measurements show
that the increase in temperature due to laser heating is reduced as
the laser focus is brought closer to the glass surface of the sample
chamber (Figure 3). This is because the light absorption in the glass
is negligible compared to that in the liquid. and because the cover
slip. which is in direct contact with the water objective, acts as a
heat sink. Far from the glass surface, a model taking into account
light absorption and heat dissipation accurately predicts the tem-
perature increase we measured.'! However this simple model fails
close to the surface, due to the difficulty of accurately taking
boundary conditions into account. Our method on the other hand
allows an accurate temperature measurement at the cover slip. The
blinking properties of EGFP are not modified in the proximity of
the glass surface, as proved by the fact that in the absence of laser
heating the same temperature is correctly recovered in the bulk
and at the surface of the sample (Figure 3). This has interesting
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Figure 3. Temperature change at the laser focus in a § g/t SCC solution
as a function of the distance between the laser focus and the glass cover
slip, in the presence and in the absence of the 637 nm laser radiation. Solid

lines are theoretical predictions from ref 11 (¢ = 35 em™!, K =
5.86 W-K-l-em™!).

implications for the exact monitoring of temperature at the surface
of microfluidic channels containing tethered active biomolecules.

Using fluorescent protein blinking as detected by FCS 10 measure
temperature presents multiple advantages. It provides absolute
temperature measurements, independent of experimental conditions
when using typical FCS conditions (excitation intensity below
200 #W, fluorophore concentration below 100 nM). It can be used
to characterize steep tempcrature gradients, such as those expected
in microfluidic and microcapillary flows. It can be used at a liquid/
solid interface as long as the blinking properties of the proteins
are not modified by presence of the solid surface. It is noninvasive
providing an air objective is used instead of a water objective. The
blinking properties of EGFP, however, remain sensitive to pH and
buffer composition? and therefore one limitation of the method is
that a specific calibration curve should be obtained for each bufter
condition. Finally. we note that this method has the potential to be
applied directly in biological samples using genetically encoded
fluorescent protein fusions. Using appropriate variants of the protein
with an observable temperature dependence at pH = 7.4 should
lead to precise temperature determination under normal physiologi-
cal condition.
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Sciences and Engineering Research Council of Canada (NSERC)
in particular through its Canada Research Chair program.
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SUPPORTING INFORMATION:

A- Analysis of the autocorrelation functions

Examples of normalized autocorrelation curves obtained for EGFP at pH=S5 for different
temperatures are shown in Fig. 1.
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Figure. 1. (a) Autocorrelation data obtained for EGFP in CP buffer (pH = 5) at different
temperatures. Each curve corresponds to a 60s measurement. Correlation functions have
been normalized to allow a better comparison between the different curves. Thin black
lines are fit of the data using Eq. (A1). (b) Residuals corresponding to the fit of the curves
shown in (a).

Autocorrelation functions were analyzed using a model taking into account both the
diffusion and the blinking of the protein':

!
Gt) = Ay (1+ Bep( /7, )). (A1)

t t 1-B
(1+%d) 1+/S’2rd

In Eqg. (Al), S is the aspect ratio of the detection volume; N and 14 are the average
number of fluorophores and average residence time of the fluorophores in the detection
volume, respectively; B and 13 are the fraction of EGFP in the dark state and average
relaxation time associated with the blinking process, respectively. For each temperature, a
minimum of five measurements were taken and analyzed, from which average values and
standard deviations for each parameter were calculated.
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B- Comparison between characteristic diffusion time and blinking relaxation time

When the protein is diffusing its average residence time in the detection volume, tp, 1s
roughly one order of magnitude larger than its blinking relaxation time, tg (Fig. II). This
permits the independent determination of these two parameters when analyzing
autocorrelation functions since the two corresponding decays are well separated. This
separation will be maintained in the case of a flow (velocity v) as long as the particle
residence time in the detection volume, T=wy/v (where wo~0.5um is the half-width of the
detection volume), remains larger than tg, i.e. as long as v<wg/tg~5000 um/s.
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Figure II. Comparison between the two characteristic decay times (blinking relaxation
time tg and average residence time Tp) observed in autocorrelation functions recorded
Jfor freelv diffusing EGFP (pH=5). The solid lines correspond to the expected
temperature dependence of these two parameters (as discussed in the text).

When the protein is diffusing, the residence time tp should be proportional to /T, where
T is the absolute temperature and v is the buffer viscosity. The viscosity of aqueous
solutions steeply decreases with increasing temperatures, so that we would expect tp to
vary by a factor of 3 in the studied temperature range (solid grey line in Fig. II). In fact,
measurement of tp has recently been proposed as a possible way to measure temperature”.
However, probably due to photobleaching at low temperatures when <p is large, only a 2-
fold variation in tp is observed, to be compared to the 10-fold variation in tg in the same
temperature range. Measurement of the relaxation time therefore offers a greater dynamic
range for temperature measurements.

C- Derivation of equations (1) and (2)

Consider the simple protonation process:

ks

AT+ HY AH
[f the protonation and deprotonation rates, k, and ky, follow Arrhenius law we can write:
E,/
k,=Ae o, )
_Eu//
k,=Ae “f, (€2)



R is the gas constant; E; and Eq are the activation energies corresponding to protonation
and deprotonation, respectively; A, and Ay are the so-called frequency factors.
The equilibrium constant associated with the reaction is:

= __lﬁl_l‘%_._ = EP_ = ﬁe'{E’)—Ed%T_ (C3)
lA ]eq[H ]cq k(/ Atl
Its dependence on temperature obeys van’t Hoff equation:
dink) 24 (C4)
d(l/T) R

where the enthalpy change associated with the reaction, AH, is linked to the activation
energies: AH=E,-Eq.

If we assume that the protonated form of the protein is totally non-fluorescent under the
conditions of the experiment, then the factor B that appears in the expression of the
autocorrelation function (Eq. Al) corresponds to the average fraction of protonated
proteins, so B=[AH]e/([A"] g T[AH] o). Thus according to Eq. C3:

[AH], B p ~(E,~E,)/RT
v 2 =T_—E=101H(AP/A[,)e . (C5)

eq

For small concentration variations away from equilibrium we will have [AH]=[AH]+0,
[AT=[ATeqd and [H']=[H']eq-d", where |8°|<]8], since the buffer could correct for
variations in proton concentration faster than the reaction involving the proteins. Thus the
rate of formation of [AH]:

A Atk A, (C6)
can be rewritten:

ds . o

- —[k{, +k,|H"],, ]a +k,|A10 (C7)

where second order terms in & and 8” have been neglected.
In the limit case where =8’ (meaning that at the time scale of the considered fluctuations
the buffer has no influence on the relaxation process) the relaxation time associated with

the fluctuation is:
|

Hra k(H, +1471,)

The other limit case arises when the relaxation in proton concentration happens much
faster due to buffer than due to reactions involving the proteins, in which case we can
consider that 8’=0, leading to a relaxation time:
S

ky+k,[H"],
In either case, when [A]eq<<[H']e, which in the condition of our calibration experiments
(protein concentration in the nM range) is true for pH<6, the relaxation time should be
given by Eq. C9.
If the EGFP blinking process is due to a simple protonation/deprotonation equilibrium we
thus expect that the relaxation time of the blinking process, tg, which is measured by
FCS will obey (by combining Eqgs. C1 and C2 with Eq. C9):

Uty =107 A e 5™ 4 4,075/ (C10)

(C8)

(€9)
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D- Thermodynamic parameters
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Figure IIL. (a) Temperature dependence of the equilibrium constant associated with
EGFP blinking for different pHs. Each data set was fit using Eq. C3. (b) Temperature
dependence of the relaxation time associated with EGFP blinking for different pHs. Data
for pH=6 was fit using Eq. C10.

The equilibrium constant K=B/[(1—B)lO'pH] and the relaxation time associated with the
blinking process, tg, are shown in Fig. III as a function of temperature for different pHs.
To extract thermodynamics parameters at a given pH, we first obtained the ratio of the
frequency factors, (Ap/Aq), and the enthalpy change associated with the reaction, AH=E,-
Eq, by using Eq. C3 to fit the equilibrium constant data. We then fixed the values of these
parameters when using Eq. C10 to fit the relaxation time data for pH<6. Resulting values
of the activation energies and frequency factors are shown in Table 1. These values
represent average values obtained for several calibration curves measured at each pH, and
the errors indicated are standard deviations.

pH pH =350 pH =335 pH =6.0 pH =70
A, (/s/M) (7.124.2)x10° | (5.4£6.5)x10" | (2.7£2.2)x10"*

A (/s) (1.4+1.1)x10"° | (31243)x10"° | (1.5£1.9)x10°

E, (kcal/mol) | 9.240.3 9.0+1.1 6.7+0.5

E, (keal/mol) ] 10.3£0.5 10.4+1.9 7.2+1.3

AH (kcal/mol) | -1.1£0.1 -1.4+0.8 -0.6%1.8 5.3+1.4

Table I: Average values measured for the thermodynamics parameters corresponding to
EGFP protonation and deprotonation. Errors in this table are standard deviations
between different measurements such as the one presented in Fig. 111,

For a simple protonation reaction, we expect the enthalpy change AH to be independent
of pH. However, whereas the enthalpy changes we measured at pH<6 were all slightly
negative, and in agreement with previous FCS measurements (where it was found that
AH=-2.7kcal/mol at pH=6.5)', the enthalpy change observed at pH=7 was clearly positive.
This raises the question of whether the blinking observed at that pH has the same cause as
at lower pH. The values of the activation energies obtained here (E ~9kcal/mol,
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Egs~10kcal/mol) are at odd with values obtained in a different study using pH jump
experiments (E,~0.3kcal/mol, Eq~14.8 keal/mol)’. Contrarily to FCS experiments, pH
jump experiments involve large deviations from equilibrium (in that case from pH=8 to
pH=5). Thus the relaxation processes observed in either case might be different. It was
suggested in Ref. 3 that the relaxation process observed in pH jump experiments might
involve protons coming from the bulk solution, while the relaxation process observed by
FCS might involve protons coming from the inside of the protein. Taken together, these
observations show that the observed blinking cannot be reduced to a simple protonation
reaction, at least not at all pHs.

E- Dependence of the relaxation time on excitation power and EGFP concentration

We verified that the dependence of the measured relaxation time on excitation power was
minimal in the range useful for FCS measurements, P<200 uW (Fig. I'V). Well above that
range however, a slow decrease of the measured relaxation time with increasing laser
power is observed, either due to photobleaching or to the emergence of a triplet state term
not accounted for in the fitting of the autocorrelation functions.
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Figure IV. Relaxation time associated with EGFP blinking measured by FCS as a
Junction of excitation power (pH=3, T=25"C).

Accordingly, when thermodynamic parameters are calculated from calibration curves
recorded at different laser powers in the range habitually used for FCS measurements,
they are found to be in very good agreement (Table II).

Laser power 20 uW S0 uWw 200 uw 500 uw
A, (/s/M) (7.124.2)x 10" | (6.0£2.0)x10" | (7.2+0.9)x10" | (5.3+0.8)x10"
Ay (5) (1.4x1.1)x10" | (2.521.1)x10™ | (9.0£1.5)x10"° | (10+4)x10"
E, (kcal/mol) | 9.2+0.3 9.1+0.2 9.1+0.1 8.7+0.2
[ E, (keal/mol) | 10.3+0.4 10.620.3 10.0+0.1 10.0£0.3
| AH (kcal/mol) | -1.140.1 -1.5+0.1 -0.940.1 1.240.1 ]

Table II. Thermodynamic parameters extracted from the fit of calibration curves
obtained at pH=3 for different laser powers. Errors in this table are the standard error
values obtained from the fit of each separate calibration curves (using the software
Kaleidagraph).
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Similarly, EGFP concentration had no influence on the measured blinking relaxation
times and on the values of the thermodynamic parameters obtained from the resulting
calibration curves for pH<6 and in the concentration range useful for FCS measurements,
¢<100 nM. According to Eq. C8, a dependence on EGFP concentration is to be expected
at higher pH (pH>7).

In summary, in the range of conditions useful for FCS experiments (P<200uW and
¢<100nM) and for the range of pH useful for the proposed temperature measurements
(pH<6), the measured blinking relaxation time does not depend on excitation power nor
on EGFP concentration.

F- Comparison between calibration curves obtained in different conditions

We investigated the robustness of the temperature calibration curve obtained in CP buffer
at pH=5 for two specific situations: first when adding large quantities of SCC to the
solution, and second in the case when the EGFP is part of a fusion protein. In the first
case, a sample was prepared by dissolving 100g/l BSA and 5g/1 SCC into CP buffer at
pH=7 and subsequently adjusting the pH of the buffer to 5. The addition of BSA in the
sample further enhanced the solubility of SCC at this low pH. EGFP was added at a
~100nM concentration. The calibration curve obtained from this sample is shown in Fig.
IV. It shows a systematically faster relaxation time associated with EGFP blinking than in
the absence of SCC. On the other hand, when the calibration was repeated using an
EGFP-Bax fusion (CP buffer, pH=S5), the calibration curve was very similar to that
obtained for EGFP (Fig. V). This confirms that blinking characteristics are sensitive to
buffer condition (which means that a different calibration curve needs to be obtained for
each different buffer solution used). It also shows that fusing EGFP to another protein
does not affect its capacity to act as a thermometer.

160 T e T I Be— T

N\
——EGFP

— 140 + \) i
@ \\ ~ — - EGFP-Bax
~ ® — EGFP 5.4 SCC 100 g/ BSA
o 120} . {
£ -
= 100 |
o
o
® 80
>
K
[} 60
o
2 4wt
=
s wof

010 15 20 25 30 35 4I0 4I5 50
Temperature (°C)
Figure V. Temperature dependence of the relaxation time associated with the blinking of
the EGFP chromophore for three different samples: EGFP, EGFP fused with Bax, and
EGFP in presence of 5g/l SCC and 100g/l BSA. All samples were prepared in CP buffer
at pH=35.
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G- Comparison between calibration curves obtained with different objectives

To avoid any influence of the microscope on the temperature of the system, the use of an
air objective instead of a water objective is necessary, because a water objective can act
as a strong heat sink. The absence of physical contact between an air objective and the
sample also allows achieving higher temperature in the sample without risking damaging
the objective. Traditionally, however, FCS measurements have been done with water
objectives, because they can have higher numerical apertures and allow working closer to
the diffraction limit. To verify that the same precision on the temperature measurement
could be obtained with an air objective than with a higher NA water objective, we
obtained two different calibration curves for the same ~100nM EGFP sample (CP buffer,
pH=5), using first a water immersion objective (Nikon Plan Apo, 60x, NA 1.2) and
second an air objective (Nikon Plan Apo, 60x, NA 0.95). The two calibration curves
(shown in Fig. VI) are identical within error, and the standard deviation of the data
obtained with the air objective is not larger than that obtained with the water objective.
This is despite the fact that for the water objective the 1/e” radius of the detection volume
was 0.325um (as opposed to 0.193um for the water objective) and the light energy flux at
the focus was 6.2kW/cm® (as opposed to 10.3kW/em?® for the water objective).
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Figure VI. Temperature dependence of the relaxation time associated with EGFP
blinking as measured with a water immersion objective and with an air objective.
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